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TECHNICAL NOTE

On measurements of glucagon secretion in healthy, obese, and Roux-en-Y
gastric bypass operated individuals using sandwich ELISA

Nicolai J. Wewer Albrechtsena,b,c , Sasha A. S. Kjeldsena,b,c,d, Nicole J. Jensend, Jørgen Rungbyd, Simon
Veedfaldc, Kirstine N. Bojsen-Møllere, Carsten Dirksene, Christian Z. Jensene, Christoffer Martinussene , Sten
Madsbade and Jens J. Holstc,f

aDepartment of Clinical Biochemistry, Rigshospitalet, University of Copenhagen, Copenhagen, Denmark; bNNF Center for Protein Research,
Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark; cDepartment of Biomedical Sciences, Faculty of
Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark; dDepartment of Endocrinology, Bispebjerg University
Hospital, Bispebjerg, Denmark; eDepartment of Endocrinology, Hvidovre Hospital, Hvidovre, Denmark; fNNF Center for Basic Metabolic
Research, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark

ABSTRACT
Glucagon is a key regulator of metabolism and is used in the diagnostic of neuroendocrine tumors.
Accurate measurement of glucagon requires both extreme sensitivity and specificity since several pep-
tides are derived from the same proglucagon precursor encoding part of the glucagon sequence and
given that glucagon circulates in picomolar concentrations. A sandwich ELISA was recently developed
and extensively evaluated; however, this method may not be accurate when measuring glucagon in
patients with an enhanced production of proglucagon-derived peptides as seen after Roux-en-Y gastric
bypass (RYGB). To overcome this, a modified version of the ELISA was developed. In this study, we
evaluate an unmodified and a modified version of the ELISA in healthy individuals, individuals with
obesity, and finally in two cohorts of patients following RYGB surgery using different nutrient stimuli
to assess glucagon dynamics. Finally, in vitro spike-in recoveries using native glucagon and progluca-
gon-derived peptides were performed in buffer and in plasma. Our data support that both versions of
the ELISA accurately capture endogenous and exogenous glucagon in healthy individuals and in indi-
viduals with obesity. However, the unmodified version of the assay may overestimate glucagon levels
in patients following RYGB in line with minimal but consistent cross-reactivity to oxyntomodulin and
glicentin that both are 50-fold increased after RYGB. Importantly, we did not find any changes
between the two protocols at fasted conditions and therefore diagnostics of glucagonomas is not
affected by the choice of assay procedure nor the surgical history of the patient (RYGB).
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Introduction

Glucagon is an essential peptide hormone secreted from the
pancreatic alpha cells in response to a variety of stimuli
hereof in particular low blood glucose and amino acids [1].
The exact physiological role of glucagon is widely debated
but key aspects include impact on hepatic glycogenolysis
and gluconeogenesis and probably equally important urea-
genesis. These actions are suggested to be impaired in meta-
bolic diseases, a concept termed glucagon resistance [2].
Increased glucagon levels, reported in patients with meta-
bolic diseases such as obesity, type 2 diabetes and non-alco-
holic liver disease, may reflect impaired glucagon receptor
signaling [3]. Measurement of glucagon has and are essential
to understand the biology of glucagon and its role in meta-
bolic diseases. It has always been difficult to measure the
pancreas hormone glucagon accurately, partly because the
concentration of the hormone in plasma is low (in the low
pmol/L range and therefore, in general, requiring

immunological methods); and partly because of the complex
and differential processing of the hormone from its precur-
sor, proglucagon (PG) [4]. This peptide of 160 amino acids
is formed in the pancreas as well as in the gastrointestinal
tract (and is additionally expressed in a small amount in the
brain stem, probably with little or no impact on circulating
levels), but is processed differentially in the two tissues. In
the pancreas, glucagon itself––corresponding to PG 33-61
(Figure 1)––is formed, but a larger peptide, PG 1-61, is also
secreted and circulates in relatively low concentrations [5].
In the gut, PG is processed to produce glicentin (corre-
sponding to PG1-69 which may be further processed to oxy-
ntomodulin (PG 33-69); it is also possible that some intact
PG or other larger fragments are formed in the pancreas
and in the gut [6].

A classical radioimmunoassay with an antibody directed
against a mid-region of glucagon (the predominating anti-
genic determinant) would therefore be able to react with no

CONTACT Nicolai J. Wewer Albrechtsen Nicolai.albrechtsen@sund.ku.dk Department of Clinical Biochemistry, Rigshospitalet, NNF Center for Protein
Research, Blegdamsvej 9, Copenhagen 2100, Denmark
� 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

SCANDINAVIAN JOURNAL OF CLINICAL AND LABORATORY INVESTIGATION
2022, VOL. 82, NO. 1, 75–83
https://doi.org/10.1080/00365513.2021.2016943

http://crossmark.crossref.org/dialog/?doi=10.1080/00365513.2021.2016943&domain=pdf&date_stamp=2022-01-22
http://orcid.org/0000-0003-4230-5753
http://orcid.org/0000-0002-7210-0807
http://orcid.org/0000-0001-6853-3805
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com


less than 5-7 different circulating PG products [4].
Improved selectivity can be obtained by employing ter-
minal-wrapping antibodies; for instance, an antibody against
the C-terminus of glucagon would be expected to react with
only glucagon and PG 1-61 from the pancreas, but not with
the elongated gut products, glicentin and oxyntomodulin,
and these so-called specific assays have been dominating for
the last several decades [7], However, because of the poly-
clonal nature of the antibodies typically used in such assays,
their specificity over a larger concentration range of gluca-
gon-like peptides cannot be guaranteed. Improved specificity
might be obtained with a sandwich ELISA employing truly
terminal-wrapping monoclonal antisera against the N-and
the C-terminus, respectively, i.e. antisera that would not
react with the molecule if the termini were modified, trun-
cated, or elongated. During the last few years, sandwich
ELISAs have been available from several producers [8,9].
One of the most popular has been the assay from the com-
pany Mercodia, which showed glucagon results in plasma
resembling those obtained with the best C-terminal RIAs
[9]. In addition, this assay requires small plasma volumes,
allowing for the first time reliable assays of glucagon in
plasma from small rodents e.g. mice [10].

However, in a study of gastrectomized subjects with very
high postoperative levels of glicentin (and possible also oxy-
ntomodulin), but also, unexpectedly, high levels of glucagon,
cross-reactions of these components with the Mercodia glu-
cagon assay were suspected [11]. Formal tests of this
hypothesis were not carried out, and other groups finding
similar, very high responses of glicentin and oxyntomodulin
in plasma from patients after gastrointestinal surgery (for
instance pancreatectomy or Roux-en-Y gastric bypass,
RYGB) concluded that the measured responses were due to
a secretion of glucagon from the gut [12]. Nevertheless, the
Mercodia company developed a new assay protocol, the so-
called sequential protocol, which included further washing
steps designed to eliminate any cross-reactions with the

intestinal components [11]. We here report the results of
studies, where we compare the two protocols (simultaneous
and sequential) for formal comparison and measurements of
plasma glucagon concentrations from subjects undergoing
procedures resulting in the preferential secretion of pancre-
atic and/or gut-derived PG products.

Material and methods

Ethical considerations

Plasma samples used in this study were left-over material
from three clinical studies. All studies were approved by the
Danish regional ethics committees and were registered at
Clinicaltrials.gov see NCT: NCT04907721, NCT03426956
and NCT02372526

Brief summary regarding the plasma samples from
three clinical studies

Study A: Mixed amino acids (292mg/hour/kg body weight,
Vamin) were infused intravenously in 3 healthy subjects for
30min, followed 30min later (time 60min) by an intraven-
ous bolus infusion of glucagon (200 mg, Novo Nordisk A/S).
Plasma was sampled before and after administration of
exogenous glucagon.

Study B: Stored plasma from 10 RYGB operated
(>12months after surgery at weight stability) and eight
BMI-matched individuals during 200 kcal (isocaloric) liquid
meal tests containing >90 energy (E)% of either protein
(whey protein) or glucose. For details, please consult the
primary publication [13].

Study C: Stored plasma from 10 RYGB operated
(>12months after surgery at weight stability) individuals
during a 50 g oral glucose tolerance test (OGTT). For
details, please consult the primary publication [14].

Figure 1. A schematical view of the tissue specific processing of the proglucagon molecule with a focus on glucagon and epitopes used for its measurements. The
arrows reflect antibodies. The red antibody reflects an N-terminal specific antibody (NH2), the black a side-viewing antibody and the blue a C-terminal specific anti-
body (COOH). If one is using an assay that uses either an N-terminal antibody or side-viewing antibody the assay will also measure oxyntomodulin and for the side
viewing antibody glicentin. An accurate glucagon assay must therefore include both N-terminal and C-terminal specific antibodies. Intervening peptide 1(IP-1) and
2 (IP-2). Glicentin-related polypeptide (GRPP). Glucagon-like peptide-1 (GLP-1) and 2 (GLP-2).
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Analytical details

Plasma concentrations of glucagon were measured using the
simultaneous (the ‘conventional’) and the sequential (the
‘alternative’) protocol as instructed in the kit insert
(Mercodia) and shortly described here:

The simultaneous protocol

1. Add sample/calibrator/controls
2. Add enzyme conjugate
3. Incubate for 18–22 hours at 2–8 �C at a plate shaker
4. Wash plate with 700 mL six times
5. Add substrate TMB and incubate 30minutes
6. Add stop solution and read

The sequential protocol

1. Add sample/calibrator/controls
2. Add assay buffer
3. Incubate for 18–22 hours at 2-8 �C at a plate shaker
4. Wash plate with 700 mL six times
5. Add enzyme conjugate and incubate 1 hour
6. Wash plate with 700 mL six times
7. Add substrate TMB and incubate 30minutes
8. Add stop solution and read

�italics represent differences between the two protocols
Plasma was not subjected to solvent or solid-phase

extraction and samples were kept on ice until all samples
had been aliquoted on the ELISA plates. The two versions
of the washing procedure were performed simultaneously
and using the exact same sample aliquot and assayed in
duplicates using same calibrators to minimize bias.

Glucagon kits with identical LOT number: 32229 were
obtained from the vendor Mercodia.

Plasma concentrations of glicentin and oxyntomodulin
were measured as previously described [6].

In vitro evaluation of the two washing procedures

For the in vitro experiments, assay buffer from the vendor
(Mercodia) or pooled human plasma from 4 healthy indi-
viduals was used as matrix. Matrix samples were spiked
with either glucagon, oxyntomodulin, GLP-1, or GLP-2
(peptide quantification by amino acid analysis was per-
formed for all peptide stocks), or glicentin (Mercodia) at
final concentrations of 5 pmol/L (glucagon only), 50 pmol/L
(all peptides) or 500 pmol/L (oxyntomodulin, glicentin,
GLP-1 or GLP-2). All tubes were stored in ice and were
assayed in duplicates by a highly skilled medical technician
Christine Rasmussen (Department of Clinical Biochemistry,
Rigshospitalet, University of Copenhagen). Identical samples
were used for the two washing procedures, which were per-
formed simultaneously, and for each assay all samples were
analyzed with kits of the same LOT number from
the vendor.

Statistical analyses

All data are presented as mean± SD unless otherwise stated.
Unpaired t-tests were used to analyze data from two inde-
pendent groups whereas ANOVA was used to compare
multiple groups and or time points. Adjustment for multiple
testing was done using the Holm-Sidak algorithm.
Bland–Altman analyses were used to compare data obtained
using the two different washing protocols. A value of
p <.05 was considered significant. Calculations were per-
formed using GraphPad Prism version 7.02 and STATA.

Results

Plasma concentrations of glucagon during stimulation
of pancreatic secretion as well as infusions of glucagon
analyzed by the simultaneous and sequential protocol

To eliminate any gut-derived factors with potential cross-
reactivity to the measurements of glucagon, we first com-
pared plasma concentrations of glucagon measured using
the sequential and the simultaneous protocol in three
healthy individuals subjected to an intravenous mixed
amino acids infusion followed by a bolus infusion of
exogenous glucagon. Plasma concentrations of both
endogenous and exogenous glucagon were virtually identical
when comparing kinetics, baseline and peak values (Figure
2) as measured using the simultaneous and the sequential
protocol. We did not observe any statistically significant dif-
ferences regarding total and incremental area under the
curve as obtained using the two protocols (p> .8).

Postprandial plasma concentrations of glucagon in
RYGB operated and BMI-matched individuals

To evaluate glucagon secretion in individuals with a
‘normal’ and with an ‘enhanced’ secretion of PG-derived
peptides (GLP-1, glicentin and oxyntomodulin), we meas-
ured plasma concentrations of glucagon in individuals with
obesity and in RYGB operated individuals during two separ-
ate isocaloric meals, one meal rich in protein and the other
rich in glucose. Individuals with obesity were BMI matched
to the RYGB group.

On the day with the protein meal, the baseline plasma
concentrations of glucagon did not differ significantly
between the two protocols but there was a trend (p¼ 0.1)
towards a small reduction in postprandial plasma concentra-
tions of glucagon, when using the sequential protocol com-
pared to the simultaneous protocol in both obese and in
RYGB operated individuals (Figure 3).

As PG-derived peptides from the gut (oxyntomodulin
and glicentin) are primarily stimulated by glucose and not
by protein, we also evaluated glucagon responses using the
two washing protocols during a pure carbohydrate meal.
Peak levels of glicentin and oxyntomodulin occur within the
first 45min in non-RYGB and 30min in RYGB operated
individuals [6]. We did not observe any differences in gluca-
gon responses using the two washing procedures in non-
RYGB obese individuals [6] (Figure 4). In the RYGB
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operated individuals, there was a lack of glucose-induced
suppression of glucagon at the 30-minute time point
(amounting to �2 pmol/L) using the simultaneous but not

the sequential protocol. However, the difference between the
washing procedures was not observed at the 45min time
points and given that the peak levels of the plasma

Figure 2. Endogenous and exogenous glucagon levels in healthy individuals. Plasma concentrations of glucagon are shown for three healthy individuals during an
amino acid infusion (0–30min) followed by a bolus infusion of glucagon (time 60min). (A) Glucagon data (mean ± SD) obtained using two different wash protocols
are shown (the simultaneous: black; the sequential: red). Individual data points (P1, P2, and P3) are shown in (B) (simultaneous) and (C) (sequential).
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concentrations of both glicentin and oxyntomodulin
occurred at 90min [13], one cannot conclude that the initial
lack of suppression of glucagon is due to cross-reactivity
with glicentin and or oxyntomodulin.

To evaluate glucagon dynamics using the two wash pro-
tocols in an additional cohort, we included a group of 10
RYGB operated individuals that were subjected to a 50 g
OGTT. Plasma concentrations of glucagon by the two wash
protocols, glicentin and oxyntomodulin were measured.
There were no baseline differences in plasma glucagon con-
centrations, however, glucagon dynamics differed between
the two wash protocols (Figure 5(A)). The simultaneous
protocol resulted in peaks levels of glucagon at time 30min
of 22 pmol/L whereas when using the sequential protocols, a
reduction in plasma glucagon was observed (reached lowest
level after 60min). Plasma levels of oxyntomodulin (Figure

5(B)) and glicentin (Figure 5(C)) peaked at the 30-minute
time point. To determine whether these increases in gluca-
gon could be due to cross-reactivity to PG-derived peptides,
we calculated and plotted data based on the assumptions of
5, 10, or 20% cross-reactivities of PG-derived peptides (gli-
centin data) (Figure 5(D)). Peak time and dynamics for the
three computed prediction glucagon curves (in particular
for the 5% cross-reactivity prediction curve) was comparable
to the glucagon data obtained using the simultaneous proto-
col (Figure 5(D)).

Analytical evaluation

A recovery experiment of native glucagon, oxyntomodulin,
glicentin, GLP-1 and GLP-2 was performed using assay
buffer or pooled human plasma (Table 1). Minor

Figure 3. Endogenous glucagon levels in eight individuals with obesity (A) and for 10 RYGB operated individuals (B) during a protein rich meal. Glucagon data
obtained using two different wash protocols are shown (the simultaneous: black; the sequential: red). Data shown as mean ± SD.
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differences between the two protocols were observed. Both
versions measured oxyntomodulin and glicentin in plasma
with cross-reactivities between 3-6%. The simultaneous
protocol had highest cross-reactivity to oxyntomodulin
and glicentin at dose tested of 500 pmol/L (6% and 5%).

We finally generated a Deming plot (Figure 6(A)) based
on data from study A and two Bland–Altman plots from
study A (Figure 6(B)) and study C (Figure 6(C)), respect-
ively, to evaluate a systematic bias between the simultaneous
and the sequential protocols. A high correlation was
observed across the two methods (R2¼0.98) when compar-
ing non-RYGB operated. A Bland–Altman analysis showed
that endogenous glucagon in healthy individuals where
equally measured by the two protocols whereas a small bias
was observed for high (exogenous) levels of glucagon
(Figure 6(B)). In contrast, when comparing glucagon data
from RYGB operated individuals an increasingly positive
bias was observed at higher plasma concentrations of gluca-
gon when using the sequential protocol compared to the
simultaneous protocol (Figure 6(C)). Approximately 95% of
the datapoints were within the calculated 95% confi-
dence interval.

Discussion

Measurement of plasma concentrations of glucagon is chal-
lenging due to preanalytical as well analytical challenges [1].
In these studies, we had minimized known preanalytical
errors such as keeping samples on ice and by using the
exact same sample aliquot for measurement using both pro-
tocols. Roberts et al.[11] who measured plasma concentra-
tions of glucagon using the simultaneous Mercodia protocol
after gastrectomy with a Roux-en-Y reconstruction, sus-
pected that the levels could be falsely increased due to
cross-reactivity with other PG-derived peptides, which share
amino acid sequence with glucagon. In this study, we found
no clear differences when evaluating endogenous and
exogenous plasma concentrations of glucagon in healthy
individuals. This part of the study was designed to avoid a
major influence of secretions from the gastrointestinal tract
and hence the potential cross-reactivity with intestinally
derived glicentin and oxyntomodulin. However, when evalu-
ating postprandial plasma concentrations of glucagon during
a protein-rich meal in RYGB operated individuals we
observed a minor but detectable reduction in peak plasma

Figure 4. Endogenous glucagon levels in eight individuals with obesity (A) and for 10 RYGB operated individuals (B) during a pure glucose meal. Glucagon data
obtained using two different wash protocols are shown (the simultaneous: black; the sequential: red). Data shown as mean ± SD.
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concentrations of glucagon when using the sequential com-
pared to the simultaneous protocol. The difference between
the protocols was further augmented when we measured
glucagon concentrations in response to a glucose-rich stimu-
lus that drives secretion of L-cell peptides (GLP-1, oxynto-
modulin and glicentin) up to several hundred picomolar.
When computing potential cross-reactivity to PG-derived
peptides we found that the time of peak matched that of the
actually measured glucagon using the simultaneous protocol
suggesting that gut-derived factors such as glicentin may be
contributing to these differences aligning with the observed

small but consistent cross-reactivity to glicentin in-vitro.
Differences between the two protocols were also mirrored in
the postanalytical comparison using the Bland–Altman ana-
lysis, which showed an increasingly positive bias. These data
suggest that the two versions of the established glucagon
analyses are comparable when evaluating pancreas-derived
glucagon, but when evaluating profiles from individuals
with enhanced L-cell secretion (for example in the case of
RYGB surgery) plasma concentrations of glucagon may be
overestimated because of cross-reactions with intestinally
derived PG products.

Figure 5. Endogenous glucagon levels in ten obese RYGB operated individuals during a 50 OGTT. Glucagon data obtained using two different wash protocols are
shown (the simultaneous: black; the sequential: red) in (A). Plasma concentrations of oxyntomodulin (B) and glicentin (C) are shown. Based on glicentin data (C)
we calculated and plotted the predictive secretory response assuming cross reactivity to glicentin of 5% (black square, dashed line), 10% (black triangle, dashed
line) and 20% (black, dashed line) when using the simultaneous protocol (black circle, full line). Data shown as mean ± SD.
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These data have relevance for academic and clinical
usages of glucagon measurement. In regard to the academic
interest, this study supports the comprehensive literature
that accurate measurement of glucagon is troublesome [15];
indeed, the lesson is that one must carefully evaluate the
assay used when measuring glucagon during postprandial
conditions. Although fasting concentrations did not appear
to be affected so much, their measurement brings up
another problem: the sensitivity, since suppression of gluca-
gon secretion is one of the important determinants of glu-
cose tolerance. An insensitive assay may not be able to
detect the suppression, as investigated in a previous study
[16]. Regarding the clinical relevance, it may be noted that
the guidelines for diagnosis of glucagon-producing tumors
(glucagonomas) are based on fasting plasma concentrations
of glucagon. In this case, the use of the sequential protocol
probably does not affect the conclusion made and hence the
diagnostics accuracy of this method currently used in
Scandinavia.

Table 1.

Recovery (%)
Simultaneous protocol

Recovery (%)
Sequential protocol

Glucagon 5 pmol/L (buffer) 92 ± 2 90 ± 4
Glucagon 50 pmol/L (buffer) 112 ± 5 100 ± 4
Glucagon 5 pmol/L (plasma) 73 ± 4 60 ± 3
Glucagon 50 pmol/L (plasma) 86 ± 5 68 ± 4
Oxyntomodulin 50 pmol/L (buffer) 1 ± 1 0 ± 1
Oxyntomodulin 500 pmol/L (buffer) 3 ± 2 1 ± 4
Oxyntomodulin 50 pmol/L (plasma) 5 ± 3 2 ± 3
Oxyntomodulin 500 pmol/L (plasma) 6 ± 5 3 ± 3
Glicentin 50 pmol/L (buffer) 1 ± 2 0 ± 1
Glicentin 500 pmol/L (buffer) 3 ± 2 1 ± 2
Glicentin 50 pmol/L (plasma) 2 ± 2 1 ± 2
Glicentin 500 pmol/L (plasma) 5 ± 2 3 ± 2
GLP-1 50 pmol/L (buffer) 0 0
GLP-1 500 pmol/L (buffer) 0 0
GLP-1 50 pmol/L (plasma) 0 0
GLP-1 500 pmol/L (plasma) 0 0
GLP-2 50 pmol/L (buffer) 0 0
GLP-2 500 pmol/L (buffer) 0 0
GLP-2 50 pmol/L (plasma) 0 0
GLP-2 500 pmol/L (plasma) 0 0

Data are shown as mean ± SD. Recovery is calculated as the measured concen-
trations divided by the expected concentrations multiplied by 100%.

Figure 6. (A) A deming plot and related regression is shown for data obtained using the simultaneous and the sequential washing protocol in study A. The N here
represent the number of technical and not biological replicates. Bland–Altman analyses for data obtained using the two washing protocols are illustrated in (B)
(healthy individuals only) and (C) (RYGB operated, during the OGTTs). The Bland–Altman analyses are calculated as the subtraction between the simultaneous to
the sequential in pmol/L. A positive value shown in these plots therefore represents higher plasma glucagon levels observed in the simultaneous as compared to
the sequential protocol.
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