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Purpose: Understanding factors that influence blood glucose levels in patients with type 2 diabetes mellitus (T2DM) is crucial for
managing hyperglycemia. Currently, there is no standardized interpretation method for glucagon levels in oral glucose tolerance test
(OGTT). This study aims to assess the relationship between the lowest glucagon/highest C-peptide ratio (Lglc/Hep) in OGTT and
glucose control levels in T2DM.

Patients and Methods: Clinical data from 120 patients with T2DM were examined to compare the correlations of Lglc/Hcp and other
pancreatic islet function-associated indices with fasting blood glucose (G0), glucose at 120 minutes in OGTT (G120), hemoglobin Alc
(HbAlc), and the area under the glucose curve in OGTT (AUCglu). Additionally, the study investigated difference in Lglc/Hep between
patient groups based on the highest blood glucose levels (Hglu) in OGTT (Hglu > 16.7 mmol/L vs Hglu < 16.7 mmol/L).

Results: The generalized linear model suggested that Lglc/Hep significantly correlated with GO (B = 0.85, P < 0.001), G120
(B =1.46, P <0.001), HbAlc (B = 0.67, P < 0.001), and AUCglu (B = 3.46, P < 0.001). This correlation surpassed C-peptide and
glucagon-related parameters, even after adjusting for confounding factors. Furthermore, Lglc/Hcp was notably higher in patients with
Hglu > 16.7 mmol/L compared to those with Hglu < 16.7 mmol/L (Z = -3.71, p < 0.001).

Conclusion: Lglc/Hep in OGTT closely relates to blood glucose control in patients with T2DM, potentially reflecting the overall
pancreatic islet function in regulating glucose levels. Moreover, inhibiting glucagon secretion may be a crucial consideration for
patients requiring insulin treatment.
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Introduction

Unger first assumed that an increase in glucagon is necessary for the occurrence of diabetes,' diverging from the
conventional insulin-centric model of type 2 diabetes (T2DM) pathogenesis into the dual hormone hypothesis. However,
the precise measurement of glucagon poses challenges due to its low concentration and the presence of similar peptide
compounds in the blood.” Notably, Mercodia developed sandwich ELISA kits using two antibodies to improve sensitivity
and specificity.” Furthermore, glucagon is inherently unstable and susceptible to degradation, posing an additional hurdle
in the accurate assessment of its levels in clinical settings.* In this research, we added enzyme inhibitors into blood
collection vessels to impede glucagon degradation and ensure its stability.

In the past, numerous studies have examined the evolving pattern of glucagon levels across the spectrum from normal
glucose tolerance to prediabetes and diabetes,”’ however, there is no unified standard on how to interpret the glucagon
level in the oral glucose tolerance test (OGTT) of patients with T2DM. Notably, direct analysis using glucagon levels does
not appear to demonstrate a significant association with glucose regulation. Research by Hosokawa revealed that in
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individuals with type 2 diabetes, irrespective of whether they were administered DPP-4 inhibitors or GLP-1 analogues,
glucagon levels did not show a substantial correlation with glucose levels, moreover, a study by Kumpatla indicated that
fasting glucagon was not linked to blood glucose or glycosylated hemoglobin.>® Subsequent investigations, upon realizing
the lack of correlation between absolute glucagon levels and blood glucose, explored its connection with blood glucose
through variations in glucagon at 30 minutes or the glucagon-to-insulin ratio, yet the findings were inconsistent.>* '
Taking into account the response of pancreatic B cells, which increase insulin release, and pancreatic A cells, which
reduce glucagon secretion following oral glucose intake to sustain stable blood glucose levels, and acknowledging that
some patients had received insulin therapy prior to the OGTT, we employed the ratio of the lowest glucagon to highest
C-peptide (Lglc/Hep) during the OGTT. In this cross-sectional observational study, our primary aim was to assess the
association between Lglc/Hep and blood glucose control levels, while the secondary objective was to investigate whether

Lglc/Hep elevation occurred in type 2 diabetes patients requiring intensive insulin therapy.

Materials and Methods
Study Design and Population

This cross-sectional observational study enrolled 120 Chinese patients with T2DM who were hospitalized at Tianjin
Medical University General Hospital from September 2022 to December 2023. The sample size was determined based on
adjusted confounding factors and included independent variables of interest. The diagnosis of T2DM was based on the
2023 American Diabetes Association guidelines.'® Exclusion criteria included gestational diabetes, type 1 diabetes,
special types of diabetes, OGTT without glucagon detection, severe liver and kidney dysfunction, gastrointestinal
disorders, anemia, malignant tumors, and other conditions affecting blood glucose levels such as thyroid dysfunction
and Cushing’s syndrome. The use of hypoglycemic medications was not considered an exclusion criterion.
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All participants fasted for 8 h and underwent a 75 g oral glucose tolerance test at 6:00 am. Venous blood samples
were collected at 0, 30, 60, 120, and 180 min to measure the blood glucose, C-peptide, and glucagon levels. Furthermore,
we collected information on patients’ hemoglobin Alc (HbAlc) levels, use of hypoglycemic drugs in the past week,
height, weight, disease course and presence of fatty liver. Basic patient characteristics are summarized in Table 1.

Biochemical Measurement

HbAlc levels were determined using liquid chromatography with the HLC-723GS8 analyzer in standard mode
(TOSOH GS8, Japan), the catalog numbers of kit for measuring HbAlc were 0021800, 0021801, 0021802 and
0023482. Blood glucose levels were measured using the hexokinase method with a Biochemical analyzer (HITACHI
008AS, Japan), and C-peptide levels were assessed via chemokine immunoassay using the Chemiluminescence
Apparatus (ARCHIRECT i2000, America). A glucagon stabilizer was added to the glucagon collection vessel to
prevent glucagon degradation (patent number: ZL201810066819.6). We employed dual monoclonal antibodies that
target the N and C terminals of glucagon and determined it by chemiluminescence immunoassay using a Fully
Automatic Chemiluminescence analyzer (HomoG 100, China). There was no cross-reactivity with 300pmol/L
glicentin and 25pmol/L Proglucaon; ¢;, and the cross-reactivity with 300pmol/L oxyntomodulin was 4.0%.
Comparative analysis with the Swedish Mercodia test showed a relative deviation within +15%, and a strong linear
correlation with an R-value of 0.98, as depicted in Figure 1. Body mass index (BMI) was calculated as weight (kg)

Table | Characteristics of Patients

Patient (n = 120)
Sex, n (%) Male, 66 (55.00%)
Female, 54 (45.00%)
Age (years) 57.50 (46.00, 63.75)
Body mass index (kg/m?) 25.61 (22.64, 28.21)
Duration of diabetes (months) 96.00 (12.00, 168.00)
Fatty liver; n (%) 87 (72.50%)
GO (mmol/L) 6.70 (5.65, 8.08)
G120 (mmol/L) 16.61 + 4.16
AUCglu (mmol/L * 3 h) 42.11 (35.76, 47.59)
HbAlc (%) 8.67 (6.98, 10.25)
CPO (ng/mL) 1.82 (0.98, 2.75)
CPI120 (ng/mL) 5.69 (3.70, 9.68)
Hep (ng/mL) 6.30 (4.07, 10.15)
AUCcp (ng/mL * 3 h) 13.94 (8.45, 22.23)
Lglc (pmol/L) 6.51 (4.36, 10.68)
Lglc/Hep (pmol/ug) 1.14 (0.61, 2.05)
GLP-IR agonist/DPP-4 inhibitor (n) 39 (32.50%)
SGLT2 inhibitor (n) 28 (23.33%)
Insulin (n) 66 (55.00%)
Insulin secretagogues (n) I (9.17%)
Insulin sensitizer (n) 52 (43.33%)

Notes: Continuous variables are shown as mean * standard deviation
(normal distribution) or as median with interquartile ranges (skewed
distribution), while categorical variables are expressed as numbers with
percentages.

Abbreviations: GO0, fasting glucose; G120, Glucose level at 120 minutes
in OGTT; AUCglu, area under the glucose curve in OGTT; CPO, fasting
C-peptide; CP120, C-peptide level at 120 minutes in OGTT; Hcp, highest
C-peptide in OGTT; AUCcp, area under the C-peptide curve in OGTT;
Lglc, lowest glucagon in OGTT; Lglc/Hcp, the ratio of lowest glucagon to
highest C-peptide in OGTT; GLP-IR, Glucagon-Like Peptide-| Receptor;
DPP-4, Dipeptidyl Peptidase-4; SGLT2, Sodium-Glucose Co-Transporter-2.
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Figure | Scatter plots of glucagon detection using Chemiluminescence immunoassay and Swedish Mercodia ELISA.

divided by height in square meters. The area under the glucose curve (AUCglu) and C-peptide curve (AUCcp) in
OGTT were calculated using the trapezoidal rule.

Statistical Analysis

Continuous variables are shown as mean =+ standard deviation (normal distribution) or as median with interquartile ranges
(skewed distribution), while categorical variables are expressed as numbers with percentages. Spearman correlation
analysis and the generalized linear model were employed to assess the correlation of Lglc/Hep, the ratio of fasting
glucagon to fasting C-peptide in OGTT (Glc0/CPO0), the ratio of 120-min glucagon to 120-min C-peptide in OGTT
(GIc120/CP120), highest C-peptide in OGTT (Hcp), lowest glucagon in OGTT (Lglc), AUCcp with glucose control
indices, including fasting glucose (GO0), glucose level at 120-min in OGTT (G120), HbAlc, and AUCglu. Two sample
non-parametric T-tests and the generalized linear model were used to compare Lglc/Hcp in different Hglu groups.
Statistical analyses were conducted using SPSS (version 23.0; IBM SPSS Inc., Armonk, NY, USA), with statistical
significance set at p < 0.05. Additionally, all figures were generated using GraphPad Prism 8.0.2 software.

Results

Clinical Characteristics of the Study Subjects
This study included 120 patients with T2DM, of whom 66 and 54 were males and females, respectively. The basic patient
information is shown in Table 1.

Correlation of Lglc/Hcp with GO and G120
The scatter plot depicted in Figure 2 and Spearman correlation analysis revealed a positive correlation between Lglc/Hep
and GO (r = 0.51, p < 0.001) as well as G120 (r = 0.45, p < 0.001).

As illustrated in Table 2, the generalized linear model suggested that in Model 1, prior to adjusting for confounding
variables, Lglc/Hep and Lglc exhibited positive correlations with GO (B = 0.85, p < 0.001; B = 0.18, p < 0.001), while
Hcp and AUCcp displayed negative correlations with GO (B =—0.11, p=0.001; B=-0.04, p = 0.01). In Models 2 and 3,
after accounting for age, diabetes duration, BMI, fatty liver, and the use of hypoglycemic drugs in the past week, Lglc/
Hcp remained positively correlated with GO. In the three models, Lgle/Hcp exhibited a stronger correlation with GO
compared to the other parameters.

Additionally, in Table 3, without adjusting for confounding factors in Model 1, Lglc/Hcp showed a positive
correlation with G120 (B = 1.46, p < 0.001), however, CP120, Hcp, and AUCcp displayed negative correlations with
G120 (B = —-0.41, p < 0.001; B =-0.43, p < 0.001; B =—0.19, p < 0.001). After adjusting for confounding factors in
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Figure 2 The linear correlation of Lglc/Hecp with GO and G120. (A) The linear correlation of Lglc/Hcp with GO. (B) The linear correlation of Lglc/Hep G120.
Abbreviations: Lglc/Hcp, the ratio of lowest glucagon to highest C-peptide in OGTT; GO, Fasting Glucose; G120, Glucose level at 120 minutes in OGTT.

Models 2 and 3, Lglc/Hep maintained a positive correlation with G120. In the three models, Lglc/Hep showed a more

pronounced correlation with G120 compared to the other parameters.

Correlation of Lglc/Hcp with HbAlc and AUCglu

In Model 1, without adjusting for confounding factors, Lglc/Hcp positively correlated with HbAlc (B = 0.67, p < 0.001)
and AUCglu (B =3.46, p <0.001). Conversely, CP0, CP120, Hcp, and AUCcp showed negative correlations with HbAlc
and AUCglu. Following adjustments for confounders in Models 2 and 3, the positive correlations of Lglc/Hep with
HbAlc and AUCglu persisted. Among the three models, Lglc/Hcp demonstrated the strongest associations with HbAlc
levels and AUCglu, as shown in Table 4.

Correlation Between the Ratio of Glucagon/C-Peptide with Glucose Control Indices
Previous researches have indicated that HbAlc levels are positively linked to both fasting and postprandial glucagon-to-
insulin ratios,”'® therefore, we compared the correlations of Lglc/Hep, Glc0/CPO, and Glc120/CP120 with glucose
control metrics. Our findings revealed that the positive associations of Lglc/Hep with HbAlc, GO, G120, and AUCglu
were more robust compared to Glc0/CP0 and Glc120/CP120 with these glucose control parameters (Table 5), even after
adjusting for age, duration of diabetes, BMI, fatty liver, and the use of hypoglycemic drugs in the past week in model 3.
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Table 2 Correlation Between Metabolic Indices with GO

GO0 (mmol/L) B Standard 95% CI x?2 P
Error
Lower Upper

Model | | Lglc/Hep (pmol/ug) 0.85 0.13 0.61 1.10 46.03 <0.001
CPO (ng/mL) 0.17 0.12 —0.08 0.41 1.82 0.18

Hcp (ng/mL) —0.11 0.03 —0.18 —0.05 11.47 0.001

AUCcp (ng/mL*3h) —0.04 0.02 —-0.07 —0.01 6.88 0.01
Lglc (pmol/L) 0.18 0.03 0.11 0.25 26.72 <0.001
Model 2 | Lglc/Hep (pmol/ug) 1.06 0.17 0.74 1.39 40.69 <0.001
CPO (ng/mL) 0.50 0.16 0.19 0.8l 10.00 0.002

Hep (ng/mL) —0.11 0.05 —0.21 —0.01 4.28 0.04

AUCcp (ng/mL*3h) —0.03 0.02 —0.08 0.02 1.29 0.26
Lglc (pmol/L) 0.20 0.04 0.12 0.28 21.74 <0.001
Model 3 | Lglc/Hep (pmol/ug) I.19 0.17 0.86 1.52 49.16 <0.001
CPO (ng/mL) 0.64 0.17 0.31 0.96 14.84 <0.001

Hcep (ng/mL) —0.11 0.06 -0.22 0.002 3.68 0.06

AUCcp (ng/mL*3h) —0.02 0.03 —0.08 0.03 0.83 0.36
Lglc (pmol/L) 0.21 0.04 0.13 0.30 25.44 <0.001

Notes: the generalized linear model was employed in this table. Model I: Without adjustment. Model 2: Adjustment for age,
duration of diabetes, BMI, and fatty liver. Model 3: Model 2 + the use of hypoglycemic drugs in the past week (GLP-IR agonist/
DPP-4 inhibitor, SGLT2 inhibitor, insulin, insulin secretagogues and insulin sensitizer).

Abbreviations: 95% Cl, 95% Confidence Interval; GO, fasting glucose; Lglc/Hcp, the ratio of lowest glucagon to highest
C-peptide in OGTT; CPO, fasting C-peptide; Hcp, highest C-peptide in OGTT; AUCcp, area under the C-peptide curve in
OGTT; Lglc, lowest glucagon in OGTT.

Table 3 Correlation Between Metabolic Indices with G120

G120 (mmol/L) B Standard 95% ClI x2 p
Error
Lower Upper

Model | | Lglc/Hep (pmol/ug) 1.46 0.28 0.91 2.02 26.50 <0.001
CP120 (ng/mL) —0.41 0.07 —0.54 —0.28 38.17 <0.001
Hcp (ng/mL) —0.43 0.06 —0.56 —0.31 46.96 <0.001
AUCcp (ng/mL*3h) —0.19 0.03 —0.24 —0.13 42.07 <0.001
Lglc (pmol/L) 0.05 0.08 —0.11 0.20 0.31 0.58
Model 2 | Lglc/Hep (pmol/ug) 1.39 0.36 0.68 2.10 14.84 <0.001
CP120 (ng/mL) —0.32 0.10 —0.52 —-0.12 9.68 0.002
Hcp (ng/mL) —0.38 0.10 —0.57 —-0.19 14.72 <0.001
AUCcp (ng/mL*3h) —0.15 0.05 —0.24 —0.07 11.60 0.001
Lglc (pmol/L) 0.07 0.09 —0.11 0.25 0.59 0.44
Model 3 | Lglc/Hep (pmol/ug) 1.49 0.34 0.82 2.16 19.02 <0.001
CP120 (ng/mL) —0.44 0.10 —0.63 —0.24 19.48 <0.001
Hcp (ng/mL) —0.47 0.09 —0.65 —0.28 24.80 <0.001
AUCcp (ng/mL*3h) —0.21 0.04 —0.29 —0.12 23.05 <0.001
Lglc (pmol/L) 0.05 0.09 —0.12 0.21 0.29 0.59

Notes: the generalized linear model was employed in this table. Model I: Without adjustment. Model 2: Adjustment for age,
duration of diabetes, BMI, and fatty liver. Model 3: Model 2 + the use of hypoglycemic drugs in the past week (GLP-IR agonist/
DPP-4 inhibitor, SGLT2 inhibitor, insulin, insulin secretagogues and insulin sensitizer).

Abbreviations: 95% Cl, 95% Confidence Interval; G120, Glucose level at 120 minutes in OGTT; Lglc/Hcp, the ratio of lowest
glucagon to highest C-peptide in OGTT; CP120, C-peptide level at 120 minutes in OGTT; Hep, highest C-peptide in OGTT;
AUCcp, area under the C-peptide curve in OGTT; Lglc, lowest glucagon in OGTT.
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Table 4 Correlation Between Metabolic Indices with HbAlc and AUCglu

HbAIc (%) AUCglu (mmol/L*3 h)
B P B ]

Model | | Lglc/Hep (pmol/ug) 0.67 <0.001 3.46 <0.001
CPO (ng/mL) —0.61 <0.001 -1.98 0.001
CP120 (ng/mL) —0.23 <0.001 —0.85 <0.001
Hcp (ng/mL) -0.22 <0.001 -0.91 <0.001
AUCcp (ng/mL*3h) —0.10 <0.001 —0.38 <0.001

Lglc (pmol/L) 0.05 0.26 0.24 0.18
Model 2 | Lglc/Hep (pmol/ug) 0.83 <0.001 3.63 <0.001
CPO (ng/mL) —-0.57 0.001 —0.48 0.52

CP120 (ng/mL) —-0.30 <0.001 —0.61 0.01

Hcep (ng/mL) -0.29 <0.001 —0.74 0.001

AUCcp (ng/mL*3h) —-0.14 <0.001 -0.27 0.01

Lglc (pmol/L) 0.05 0.31 0.37 0.07
Model 3 | Lglc/Hcp (pmol/ug) 0.57 0.001 4.00 <0.001
CPO (ng/mL) -0.29 0.07 —0.95 0.19
CP120 (ng/mL) -0.22 <0.001 —0.86 <0.001
Hcp (ng/mL) —0.21 <0.001 —0.93 <0.001
AUCcp (ng/mL*3h) —-0.10 <0.001 -0.37 <0.001

Lglc (pmol/L) 0.02 0.70 0.35 0.06

Notes: the generalized linear model was employed in this table. Model |: Without adjustment. Model
2: Adjustment for age, duration of diabetes, BMI, and fatty liver. Model 3: Model 2 + the use of
hypoglycemic drugs in the past week (GLP-1R agonist/DPP-4 inhibitor, SGLT2 inhibitor, insulin, insulin
secretagogues and insulin sensitizer).

Abbreviations: 95% Cl, 95% Confidence Interval; AUCglu, area under the glucose curve in OGTT;
Lglc/Hcp, the ratio of lowest glucagon to highest C-peptide in OGTT; CPO, fasting C-peptide; CP120,
C-peptide level at 120 minutes in OGTT; Hcp, highest C-peptide in OGTT; AUCcp, area under the
C-peptide curve in OGTT; Lglc, lowest glucagon in OGTT.

Comparing of Lglc/Hcp in Different Groups of Hglu
The guideline of Standards of Care in Diabetes published by the America Diabetes Association in 2023 indicate that
insulin therapy should be initiated when glucose level is >16.7 mmol/L,"* hence, patients were divided into two groups
based on whether Hglu > 16.7 mmol/L, and the Lglc/Hep levels were compared.

Results of the non-parametric two-sample #-test revealed that the Lglc/Hcp levels of patients with Hglu > 16.7 mmol/
L were significantly higher than those of patients with Hglu < 16.7 mmol/L (Z = —3.71, p < 0.001), as depicted in
Figure 3. Using a generalized linear model to adjust for age, duration of diabetes, BMI, fatty liver, and the use of
hypoglycemic drugs in the past week, the noted differences persisted, as presented in Table 6.

Discussion

Glucagon, as the primary antagonist of insulin, elevates blood glucose levels through the inhibition of glycolysis and the
promotion of gluconeogenesis and glycogen breakdown.*'* When assessing factors affecting blood glucose levels in
diabetic patients, consideration of both glucagon and insulin secretion may offer a more comprehensive perspective than
focusing solely on insulin. However, accurate detection of glucagon is hindered by its low circulating levels and the
presence of structurally similar peptides.” Radioimmunoassay targeting C-terminal-specific antibodies against glucagon
has been used as a specific detection method for glucagon, however, it still lacks sensitivity and specificity for
determining glucagon in plasma. Therefore, the use of a sandwich enzyme-linked immunosorbent assay (ELISA) with
two antibodies is essential to enhance specificity. Notably, more precise sandwich ELISA kits have been developed by
Mercodia.” The chemiluminescence immunoassay employed in our research exhibited a relative deviation of +15%
compared to the ELISA of Swedish Mercodia, with an R-value of linear correlation at 0.98. Moreover, glucagon is
unstable and prone to degradation, which is another challenge in accurately determining glucagon in clinical practice.” In
this study, we added glucagon protective agents to the glucagon collection vessel to improve glucagon stability.
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Table 5 Correlation Between the Ratio of Glucagon/C-Peptide with Glucose Control Indices

HbAIc GO G120 AUCglu
(%) (mmol/L) | (mmol/L) | (mmol/L*3h)

Model | GIc0/CPO (pmol/ug) B 0.01 —0.01 0.01 0.01
p 0.05 0.0l 0.35 0.51

Glc120/CP120 (pmol/ug) B 0.46 0.48 0.73 1.77

p <0.001 <0.001 <0.001 <0.001

Lglc/Hep (pmol/ug) B 0.67 0.85 1.46 3.46

p <0.001 <0.001 <0.001 <0.001

Model 2 GIc0/CPO (pmol/ug) B 0.01 —0.01 —0.003 —0.01
p 0.13 0.001 0.73 0.52

Glc120/CP120 (pmol/ug) B 0.66 0.65 0.56 1.65
p <0.001 <0.001 0.05 0.01

Lglc/Hep (pmol/ug) B 0.83 1.06 1.39 3.63

p <0.001 <0.001 <0.001 <0.001

Model 3 GIc0/CPO (pmol/ug) B 0.004 —0.01 —0.001 —0.01
p 0.36 0.001 0.90 0.69

Glc120/CP120 (pmol/ug) B 0.44 0.74 0.63 1.99

p 0.001 <0.001 0.02 0.001

Lglc/Hep (pmol/ug) B 0.57 1.19 1.49 4.00

p 0.001 <0.001 <0.001 <0.001

Notes: the generalized linear model was employed in this table. Model I: Without adjustment. Model 2: Adjustment for age,
duration of diabetes, BMI, and fatty liver. Model 3: Model 2 + the use of hypoglycemic drugs in the past week (GLP-IR agonist/

DPP-4 inhibitor, SGLT2 inhibitor, insulin, insulin secretagogues and insulin sensitizer).

Abbreviations: G0, fasting glucose; G120, Glucose level at 120 minutes in OGTT; AUCglu, the area of glucose under curve in
OGTT; GIc0/CPO, the ratio of fasting glucagon to fasting C-peptide in OGTT; Glc120/CP120, the ratio of 120 min glucagon to

120 min C-peptide in OGTT; Lglc/Hcep, the ratio of lowest glucagon to highest C-peptide in OGTT.

Elevated fasting and postprandial glucagon levels are common in most patients with T2DM.'>"'” However, there is no
clear evidence indicating that glucagon directly causes postprandial glucose elevation. Hosokawa discovered that in
individuals with type 1 diabetes mellitus and T2DM, fasting glucagon levels were not correlated with fasting blood glucose.
In patients with T2DM, regardless of the use of DPP-4 inhibitors or GLP-1 analogs, glucagon levels did not show a significant

Lglc/Hep (pmol/ug)
F<N
|

p < 0.001

h.« [ ]

Hglu < 16. 7mmol/l

Figure 3 The level of Lglc/Hcp in different groups of Hglu.
Abbreviations: Lglc/Hcp, the ratio of lowest glucagon to highest C-peptide in OGTT; Hglu, the highest glucose level in OGTT.

Halu =16 7mmo/l
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Table 6 Comparison of Lglc/Hcp in Different Groups of Hglu

Group Difference in the | Standard | 95% CI of Difference in x? P
Average Value Error the Average Value
Lower Upper

Model | | Hglu<l6.7mmol - - - _
Hglu 216.7mmol 0.71 0.21 0.30 1.13 11.52 0.001

Model 2 | Hglu<l6.7mmol - - - - - —
Hglu =16.7mmol 0.47 0.20 0.08 0.85 5.63 0.02

Model 3 | Hglu<l6.7mmol - - - - - _
Hglu =16.7mmol 0.53 0.20 0.14 0.93 6.92 0.0l

Notes: the generalized linear model was employed in this table. Model |: Without adjustment. Model 2: Adjustment for age, duration of
diabetes, BMI, and fatty liver. Model 3: Model 2 + the use of hypoglycemic drugs in the past week (GLP-IR agonist/DPP-4 inhibitor, SGLT2
inhibitor, insulin, insulin secretagogues, and insulin sensitizer).

Abbreviations: 95% Cl, 95% Confidence Interval; Hglu, the highest glucose level in OGTT.

relationship with glucose levels.® Consistent with the findings of this study, our results indicate that fasting glucagon is
unrelated to GO, and the glucagon level at 120min in the OGTT is not correlated with G120 (data were not shown). Although
some studies have shown that fasting glucagon is not higher in patients with DM than in those without DM, it is still
considered “inappropriately elevated”.'® Furthermore, Buchanan found that in non-insulin-deficient diabetics, the mean
glucagon values remained at or slightly above the fasting levels throughout the test. However, in insulin-deficient patients
with diabetes, the mean glucagon values were higher throughout the test than in the fasting state, suggesting that the response
mode of glucagon to carbohydrate intake depends on the severity of insulin deficiency, that is, plasma glucagon does not
change significantly in non-insulin-deficient patients with diabetes after carbohydrate intake, whereas it increases significantly
in insulin-deficient patients.'® Sherwin and Shah reported that glucagon infusion did not significantly increase blood glucose
levels when insulin was sufficient.”' Based on the above research, analyzing the absolute value of glucagon to assess its
impact on blood glucose may be inappropriate.

Some researchers employ a 30-minute increment of glucagon or 30-minute glucagon suppression to indicate
inadequate glucagon inhibition and explore its correlation with blood glucose levels. Henkel utilized the radioimmu-
noassay method to quantify glucagon, noting a relationship between a 30-minute glucagon increment and the 6-hour
postprandial glucose area under the curve in individuals with type 2 diabetes. Kobayashi identified that a 30-minute
glucagon increment was linked to fasting blood glucose levels and HbAlc.''*> However, Farch conducted a study
comparing 30-minute glucagon suppression in patients with diabetes diagnosed using fasting glucose levels alone, 2-hour
glucose levels alone, and both fasting and 2-hour glucose criteria, with no significant differences observed.'? Notably, our
study did not suggest a correlation between a 30-min increment in glucagon or 30-min glucagon suppression with GO,
G120 and HbAlc, even after adjusting for potential confounding variables (data not displayed).

Hamasaki discovered a positive association between the postprandial glucagon/C-peptide ratio and levels of glycated
albumin, indicating an imbalance between insulin and glucagon. Postprandial hyperglucagonemia and impaired insulin
secretion are associated with poor blood glucose control.® Lee and Kumer found that HbAI¢c levels positively correlated
with fasting and postprandial glucagon-to-insulin ratios.”'° However, another study found no difference in glucagon/
insulin levels at various points of the OGTT among individuals with normal glucose tolerance, prediabetes, and diabetes.’
Due to the stimulatory effect of oral glucose on insulin secretion by pancreatic B cells and its inhibitory effect on
glucagon secretion by pancreatic A cells,”* we utilized the Lglc/Hcp ratio as a rough indicator of overall pancreatic islet
secretory function and examined its relationship with glucose control levels in our research. Studies have shown that fatty
liver has a significant impact on glucagon levels.”> Moreover, different hypoglycemic drugs have different effects on
glucagon levels. For instance, GLP-1R agonists and DPP-4 inhibitors reduce glucagon levels, while SGLT-2 inhibitors
elevate glucagon levels.?® Therefore, when correcting for confounding factors in this study, we considered both fatty liver
and hypoglycemic drugs. We observed a significantly stronger correlation of Lglc/Hep with GO and G120 in the OGTT
compared to CP0, CP120, Hep, Lglc, and AUCcp with GO and G120, even after controlling for age, duration of diabetes,

Diabetes, Metabolic Syndrome and Obesity 2024:17 hetps: 1777

Dove!


https://www.dovepress.com
https://www.dovepress.com

Chang et al Dove

BMI, fatty liver and use of hypoglycemic drugs in the past week. Additionally, our findings indicated a positive
relationship between Lglc/Hcp and HbAlc as well as AUCglu, which was more stronger than the correlations of CPO,
CP120, Hep, Lglc, and AUCcp with HbAlc and AUCglu, even after adjusting for the aforementioned confounding
factors (Table 4). Consistent with the findings of Lee and Kumer, our data showed positive association of Glc0/CP0 and
GIc120/CP120 with HbAlc, however, the association of GlcO/CP0 and Glc120/CP120 with HbAlc, GO, G120, and
AUCglu were weaker than the association of Lglc/Hcp with the above mentioned glucose control indices (Table 5).

In addition, the study findings indicated a significant elevation in the Lglc/Hep ratio among patients with Hglu levels > 16.7
mmol/L compared to those with Hglu levels < 16.7 mmol/L, even after adjusting for confounding factors (Table 6). This suggests
that the inhibition of glucagon secretion could be a crucial aspect of treatment for individuals necessitating insulin therapy.

Our study benefits from the utilization of a more precise method for measuring glucagon levels and the inclusion of
a population consisting solely of hospitalized patients, leading to more robust and reliable results. Nevertheless, it is
important to note that our study is limited by being conducted at a single center, having a cross-sectional design, and the
majority of participants using hypoglycemic medications. Nevertheless, our study provides a novel perspective on the
complex relationship between glucagon, C-peptide, and glucose control, adding nuance to existing frameworks.
Furthermore, our study also offers a new and more reliable indicator for blood glucose control that could guide future
treatment strategies for patients with T2DM, and it has potential implications for the standardization of glucagon level
interpretation in OGTT, thus filling a notable gap in the current literature.

Conclusion

In conclusion, Lglc/Hep in OGTT is closely related to blood glucose control levels in patients with T2DM, it may reflect
the overall ability of pancreatic islets to regulate glucose in T2DM. Additionally, for patients with T2DM who require
insulin treatment, inhibiting glucagon secretion while administering insulin may be more conducive to glucose control.

Abbreviations

GO, fasting glucose; G120, Glucose level at 120 minutes in OGTT; AUCglu, area under the glucose curve in OGTT; CPO,
fasting C-peptide; CP120, C-peptide level at 120 minutes in OGTT; Hcp, highest C-peptide in OGTT; AUCcp, area
under the C-peptide curve in OGTT; Lglc, lowest glucagon in OGTT; Lglc/Hcp, the ratio of lowest glucagon to highest
C-peptide in OGTT; Glc0/CPO, the ratio of fasting glucagon to fasting C-peptide in OGTT; Glc120/CP120, the ratio of
120 min glucagon to 120 min C-peptide in OGTT; GLP-1R, Glucagon-Like Peptide-1 Receptor; DPP-4, Dipeptidyl
Peptidase-4; SGLT2, Sodium-Glucose Co-Transporter-2.
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