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Glicentin, Glucagon, Sandwich ELISA Aims/Introduction: Glucagon, a peptide hormone produced from proglucagon, is
involved in the pathophysiology of diabetes. Plasma glucagon levels are currently
*Correspondence measured by sandwich enzyme-linked immunosorbent assay (ELISA), but the currently
Tadahiro Kitamura used sandwich ELISA cross-reacts with proglucagon-derived peptides, thereby providing
Tel: +81-27-220-8845 incorrect results in subjects with elevated plasma proglucagon-derived peptide levels. We
Fax: Jf81‘27‘220‘8849 aimed to develop a more broadly reliable ELISA for measuring plasma glucagon levels.
E.—ma|| address: . Materials and Methods: A new sandwich ELISA was developed using newly
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generated monoclonal antibodies against glucagon. After its validation, plasma glucagon
J Diabetes Investig 2023; 14: 648-658 levels were measured with the new ELISA and the currently used ELISA in subjects who
underwent laparoscopic sleeve gastrectomy (LSG) and in outpatients with suspected
doi: 10.1111/jd1.13986 glucose intolerance. The ELISA results were compared with those from liquid
chromatography-high resolution mass (LC-HRMS) analysis, which we previously established
as the most accurate measuring system.
Results: The new ELISA has high specificity (<1% cross-reactivities) and high sensitivity
(@ lower range of 0.31 pmol/L). Plasma glucagon values in the subjects who underwent
laparoscopic sleeve gastrectomy and some outpatients with suspected glucose
intolerance differed between the new ELISA and the currently used ELISA. These subjects
also showed markedly high plasma glicentin levels. Despite the elevated plasma glicentin
levels, the new ELISA showed better positive correlation with LC-HRMS than did the
currently used ELISA.
Conclusions: The new ELISA enables more accurate measurement of plasma glucagon
than the currently used ELISA, even in subjects with elevated proglucagon-derived
peptide levels. It should be clinically useful in elucidating the pathophysiology of
individual diabetic patients.
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INTRODUCTION

Glucagon is produced and secreted mainly in pancreatic o cells.
Its main physiological function is to promote hepatic glucose
production by enhancing glycogenolysis and gluconeogenesis.
Because glucagon is reported to be involved in the pathophysi-
ology of diabetes,"” it is expected to be a new target in the
treatment of diabetes.> Recently, it has become known that
glucagon also plays important roles in the regulation of amino
acid metabolism.”® Moreover, the agonists of glucagon have
been shown to ameliorate obesity and diabetes.”'® Therefore,
detailed analyses of the relationship between plasma glucagon
levels and the condition of patients are important in under-
standing the pathophysiology of individual patients with obesity
and diabetes.

One of the factors contributing the most to the progress of
glucagon research in recent years is that the reliability of
plasma glucagon measurements has been improved by the
development of more accurate glucagon assays. Since glucagon
is produced by the processing of proglucagon, multiple peptides
that share a common sequence with glucagon exist in the circu-
lation. In addition, the concentration of plasma glucagon is in
the low picomolar range. Therefore, a reliable glucagon assay
requires both high specificity and high sensitivity."' Recently, a
sandwich ELISA that uses antibodies to both the C-terminus
and N-terminus of glucagon has been developed to increase the
specificity of measurement.'> We also developed a method that
can quantitatively measure plasma glucagon in the picomolar
concentration range using LC-HRMS."> This system has not
only facilitated the accurate measurement of plasma glucagon
levels, but has also enabled the evaluation of the reliability of
existing glucagon immunoassays. Comparative analyses of
plasma glucagon measurements have revealed that the sand-
wich ELISA is much more reliable than conventional RIA in
both healthy subjects and in patients with type 2 diabetes.'>'*

However, the currently used ELISA still has cross-reactivities
with proglucagon-derived peptides due to their remaining non-
specific reaction with the antibodies used in this system.'>'®
Thus, it has been reported that in the case of elevated
proglucagon-derived peptide levels, such as after bariatric sur-
gery or pancreatectomy, the currently used ELISA shows falsely
high glucagon values due to cross-reactivity with these pep-
tides."*'® In order to solve this problem, a modified protocol
of the currently used ELISA has been reported.'®"”

As an alternative, we have developed a new sandwich ELISA
using newly developed monoclonal antibodies against glucagon.
Here we show that the new ELISA provides reliable glucagon
measurements, even in the plasma of morbidly obese patients
who have undergone laparoscopic sleeve gastrectomy, where
markedly elevated levels of proglucagon-derived peptides have
been reported.'” We conclude that the new ELISA provides
more accurate plasma glucagon measurements than the cur-
rently used ELISA in all subjects, regardless of their plasma
proglucagon-related peptide levels.
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MATERIALS AND METHODS
Development of a new glucagon sandwich ELISA
To develop the new glucagon sandwich ELISA, monoclonal
antibodies were raised that recognize either the N-terminal or
C-terminal sequence of glucagon. Peptide fragments having N-
or C-terminal sequences of glucagon conjugated to keyhole lim-
pet hemocyanin were emulsified with Freund’s complete adju-
vant and used to immunize Wistar rats, B6D2F1 mice
(purchased from CLEA Japan, Inc., Tokyo, Japan), or glucagon
KO mice® which are expected to produce anti-glucagon anti-
bodies with high efficiency due to the absence of endogenous
glucagon. Following a boost with immunogen, polyethylene gly-
col 1,500 was used to fuse spleen cells with myeloma cells, and
we screened for hybridomas reactive only to glucagon.

The resulting two monoclonal antibodies (201A2A, 142A1A)
were used to establish a sandwich ELISA (Figure la). A detailed
assay protocol is provided in Appendix S1.

Validation of the new ELISA

To test the intra-assay coefficient, control samples of three dif-
ferent concentrations were measured in 24 wells each in the
same assay. To test the inter-assay coefficient, control samples
of three different concentrations were measured on seven differ-
ent days. To test the dilutional linearity of each plasma sample,
three plasma samples having different concentrations were seri-
ally diluted 2-32 times with an assay buffer, and the glucagon
concentration was measured. For the spike and recovery test, a
known amount of synthetic glucagon was spiked into three
plasma samples and an assay was performed to calculate the
recovery rate. To test cross-reactivity, oxyntomodulin, glicentin,
glicentin (1-61), glucagon (3-29), glucagon (19-29) (BEX,
Tokyo, Japan), glucagon-like peptide (GLP)-1 (7-36) amide
(Peptide Institute, Osaka, Japan), GLP-1 (9-36) amide, GLP-2
(Bachem, Torrance, CA, USA), glucose-dependent insulinotro-
pic polypeptide (GIP) (1-42), and GIP (3-42) (Phoenix Phar-
maceuticals, Burlingame, CA, USA) were measured with the
new ELISA. Peptides were measured in a dilution series. Cross-
reactivity was calculated from the measured values of each pep-
tide at a concentration of 2000 pmol/L. If the cross-reactivity
was less than 0.01%, it was considered ‘not detected’ (ND).
Except in the intra-assay variability test, the tests were mea-
sured in duplicate.

Subjects

Patients with morbid obesity, before and after laparoscopic sleeve
gastrectomy

Samples were collected from 23 patients with morbid obesity.
These patients met the criteria for bariatric surgery in Japan®'
and were recruited from the outpatient obesity clinic at Omi
Medical Center for medical and surgical management of mor-
bidly obese patients. The surgical procedure was performed as
described previously.”” An oral glucose tolerance test (OGTT)
was performed before and 6 months after laparoscopic sleeve
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Figure 1 | The newly developed glucagon sandwich ELISA. (a) Schematic diagram of proglucagon-derived peptide and monoclonal antibodies
used in the new ELISA. The peptides that share a common sequence with glucagon are shown as the green columns. The numbers of the amino
acid residues corresponding to proglucagon are shown at the top. GRPP, glicentin-related polypeptide; HRP, horseradish peroxidase; IP, intervening
peptide. (b) Standard curve and (c) glucagon-related peptide cross-reactivity test for the new ELISA.

gastrectomy (LSG), and blood samples were collected. Table S1
provides information regarding the patients.

Outpatients with suspected glucose intolerance

The samples were collected from 104 subjects recruited at
Kitada Internal Medicine Clinic. Outpatients who were sus-
pected to have impaired glucose tolerance by their attending
physicians underwent an oral glucose tolerance test after
obtaining informed consent. The exclusion criteria for the sub-
jects were as follows: (1) minors; (2) taking oral hypoglycemic
drugs; (3) abnormal liver or renal function test results; (4) car-
diopulmonary dysfunction; (5) symptoms of anemia; (6) preg-
nant woman; (7) judgment of ineligibility for other reasons by

the doctor. Table S2 provides information regarding the
patients.

Oral glucose tolerance test

Subjects from whom consent had been obtained underwent
glucose loading after overnight fasting. Blood samples were col-
lected over time before and after glucose loading (Trelan-G75
225 mL x 1 bottle containing 75 g of glucose; Yoshindo Inc.,
Toyama, Japan). For the measurement of glucagon, glicentin,
and GLP-1, blood was collected by using a BD P800 blood col-
lection tube (Becton Dickinson, Tokyo, Japan). Plasma was sep-
arated by centrifugation at 1200 g for 20 min, dispensed, and
stored at —80°C.
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Measurements of hormones and biochemical parameters

Glucagon was measured with the new ELISA, the currently
used ELISA (Mercodia Glucagon ELISA, Mercodia AB, Upp-
sala, Sweden), and LC-HRMS." In the currently used ELISA,
the modified sequential protocol, with additional washing steps
to improve reaction specificity'®'” was also used for some sub-
jects. Glicentin and GLP-1 were measured by use of a Glicentin
ELISA kit (Mercodia) and GLP-1 (9-36/37) assay kit (Immuno-
Biological Laboratories, Fujioka, Japan), respectively. The other
biochemical parameters were measured at the respective institu-
tions. When the concentration of the measured sample was
lower than that of the lowest concentration of the standards, it
was expressed as being below the lower limit of quantification
(LLOQ), and the subsequent calculation was performed using
the value of the lowest concentration of the standards.

Statistical analysis

Data are expressed as the mean * SD, except for data with
unequal varjance on clinical characteristics of the participants,
which are expressed as the medians with the first and third
quartile. Differences between the two groups were assessed by
using Student’s or Welch’s ¢-test. Comparison of three or more
groups was performed by Bonferroni post hoc testing. Relation-
ships between parameters were assessed using Pearson’s correla-
tion coefficient. In the correlation analysis, samples indicating
below the LLOQ were excluded from the analysis. The relation-
ship between categorical data was analyzed by Fisher’s exact
test or chi-square test. A P-value of less than 0.05 was consid-
ered significant. Statistical analyses were performed using IBM
SPSS Statistics version 28 software.

RESULTS

Development of the new glucagon sandwich ELISA

Using Wistar rats, B6D2F1 mice, and glucagon KO mice, 17
hybridoma clones producing anti-glucagon N-terminal mono-
clonal antibodies and 18 clones producing C-terminal mono-
clonal antibodies were established. Sandwich ELISA systems
were constructed by the combination of these antibodies and
assay validation tests performed for each ELISA. As a result,
the combination of 201A2A (rat-derived anti-N-terminal anti-
body) and 142A1A (glucagon KO mouse-derived anti-C-
terminal antibody) (Figure la) showed the highest specificity
and sensitivity in the validation test (data not shown). In the
sandwich ELISA measurement system using these new mono-
clonal antibodies, quantification of glucagon was possible in the
range of 0.31-20 pmol/L (Figure 1b). Since the results of the
intra-/inter-assay variability tests (Table S3), dilutional linearity
test (Figure S1), and spike and recovery test (Table S4) were
acceptable, this new ELISA was considered able to measure glu-
cagon levels in plasma at a low picomolar range quantitatively.
Notably, the cross-reactivities with the related peptides other
than glucagon were very low, at <1% (Figure 1c, Table 1). The
new ELISA was expected to have very high specificity and
sensitivity.
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Table 1 | Cross-reactivities of glucagon-related peptides in the new
ELISA

Peptide Cross reactivity
Glicentin ND
Oxyntomodulin 0.06%
Glicentin (1-61) 0.05%
Glucagon (3-29) ND
Glucagon (19-29) ND
GLP-1 (7-36) amide 0.02%
GLP-1 (9-36) amide 001%
GLP-2 ND
GIP (1-42) ND
GIP (3-42) ND

The reactivity with glucagon is calculated as 100%. ND, not detected.

Plasma glucagon levels measured by the new ELISA better
positively correlated with those measured by LC-HRMS than
did those from the currently used ELISA, in the subjects

after LSG

To compare the reliability of the new ELISA with that of the
currently used ELISA, plasma glucagon levels were measured in
the patients after laparoscopic sleeve gastrectomy, in whom the
plasma proglucagon-derived peptides were considered to be ele-
vated, and the results verified with LC-HRMS. As expected,
plasma glicentin and GLP-1 were markedly elevated during
OGTT after LSG (Figure S2ab). Also, glicentin and GLP-1
showed significant positive correlations before and after laparo-
scopic sleeve gastrectomy (Figure S2c,d). Before LSG, the pat-
terns of glucagon levels during OGTT were similar among
these three assays (Figure 2a) and the results measured by both
the new ELISA and the currently used ELISA were well corre-
lated with the results of LC-HRMS (Figure 2b,c). However,
after LSG, although the new ELISA and LC-HRMS showed
similar patterns (Figure 2d) and glucagon levels were well cor-
related (Figure 2e), the currently used sandwich ELISA showed
a paradoxically elevated glucagon pattern during OGTT (Fig-
ure 2d), and therefore its correlation with LC-HRMS was
diminished (Figure 2f). Because glicentin, which may cause
cross-reaction with sandwich ELISA, was markedly elevated
after LSG (Figure S2a), we investigated the correlation between
the levels of glucagon and glicentin. Before LSG, glucagon
showed a weak and negative correlation with glicentin in all
three assays (Figure 2g—i). However, after LSG, only the gluca-
gon values measured by the currently used ELISA positively
correlated with glicentin (Figure 2j-1), suggesting that cross-
reaction with glicentin interferes with glucagon measurement in
the currently used ELISA.

We also performed glucagon measurements by using the
sequential protocol of the currently used ELISA on the samples
from patients who underwent laparoscopic sleeve gastrectomy
(Figure S3a,d). Even after LSG, glucagon measured by the
sequential protocol showed improved positive correlation with
glucagon measured by LC-HRMS and no significant correlation
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Figure 2 | Plasma glucagon levels measured by the new ELISA, the currently used ELISA, and LC-HRMS during oral glucose tolerance test in
patients with morbid obesity before and after laparoscopic sleeve gastrectomy. (a) Changes in plasma glucagon levels during OGTT in the patients
before LSG. (b, ¢) Correlations of plasma glucagon levels between the new ELISA (b) or the currently used ELISA (c) and LC-HRMS. (d) Changes in
plasma glucagon levels during OGTT in the patients 6 months after LSG. (e, f) Correlations of plasma glucagon levels between the new ELISA (e)
or the currently used ELISA (f) and LC-HRMS. (g—i) Correlations between plasma glucagon levels measured by LC-HRMS (g), the new ELISA (h), or
the currently used ELISA (i) and plasma glicentin levels in patients with morbid obesity before LSG. () Correlations between plasma glucagon
levels measured by LC-HRMS (j), the new ELISA (k), or the currently used ELISA (I) and plasma glicentin levels in patients with morbid obesity

6 months after LSG. Data are mean £ SD. The different letters in glucagon levels during OGTT indicate statistical significance in the changes of glu-
cagon in each measurement method (P < 0.05). In the correlation analysis, the number of samples in each panel is shown, in addition to the cor-
relation coefficient (1) and P-value, because samples with values below the LLOQ were excluded from the analysis.

with glicentin (Figure S3e,f). However, in the sequential proto-
col, many samples had values below the LLOQ (in total, 64 out
of 92 samples) (Figure S3jn). In contrast, in the new ELISA,
only 5 out of 92 samples had values below the LLOQ (Fig-
ure S3h,l), suggesting that the new ELISA has sufficient sensi-
tivity to evaluate plasma glucagon levels in the low picomolar
concentration range.

Plasma glucagon levels in 30 out of 104 outpatients with
suspected glucose intolerance differed between the new
ELISA and the currently used ELISA

Next, to test whether the new ELISA is useful for evaluating
plasma glucagon levels in patients who have not undergone
bariatric surgery, we conducted OGTT on 104 outpatients with
suspected glucose intolerance and measured plasma glucagon
levels using the new ELISA and the currently used ELISA. We
found that the patterns of glucagon decline during OGTT dif-
fered between the two ELISAs (Figure S4ab). Furthermore,
although in most samples the glucagon values were consistent
between the two ELISAs, in some samples they were apparently
different: low by the new ELISA, but high by the currently used
ELISA (Figure 3a). Therefore, we investigated the correlation
between the glucagon values measured by the two ELISAs for
each subject and found that the values from 74 subjects had a
high (» > 0.8), while those from 30 subjects had a low (r < 0.8)
correlation coefficient (Figure 3b). We then divided these sub-
jects into two groups, a comparable-result (r > 0.8) group and
a different-result (r < 0.8) group. The comparable-result group
showed similar patterns of glucagon values during OGTT
between the two ELISAs (Figure 3c,d), while the different-result
group showed the opposite pattern of glucagon during OGTT:
glucagon decreased according to the new ELISA, whereas it
increased when measured by the currently used ELISA (Fig-
ure 3fg). Next, the glucagon values of the two ELISAs were
compared with those of LC-HRMS in some subjects (nine sub-
jects in the comparable-result group and 15 subjects in the
different-result group). The new ELISA showed a positive cor-
relation with LC-HRMS in both groups, but the currently used
ELISA did not correlate with LC-HRMS in the different-result
group (Figure 3eh). Importantly, we found that plasma gli-
centin levels were significantly higher in the different-result
group than in the comparable-result group (Figure 3i), and glu-
cagon values of the currently used ELISA showed significantly

positive correlation with plasma glicentin levels only in the
different-result group (Figure 3k), suggesting that cross-reaction
with glicentin was interfering with glucagon measurement in
the currently used ELISA. On the other hand, the plasma glu-
cagon levels in 72 subjects (49 subjects in the comparable-result
group and 23 subjects in the different-result group) measured
by the sequential protocol of the currently used ELISA
decreased during OGTT in both groups (Figure S5a) and corre-
lated well with the results of LC-HRMS, while being weakly
negatively correlated with glicentin even in the different-result
group (Figure S5ce), suggesting the improved specificity of the
sequential protocol. However, many samples (102 of 360 sam-
ples) during OGTT had values below the LLOQ (Figure S5f).
In contrast, only 10 of 360 samples were detected as being
below the LLOQ in the new ELISA (Figure S5g), confirming
that the new ELISA has sufficient sensitivity to analyze low
levels of plasma glucagon.

We then examined the factors associated with either high or
low correlation between the two ELISAs. When plasma gli-
centin levels were grouped by the quartile of maximum concen-
tration, we found a strong association between the plasma
glicentin levels and the correlation coefficient (Table 2). Since
the subjects in this study were prescribed various drugs
(Table S2), we also investigated the relationship between the
prescribed drugs and the correlation coefficient. A significant
association was found between eicosapentaenoic acid (EPA)
and the correlation coefficient; that is, more subjects prescribed
EPA showed low correlation between the two ELISAs (Table 2).
Interestingly, the subjects prescribed EPA had higher plasma
glicentin and GLP-1 levels during OGTT (Figure Sé6c,d). Fur-
thermore, compared with male subjects, more female subjects
had a low correlation between the two ELISAs (Table 2).
Plasma glicentin and GLP-1 levels were significantly higher
(Figure S7c¢,d), and plasma glucagon levels were lower, in
female subjects compared with male subjects (Figure S7a).
Plasma glicentin and GLP-1 also showed a significant positive
correlation in these subjects, consistent with the results from
the patients who underwent LSG (Figures S6e and S7¢).

DISCUSSION

Plasma glucagon levels are regulated by blood glucose and
nutrients, and the secretory response of glucagon is altered in
diabetes mellitus.”> ** The concentration of glucagon in plasma
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Figure 3 | Comparison of plasma glucagon levels between the new ELISA and the currently used ELISA during OGTT in outpatients with
suspected glucose intolerance. (a) Correlation between plasma glucagon levels measured by the new ELISA and the currently used ELISA. (b) A
histogram of the correlation coefficient for the new ELISA and the currently used ELISA for each subject. (c, d) Comparison of plasma glucagon
levels between the new ELISA and the currently used ELISA in the comparable-result group. (e) Correlations of plasma glucagon levels between
the new ELISA (red) or the currently used ELISA (green) and LC-HRMS in the comparable-result group. (f, g) Comparison of plasma glucagon levels
between the new ELISA and the currently used ELISA in the different-result group. (h) Correlations of plasma glucagon levels between the new
ELISA (red) or the currently used ELISA (green) and LC-HRMS in the different-result group. (i) Changes in plasma glicentin levels during OGTT in the
comparable-result group (blue) and different-result group (orange). (j, k) Correlations of plasma glucagon levels between the new ELISA (red) or the
currently used ELISA (green) and plasma glicentin levels in the comparable-result group (j) and different-result group (k). Data are mean + SD.
***p < 0001, comparable-result group vs. different-result group at the same time point. Other statistical explanations are the same as in Figure 2.

Table 2 | Association factors with the differences in the correlation
between the new ELISA and the currently used ELISA

n Correlation coefficient P-value
between two ELISAs
r>08 r<08
Plasma glicentin (maximum value)
<Q1 26 26 0 <0.007%**
Q1—Q2 26 26 0
Q2-Q3 26 17 9
>Q3 26 5 21
Eicosapentaenoic acid
Prescribed 20 9 11 0.006**
Unprescribed 84 65 19
Sex
Female 62 38 24 <0.0071***
Male 42 36 6

Q1: first quartile (564 pmol/L); Q2 second quartile (908 pmol/L); Q3:
third quartile (172.1 pmol/L). **P < 001, ***P < 0001. n, number of
subjects; r, correlation coefficient.

is at low picomolar levels. Therefore, in order to analyze the
changes in plasma glucagon levels, a reliable assay having both
high specificity and high sensitivity is required. In addition, an
assay for use in clinical examinations requires not only high
reliability but also high throughput measurement with simple
operation. Sandwich ELISA is suitable for use in clinical exami-
nations because it can handle multiple samples at once with
multi-well plates. Therefore, the development of an accurate
glucagon sandwich ELISA should help to elucidate the patho-
physiology of individual patients and to promote personalized
medicine for diabetes.

In this study, we developed a sandwich ELISA using novel
monoclonal antibodies against glucagon by immunizing rats
and glucagon KO mice (Figure 1la). Notably, the cross-
reactivities of the new ELISA with proglucagon-derived peptides
are markedly low (Figure 1c, Table 1). Therefore, the new
ELISA is expected to provide highly reliable measurements,
even in samples in which proglucagon-derived peptides levels
are elevated and in which the currently used ELISA therefore
yields falsely high values due to cross-reaction. As expected, the

results from the new ELISA correlated significantly with those
of LC-HRMS, even in the samples in which glicentin levels
were markedly elevated after LSG (Figure 2d,e). Thus, the new
ELISA is a highly reliable assay, having much less cross-
reaction than the currently used ELISA.

In the previous reports, the glucagon levels measured by the
currently used ELISA showed good correlations with the levels
measured by LC-HRMS in both healthy subjects and in
patients with type 2 diabetes mellitus.">'* Thus, in subjects
who have not undergone bariatric surgery or pancreatectomy,
plasma glucagon levels measured by the currently used ELISA
and the new ELISA should be comparable, because plasma
levels of proglucagon-derived peptides such as glicentin are low.
However, in the present study, among 104 outpatients with sus-
pected glucose intolerance, 30 subjects returned different plasma
glucagon levels from the two ELISAs (Figure 3ab). Interest-
ingly, plasma glucagon levels measured by the currently used
ELISA in the different-result group showed a paradoxical
increase during OGTT (Figure 3g) and no significant correla-
tion with LC-HRMS (Figure 3h). Furthermore, the plasma glu-
cagon levels measured by the currently used ELISA showed a
significant positive correlation with plasma glicentin levels,
which were markedly increased during OGTT (Figure 3ik).
Therefore, the paradoxical increase in the plasma glucagon
levels indicated by the currently used ELISA was thought to be
caused by cross-reaction with glicentin. On the other hand, the
plasma glucagon levels measured by the new ELISA, even in
the different-result group, showed a significantly positive corre-
lation with those measured by LC-HRMS (Figure 3h). Thus,
consistent with the results in the subjects after LSG, the new
ELISA provided accurate plasma glucagon levels in most outpa-
tients with suspected glucose intolerance.

Since cross-reactivity affects the results of the currently used
ELISA in plasma samples in which proglucagon-derived pep-
tides are significantly elevated, the modified sequential protocol
was recently established.'®'” In the present study, plasma gluca-
gon levels measured by the sequential protocol showed a signif-
icant positive correlation with those obtained by LC-HRMS,
even in the samples in which plasma glicentin levels were
markedly increased (Figures S3d,e and S5c). Therefore, the
reaction specificity has been significantly improved by the
sequential protocol. However, we also found that many of
the values measured by the sequential protocol were below the
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LLOQ (Figures S3j,n and S5f). Because circulating glucagon is
at low picomolar concentrations and the absolute magnitude of
the decrease in glucagon is particularly important for the regu-
lation of glucose tolerance,”® not only high specificity but also
high sensitivity is required for the reliability of the measure-
ment. Therefore, it seems inappropriate to draw conclusions
from data that include many values below the LLOQ. In con-
trast, when measured by the new ELISA, only a few samples
had values below the LLOQ (Figures S3h,l and S5g), indicating
that the new ELISA has sufficient sensitivity to evaluate plasma
glucagon levels.

This study revealed that the currently used ELISA may
have mismeasured plasma glucagon levels in some subjects
with elevated plasma glicentin levels. Increased nutrient flow
into the distal gut after bariatric surgery, including LSG,
enhances not only GLP-1 secretion'® but also glicentin secre-
tion, because glicentin and oxyntomodulin are secreted along
with GLP-1 from L cells.?”?® On the other hand, the higher
plasma glicentin levels in the different-result group should be
caused by a different mechanism. Eicosapentaenoic acid has
been reported to stimulate GLP-1 secretion via GPR120 in L
cells,”” and indeed glicentin as well as GLP-1 levels were
increased in the EPA-prescribed subjects (Figure S6e), which
may have led to the lower correlation coefficient between the
two ELISAs (Table 2), due to increased cross-reaction in the
currently used ELISA. In female subjects, plasma glicentin
levels were higher and glucagon levels were lower than in
male subjects (Figure S7a,c). Not only higher glicentin levels
but also lower glucagon levels in female subjects could have
accounted for a higher influence of cross-reaction in the cur-
rently used ELISA and led to the lower correlation coefficient
between the two ELISAs compared with that from male sub-
jects (Table 2). However, the detailed mechanism by which
plasma glicentin was increased in some subjects in this study
is unknown. Furthermore, in order to confirm that the new
ELISA is useful not only for the specific diabetic patients, but
for most patients with or without diabetes, analysis of plasma
glucagon levels using the new ELISA in healthy subjects and
in type 2 diabetic patients is currently ongoing. This study
has some limitations, as conditions such as age, sex, health,
and medications differed among the subjects. Future prospec-
tive interventional trials are required to clarify this issue.

In conclusion, we have developed a new glucagon sandwich
ELISA with greatly improved measurement accuracy. This
assay should be suitable for clinical examinations because it
can measure a large number of samples with high reliability
and efficiency. This new ELISA is expected to contribute to
the understanding of the pathophysiology of individual
patients with diabetes and the development of future personal-
ized medicine.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1 | Linearity of the glucagon levels measured by the new ELISA in the serially diluted plasma samples.

Figure S2 | (a, b) Plasma glicentin (a) and GLP-1 (b) levels during OGTT in patients with morbid obesity, before and after LSG.
(¢, d) Correlations between plasma glicentin and GLP-1 levels before (c) and after LSG (d).

Figure S3 | (a, d) Plasma glucagon levels measured by the sequential protocol of the currently used ELISA before (a) and after
LSG (d). Data are mean =+ SD. (b, ¢, e, f) Correlations between plasma glucagon levels measured by the sequential protocol of the
currently used ELISA and those by LC-HRMS (b, e) or plasma glicentin levels (c, f) before (b, ¢) and after LSG (e, f). (g—n) Dot
plots of plasma glucagon levels measured by LC-HRMS (g, k), the new ELISA (h, 1), the currently used ELISA (i, m), and the
sequential protocol of the currently used ELISA (j, n) before (g—) and after LSG (k—n). Black plots indicate values below the
LLOQ. The horizontal bars indicate the mean and standard deviation. The numbers above the graph indicate the number of sam-
ples below the LLOQ. Statistical explanations are the same as in Figure 2.
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Figure S4 | Plasma glucagon levels measured by the new ELISA (a) and the currently used ELISA (b) during OGTT in outpatients
with suspected glucose intolerance.

Figure S5 | (a) Plasma glucagon levels during OGTT measured by the sequential protocol of the currently used ELISA in outpa-
tients with suspected glucose intolerance. (b, c) Correlations between plasma glucagon levels measured by the sequential protocol
and those by LC-HRMS in outpatients with suspected glucose intolerance in the comparable-result group (b) and the different-
result group (c). (d, e) Correlations between plasma glucagon levels measured by the sequential protocol and plasma glicentin levels
in the subject outpatients with suspected glucose intolerance in the comparable-result group (d) and in the different-result group
(e). (f, g Dot plots of plasma glucagon levels measured by the sequential protocol (f) and the new ELISA (g). Black plots indicate
values below the LLOQ. The horizontal bars indicate the mean and standard deviation. The numbers above the graph indicate the
number of samples with levels below the LLOQ.

Figure S6 | Plasma glucagon levels measured by the new ELISA (a) or the currently used ELISA (b), and plasma glicentin (c) and
GLP-1 (d) levels, either with or without eicosapentaenoic acid prescription in the outpatients with suspected glucose intolerance.
(e) Correlations between plasma glicentin and GLP-1 levels either with or without eicosapentaenoic acid prescription in the outpa-
tients with suspected glucose intolerance.

Figure S7 | Plasma glucagon levels measured by the new ELISA (a) or the currently used ELISA (b), and plasma glicentin (c) and
GLP-1 (d) levels, in either female or male outpatients with suspected glucose intolerance. (e) Correlations between plasma glicentin
and GLP-1 levels in either female or male outpatients with suspected glucose intolerance.

Appendix S1 | Assay protocol.

Table S1 | Clinical characteristics of the patients with morbid obesity.

Table S2 | Clinical characteristics of the outpatients with suspected glucose intolerance.
Table S3 | The intra-/inter- assay coefficients of the new ELISA.

Table S4 | The spike and recovery tests of the new ELISA.

658 J Diabetes Investig Vol. 14 No. 5 May 2023 © 2023 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



	 Abstract
	 INTRODUCTION
	 INTRODUCTION
	 MATERIALS AND METHODS
	 Devel�op�ment of a new glucagon sand�wich ELISA
	 Val�i�da�tion of the new ELISA
	 Sub�jects
	 Patients with mor�bid obe�sity, before and after laparo�scopic sleeve gas�trec�tomy
	 Out�pa�tients with sus�pected glu�cose intol�er�ance
	 Oral glu�cose tol�er�ance test

	jdi13986-fig-0001
	 Mea�sure�ments of hor�mones and bio�chem�i�cal param�e�ters

	 Sta�tis�ti�cal anal�y�sis

	 RESULTS
	 Devel�op�ment of the new glucagon sand�wich ELISA
	 Plasma glucagon levels mea�sured by the new ELISA bet�ter pos�i�tively cor�re�lated with those mea�sured by LC-HRMS than did those from the cur�rently used ELISA, in the sub�jects after LSG
	 Plasma glucagon levels in 30 out of 104 out�pa�tients with sus�pected glu�cose intol�er�ance dif�fered between the new ELISA and the cur�rently used ELISA

	 DISCUSSION
	jdi13986-fig-0002
	jdi13986-fig-0003

	 ACKNOWLEDGMENTS
	 DISCLOSURE
	 REFERENCES
	jdi13986-bib-0001
	jdi13986-bib-0002
	jdi13986-bib-0003
	jdi13986-bib-0004
	jdi13986-bib-0005
	jdi13986-bib-0006
	jdi13986-bib-0007
	jdi13986-bib-0008
	jdi13986-bib-0009
	jdi13986-bib-0010
	jdi13986-bib-0011
	jdi13986-bib-0012
	jdi13986-bib-0013
	jdi13986-bib-0014
	jdi13986-bib-0015
	jdi13986-bib-0016
	jdi13986-bib-0017
	jdi13986-bib-0018
	jdi13986-bib-0019
	jdi13986-bib-0020
	jdi13986-bib-0021
	jdi13986-bib-0022
	jdi13986-bib-0023
	jdi13986-bib-0024
	jdi13986-bib-0025
	jdi13986-bib-0026
	jdi13986-bib-0027
	jdi13986-bib-0028
	jdi13986-bib-0029


