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ARTICLE INFO ABSTRACT

Keywords: Introduction: Glucagon and oxyntomodulin are peptide hormones differentially released from proglucagon that
Glucagon ) function in regulating blood glucose. Their overlapping amino acid sequences make the development of specific
Oxyntomodulin immunoassays difficult, but the specificity of liquid chromatography-tandem mass spectrometry can be used to
Liquid chromatography-tandem mass spec- . . . . . e .

trometr distinguish the peptides. We aimed to develop a sensitive and specific mass spectrometric assay that uses non-
Diabetez proprietary reagents and normal-flow liquid chromatography in the simultaneous quantification of both analytes.

Methods: Bulk plasma proteins were precipitated in ethanol/ammonium hydroxide. Analytes were enriched using
monoclonal antibodies generated in-house and analyzed using liquid chromatography-tandem mass spectrom-
etry. A glucagon calibration material was sourced commercially and characterized for purity and concentration
by high-performance liquid chromatography-ultraviolet detection and amino acid analysis. Single-point cali-
bration was used to minimize between-day variability.

Results: The novel antibodies performed acceptably (peptide recovery 45-59 %). The assay was precise (<13 %
CV) and linear over the range of 1.3-14.7 pM and 1.1-13.7 pM for glucagon and oxyntomodulin, respectively.
The glucagon calibration material concentration was determined to be 1.596 mg/g. Tube-type studies supported
the use of protease inhibitor tubes at the time of blood draw. Patients with type 1 diabetes had lower concen-
trations of glucagon when maintained on an insulin pump, but not with injectable insulin.

Conclusion: We have validated a method with a highly detailed standard operating procedure. We have char-
acterized calibration materials to help maintain accuracy and achieve between-day and between-laboratory
harmonization. The assay will be beneficial in better understanding a-cell health and glycemic control in dia-
betes and other diseases.

Antibody enrichment

1. Introduction

Glucagon and oxyntomodulin are bioactive peptides proteolytically
derived from proglucagon, which is a 160 amino acid pro-hormone. It is
differentially cleaved in the pancreas, intestines, and brain into a set of
overlapping peptides that have different biological effects depending on
their site of expression (Fig. 1) [1]. Along with insulin and many other

counter regulatory hormones, glucagon and oxyntomodulin help
maintain euglycemia [2,3]. Glucagon has many effector cells
throughout the body, but is also known to stimulate insulin secretion
and regulate insulin degradation [4]. Oxyntomodulin, primarily
secreted from the gut, also stimulates insulin secretion and can induce
weight loss, presumably via glucagon and glucagon-like peptide-1 re-
ceptors [5,6]. Sensitive and specific assays to quantify both glucagon

Abbreviations: DMSO, dimethylsulfoxide; DPP4-Plus, DPP-4 inhibitor plus a commercial protease inhibitor mixture; IS, internal standard; LLMI, lower limit of the
measuring interval; LC-MS, liquid chromatography-mass spectrometry; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MS, mass spectrometry; PBS,
phosphate-buffered saline; SI units, System of International Units; SOP, Standard operating procedure; TAMADOR, Targeted Mass Spectrometric Assays for Diabetes

and Obesity Research.
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and oxyntomodulin would be helpful in understanding a-cell health, in
clinical studies of diabetes pathophysiology, and in the development of
novel therapeutics [5-7].

There have been many immunoassays developed for glucagon and
several for oxyntomodulin, the majority of which are, or have been,
distributed commercially [8-10]. Importantly, due to the overlapping
sequences that these peptide hormones have with one another, as well as
with other peptide hormones in blood, there can be significant issues
with cross-reactivity [11,12,8], which can result in misleading conclu-
sions in clinical research, particularly in physiologic states when related
hormones are present at altered concentrations [11,13-15]. Although
not always as sensitive, liquid chromatography coupled to mass spec-
trometry (LC-MS) or tandem mass spectrometry (LC-MS/MS) can
significantly improve the specificity of hormone analyses [16]. As a
result, there have been several mass spectrometric (MS) assays devel-
oped to meet the needs of investigators for analyte specificity [17-23].
These assays have certain shortcomings that limit their widespread
application to large clinical research studies. For example, to achieve the
required sensitivity, several rely on nanoflow (<1 pL/min) or microflow
(1-50 pL/min) liquid chromatography, which limits throughput and/or
robustness. Others lack the sensitivity required for clinical studies
involving human plasma (i.e., sensitive to 1-2 pM) [17], require large
sample volumes that are difficult to acquire from mice or large clinical
studies, [17,18,20,22] or do not include oxyntomodulin in the analysis
[18,19,21]. One of the most promising assays described so far uses an
antibody to enrich glucagon and oxyntomodulin from plasma, but re-
quires a larger sample volume (400 pL) and needs microflow chroma-
tography for sufficient sensitivity [20]. Further, the antibody used in the
assay is proprietary and in limited supply.

In this study, we aimed to develop a novel assay for both analytes
with sufficient sensitivity for clinical research and clinical care [i.e.,
target lower limit of the measuring interval (LLMI) of 1-2 pM]. The new
assay uses 200 pL of plasma, publicly available (non-commercial) anti-
bodies, and other reagents and supplies that are available in many high-
complexity clinical laboratories (e.g., normal-flow chromatography and
a triple quadrupole mass spectrometer). To achieve the required sensi-
tivity, we combined two steps of matrix simplification based on prior
work: protein precipitation and immunoaffinity enrichment [20-22].
The resulting assay had sufficient sensitivity, linearity, and precision to
be used in research studies in clinical cohorts. We generated a well-
characterized glucagon calibration material to ensure accuracy. In
addition, our publicly available monoclonal antibodies and a detailed
standard operating procedure should allow other laboratories to adopt
the assay for their own use. The well-characterized calibration material
could also be used in other assays to evaluate metrological traceability
[24]. Our pilot study in type 1 diabetic patients demonstrated the utility
of the assay to evaluate a-cell health in clinical studies.
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2. Materials and methods
2.1. Standard operating procedure (SOP)

A detailed SOP is presented in the Supplemental Material, which
includes lists of equipment, chemicals, and supplies and descriptions of
quality control materials, system suitability material, and LC-MS/MS
settings. A brief description of the method is provided here.

2.2. Reagents

Glucagon was purchased from Anaspec (Fremont, CA, Cat. No. AS-
22457) and oxyntomodulin from Phoenix Pharmaceuticals (Burlin-
game, CA, Cat. No. 028-22), each of which was dissolved in dime-
thylsufloxide (DMSO) to 2 mg/mL and stored in aliquots at -80 °C.
Stable isotope-labeled glucagon and oxyntomodulin internal standards
(IS) were purchased from New England Peptide (Gardner, MA, Cat. No.
BP22-092 and BP22-094, respectively). Glucagon IS was 'C-labeled at
two phenylalanine (F) residues (HSQGTF"TSDYSKYLDSR-
RAQDF"VQWLMNT) and oxyntomodulin IS was 13C. and '5N-labeled at
one lysine (K”) and one arginine (R") residue (HSQGTFTSDY-
SK'YLDSRRAQDFVQWLMNTKR"NRNNIA). An LC-MS/MS quality con-
trol peptide from thyroglobulin was 13C-labeled at one leucine (L")
residue (FSPDDSAGASALL'R, abbreviated FSP) and was purchased from
Anaspec. A protease inhibitor mixture (DPP4-Plus) was generated by
combining DPP-4 inhibitor (DPP4-010, Millipore Sigma, MO) and a
protease inhibitor cocktail (P2714, Millipore Sigma) and added to
plasma (10 pL DPP4-Plus per 1 mL of plasma).

2.3. Human samples.

De-identified leftover clinical plasma samples were obtained from
the clinical laboratories at the University of Washington Medical Center,
which was reviewed by the Human Subjects Division of the University of
Washington and determined to be non-human subjects research
(STUDY000011691). Plasma samples were also obtained from partici-
pants (after giving informed consent) via the University of Washington
Nutrition Obesity Research Center (N = 29). Institutional Review Board
(IRB)/ Ethics Committee approval for the collection and use of speci-
mens was obtained from the Human Subjects Division of the University
of Washington (STUDY00011972). No participants were on glucagon-
like peptide-1 receptor agonists, DPP-4 inhibitors, or amylin/IAPP
mimics.

2.4. Antibodies

Monoclonal antibodies to glucagon and oxyntomodulin were devel-
oped in collaboration with the Fred Hutchinson Antibody Technology
Core. Mice were immunized to peptides HSQGTFTSDYSK, SKY-
LDSRRAQDFVQWLMNT, and AQDFVQWLMNT. The two hybridoma
cell line clones selected and used in this assay (4Blg and 26Hf) have

Glucagon Oxyntomodulin

MKSIYFVAGL FVMLVQGSWQ RSLQODTEEKS RSFSASQADiLSDPDQMNED

KR

HSQGTFTS DYSKYLDSRR AQDFVQWLMN T

KRNRNNI K] RHDEFERHAE

GTFTSDVSSY LEGQAAKEFI AWLVKGRGRR DFPEEVAIVE ELGRRHADGS

FSOEMNTILD NLAARDFINW LIQTKITORK

Fig. 1. Amino acid sequence of proglucagon. The sequences of glucagon and oxyntomodulin within the 160 amino acid proglucagon prohormone are highlighted

by rectangles.
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been deposited in the Developmental Studies Hybridoma Bank at the
University of Iowa for research use.

2.5. Characterization of glucagon calibration material.

Amino acid analysis of the glucagon calibration material was per-
formed using a modification of a protocol from the National Institute of
Standards and Technology [25,26], which quantified four stable amino
acids liberated during the hydrolysis reaction (i.e., alanine, valine,
leucine, phenylalanine) at 130 °C for 46 h under acidic conditions (8 N
HCI). Calibration was achieved using certified amino acid reference
materials (Sigma, MA, USA) and amino acids were quantified using LC-
MS/MS on a Xevo TQ-S mass spectrometer equipped with an I-Class
UHPLC system (Waters, MA, USA) and a PrimeSep 100 mixed-mode
column (2.1x250 mm, 3 um, 100 Io\, SIELC Technologies, IL, USA)
developed with a water-acetonitrile gradient containing trifluoroacetic
acid (see details in Supplemental Material) and TargetLynx software.
Mass confirmation of the glucagon calibration material was achieved
using LC-MS on the same analytical platform operating in full scan mode
with an Acquity UPLC HSS T3 analytical column (186003538, Waters)
developed with a water-methanol gradient containing 0.2 % formic acid
at 0.3 mL per minute (gradient and MS conditions are in Supplemental
Tables 1 and 2). Using the same chromatographic column and gradient,
the purity of the glucagon calibration material was determined by HPLC
and ultra-violet spectroscopy (280 nm) with a Prominence HPLC
equipped with a Nexera SPD-40 UV-Vis detector and Lab Solutions
software (Shimadzu, Kyoto, Japan). Glucagon in DMSO was diluted with
water to 0.5 mg/mL prior to injection (10 pL).

2.6. Sample preparation.

Plasma samples were prepared by protein precipitation and immu-
noaffinity enrichment (Supplemental Fig. 1). While on ice, an aliquot
of 200 pL plasma was supplemented with 10 pL IS and alkalinized with
100 pL 5 % ammonium hydroxide. Proteins were precipitated with 900
pL ethanol and incubated at —20 °C before centrifugation. The super-
natant (1 mL) was then evaporated in a vacuum concentrator for at least
10 h until fully dried. Pellets were reconstituted with 100 pL. 90 mM
ammonium bicarbonate/10 % acetonitrile/water and then incubated for
45 min with 400 pL phosphate buffered saline (PBS, 138 mM sodium
chloride, 10 mM sodium phosphate, 2.7 mM potassium chloride)-0.1 %
CHAPS and antibody-conjugated beads. Using a side magnet, beads were
washed four times with 200 pL PBS-0.1 % CHAPS and then peptides
eluted with 50 pL of an acidified organic solvent containing 20 % DMSO.
Isotope-labeled thyroglobulin FSP peptide was added prior to injection
onto the LC-MS/MS for system suitability quality assurance.

2.7. LC-MS/MS analysis

Eluates were analyzed using a Xevo TQS equipped with an Acquity
UPLC system, an HSS T3 VanGuard Pre-column (2.1 x 5 mm, 1.8 pm),
and an HSS T3 C18 analytical column (2.1 x 50 mm, 1.8 pm), which was
developed over 8.5 min using a 10 to 95 % water-methanol gradient
containing 2 % DMSO and 0.1 % formic acid. For glucagon (average
mass of unlabeled peptide: 3482.8 Da; labeled peptide: 3500.7 Da), the
transitions MH{* b33, b3g, and b37 were monitored and for oxy-
ntomodulin (average mass of unlabeled peptide: 4449.9 Da; labeled
peptide: 4467.8 Da), MH3” y{{ with two 0.01 m/z offset echo transi-
tions. Specific m/z are listed in Supplemental Materials. Representa-
tive chromatograms at the LLMI are presented in Supplemental Fig. 1.
Isotope-labeled FSP was monitored as a system suitability control to help
ensure and troubleshoot instrument performance of the LC-MS/MS
system (i.e., any peptide with known characteristics could be used to
evaluate retention time and peak shape).
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2.8. Calibrators and quality control materials

Leftover de-identified K2-EDTA-anticoagulated human plasma (>72
h at room temperature) was analyzed for residual glucagon and oxy-
ntomodulin and served as a null matrix once confirmed negative. In
some cases, three cycles of freezing and thawing were used to eliminate
remaining glucagon and oxyntomodulin, which are unstable to freeze-
thaws in EDTA-anticoagulated plasma. Calibrators and quality control
materials were generated by supplementing null matrix with DPP4-Plus
and adding glucagon and oxyntomodulin. To compare multiple- vs.
single-point calibration, calibrators were prepared by volumetrically
spiking leftover de-identified K2-EDTA-anticoagulated human plasma to
0, 1, 2.5, 5 and 15 pM of glucagon and oxyntomodulin and stored at
—80 °C until use. Quality control materials and calibrators were then
analyzed in triplicate on each of three days. Analyte concentrations in
the quality control materials were calculated from observed peak area
ratios by using a linear regression calibration function across the five
calibrators or the 15 pM calibrator as a single-point calibrator.

2.9. Data reduction

Chromatographic peaks were integrated using Skyline Daily [27,28].
Validation data have been deposited in PanoramaWeb (https://panoram
aweb.org/TaMADOR_Glucagon.url) [29]. Peak areas for selected MRMs
were exported from Skyline and then summed and analyzed in Excel.
Peak area ratios were calculated by dividing the unlabeled peak area by
the isotope-labeled peak area. This was done for each analyte in each
sample, quality control material, and single point calibrator. The con-
centration of each analyte in the samples and quality control materials
was determined by dividing the observed peak area ratio by the mean
peak area ratio of the three single point calibrator replicates in each
batch and multiplying by the analyte concentration in the single point
calibrator.

2.10. Validation

The performance characteristics determined during method valida-
tion included imprecision, LLMI, linearity, and stability (see details in
Supplemental Materials).

3. Results
3.1. Method development

We aimed to develop a workflow that could be easily adopted by
other laboratories for the simultaneous quantification of glucagon and
oxyntomodulin in plasma samples, which could help to characterize islet
a-cell health and the contribution of gut-derived hormones on glucose
regulation during the development, progression, and treatment of dia-
betes. Due to the overlapping sequences of the two analytes (Fig. 1), we
quantified their intact forms, rather than proteotypic peptides after
proteolysis. We attempted to replicate previous approaches that used
protein precipitation and solid-phase extraction or immunoaffinity
precipitation by themselves, but were unable to achieve the sensitivity
needed for acceptable limits of detection using a low sample volume
(<200 pL of plasma), normal-flow liquid chromatography (>50 pL/
min), and triple quadrupole tandem mass spectrometry (i.e., a reason-
able sample volume to expect from murine or large clinical research
studies and the most common instrument configuration in clinical lab-
oratories). Our efforts in using commercially available antibodies to
enrich analytes were also unsuccessful (data not shown). The final
method combined protein precipitation, immunoaffinity peptide
enrichment with in-house antibodies, and LC-MS/MS (Supplemental
Fig. 2). In order to facilitate transfer to other laboratories, we developed
a detailed SOP (Supplemental Material). We found that the addition of
10% DMSO to a previously described elution solvent [20] increased the
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recovery of glucagon and oxyntomodulin 3- and 2-fold, respectively
(data not shown). To compare multiple- and single-point calibration, we
compared the variability observed when calculating the concentrations
of quality control materials in triplicate on each of three days using
either a 5-point calibration curve or the top calibrator as a single-point
calibrator. The observed variability was lower for the single-point cali-
bration approach (Table 1), which was consistent with previous studies
[30-34] and led to our decision to use spiked pooled leftover analyte-
negative human plasma with added DPP4-Plus as a single-point cali-
brator for the assay.

3.2. Comparison with previously described monoclonal antibody

To achieve sufficient sensitivity in lower volume samples, we
developed new murine monoclonal antibodies directed toward glucagon
and oxyntomodulin. In order to evaluate the quality of the novel anti-
bodies, a combination of 5 pg of monoclonal antibody 4B1g and 5 pg of
monoclonal antibody 2H6f was used to purify internal standard that had
been spiked into a pooled human plasma matrix, which was subse-
quently protein precipitated with ethanol in an alkaline environment.
The recovered peptides were compared to an appropriate amount of
pure internal standard peptides to calculate percent recovery. The
combination of antibodies recovered 59 % and 45 % of the spiked
glucagon and oxyntomodulin, respectively, compared with 40 % and 20
% using 10 pg of a previously described monoclonal antibody [20],
indicating that the new antibodies in combination perform at least as
well as the other antibody in the assay (Fig. 2).

3.3. Characterization of a glucagon calibration material

Due to the lack of concordance between available glucagon immu-
noassays, we aimed to generate a well-characterized pure calibration
material to help achieve accuracy within our own laboratory and to
enable other laboratories to achieve metrological traceability to the
International System of Units (SI units). Synthetic glucagon was pro-
cured from a commercial vendor and separated into aliquots. Purity of
the glucagon calibration material was determined to be 98.894 % using
HPLC-UV (Fig. 3). The average mass was confirmed by reversed-phase.

LC-MS (precursor scan) to be 3,483 Da ([M + 3HI%Y = 1162 m/2).
The concentration of the glucagon calibration material was determined
by amino acid analysis using a reference method adapted from the Na-
tional Institute of Standards and Technology [25,26,33]. After acid hy-
drolysis, four stable amino acids (i.e., alanine, valine, leucine, and
phenylalanine) were quantified in five aliquots in triplicate, in five
different assays, over four days (Fig. 4 and Supplemental Table 3). The
concentration assigned was 1.596 mg/g and was not adjusted to account
for the slight impurities observed by HPLC-UV. Aliquots of this material
were used to produce secondary single-point calibrators and quality
control materials.

3.4. Method validation

Imprecision of the assay was estimated by analyzing five replicates
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Fig. 2. Monoclonal antibody comparison. Isotope-labeled internal standard
glucagon and oxyntomodulin internal standards were added to protease-
inhibited analyte-negative plasma. On different days, samples were processed
using protein precipitation and immunoaffinity enrichment with either
comparator monoclonal antibody (mAb) or both of the new University of
Washington (UW) mAb (4B1g and 2H6f). The chromatographic peak areas of
the enriched internal standards were compared with pure isotope-labeled
proteins to calculate recoveries (N = 12 for comparator mAb and N = 9 for
UW mAb).

on each of five days of each of two different spiked pooled analyte-
negative EDTA-anticoagulated plasma samples supplemented with
DPP4-Plus (i.e., blank matrix). One sample emulated analyte concen-
trations in healthy fasting individuals (3.5 pM) and the other post-
prandial (11.5 pM). Based on the sum of squares [35], the total vari-
ability was estimated to be <11 %CV for both analytes at both con-
centrations (Table 2). These estimates were supported by the observed
variability over 61 batches (9.6-13.0 %CV and 9.5-11.3 %CV for
glucagon and oxyntomodulin, respectively).

The LLMI was determined by analyzing a series of spiked blank
matrix samples (0.5 to 5 pM glucagon and oxyntomodulin). Samples
were tested in triplicate on each of three separate days and the LLMI was
estimated by interpolating the concentration at which the imprecision
was equal to 20 %CV using a power function (0.9 and 0.7 pM for
glucagon and oxyntomodulin, respectively; Fig. 5A,C). Based on the
observed concentrations and imprecision, the lowest concentrations that
met predefined criteria (recovery between 80-120 % and imprecision <
20 %CV) were 1.1 pM and 1.0 pM for glucagon and oxyntomodulin,
respectively (Fig. 5B,D and Supplemental Table 4).

Linearity was confirmed across the range of 1.3 to 14.7 pM for
glucagon and 1.1 to 13.7 pM for oxyntomodulin by analyzing two
dilutional series prepared at ratios of 3:1, 1:1, and 1:3 for each series.
The series were generated by mixing either a human plasma pool or a
spiked human plasma pool (i.e., a different pool of human plasma) with
negative matrix and each sample was analyzed in triplicate, one series

Table 1
Comparison of multiple-point and single-point calibration.”
Glucagon Oxyntomodulin
Sample Concentration (pM) Multiple calibrators (%CV) Single-point (%CV) Concentration (pM) Multiple calibrators (%CV) Single-point (%CV)
Low 3.1 29.4 % 14.8 % 0.5 189.2 % 271 %
Medium 11.4 6.8 % 6.6 % 9.2 7.3% 7.2%
High 21.8 6.5 % 7.7 % 20.2 51% 51%

@ Three quality control materials were analyzed in triplicate along with five calibrators analyzed in triplicate on each of three days. Concentrations of analytes in the
quality control materials were calculated using either the calibration curve (i.e., linear regression) or the single-point calibrator (calculated as the peak area ratio of the
quality control material divided by the peak area ratio of the single-point calibrator multiplied by the concentration of the single-point calibrator). Imprecision was
calculated from the sum-of-squares using the average within-day %CV and average between-day %CV.
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Fig. 4. Amino acid analysis. Five aliquots of the glucagon calibration material
were analyzed in triplicate in each of five batches over four days. Mean con-
centrations + SD (N = 15) are illustrated for each amino acid (alanine, Ala;
valine, Val; leucine, Leu; phenylalanine, Phe). Solid line represents the overall
mean of the measured concentration across the four amino acids across all five
batches and dotted lines represent + 2 SD (N = 60).

per day (Fig. 6). All admixtures met predefined criteria (recovery be-
tween 80-120 % and imprecision <20 %CV, Supplemental Table 5). As
per CLSI EP06, deviation from linearity between quadratic and cubic
regression models and the respective linear regression model was <6 %
at each concentration.

Analyte stability was assessed in plasma samples and in prepared
samples. Analytes were stable in stored protease-inhibited plasma (i.e.,
<15 % loss of analyte) when incubated at room or refrigerated tem-
perature for less than three hours or stored frozen for up to nine days
(Supplemental Fig. 3). Two types of prepared samples were evaluated,
one in autosampler vials as a liquid at the end of preparation, ready for

Time (min)

Fig. 3. Purity assessment. Absorbance traces from the HPLC-UV analysis (280 nm) of equal volumes of the glucagon calibration material (blue) and the DMSO blank
matrix (black) are illustrated. (Inset) Peak areas were determined by using manually assigned baselines (red). (For interpretation of the references to colour in this
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Table 2
Assay imprecision.”
Glucagon Oxyntomodulin
[PM]°  CVpow ¢ [PMI°  CVrew
Pre-validation Low Pool 3.63 11.0 % 3.59 10.9 %
High Pool 11.81 7.5% 11.81 6.4 %
Validation Low Pool 3.59 13.0 % 3.48 11.3 %
High Pool 11.66 9.6 % 11.50 9.5%

# During pre-validation, two plasma samples, each spiked with glucagon and
oxytomodulin, were analyzed in quintuplicate on each of five days. During and
after validation, the same two spiked plasma samples were analyzed in duplicate
on each of 61 days.

> The mean concentration observed for each sample is listed (N = 25 for pre-
validation and N = 122 for validation).

¢ Using the sum of squares, total imprecision (CVroa) was estimated for each
sample in the pre-validation experiment by using the mean between-day and
mean within-day variability: CVrota = (CVE + CVZ)°>. The imprecision calcu-
lated during and subsequent to validation used all 122 measurements.

injection onto the LC-MS/MS, and the other as dried pellets after protein
precipitation. There was no apparent effect of incubating prepared
liquid samples at 4 °C for 24 h or after freezing at —80 °C for two days to
two weeks (Supplemental Fig. 4). There was also no effect of main-
taining dried pellets after protein precipitation at -80 °C for up to two
weeks.

Potential interference due to common matrix effects was evaluated
using spike-recovery experiments with left-over clinical samples from
the clinical laboratory. Although there was no interference due to
chronic kidney disease, liver disease, or hyperlipidemia (i.e., elevated
creatinine, bilirubin, or triglyceridemia, respectively), there was
reduced recovery of analytes due to hemolysis, with less than 80 % re-
covery of spiked analyte from samples with >0.23 g/dL hemoglobin
(Supplemental Fig. 5).

A comparison of spiked plasma and serum samples demonstrated a
statistically significant difference in recovery between the sample types
(p = 0.042 for glucagon and p < 0.001 for oxyntomodulin), consistent
with analyte degradation in serum samples (Supplemental Fig. 6).
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When comparing the results from samples drawn into standard EDTA-
anticoagulated blood collection tubes with or without the subsequent
addition of DPP4-Plus, we observed a reduction in the observed con-
centrations of analytes when compared with P800 tubes [mean (IQR):
-14.8 % (19.2 %) and -8.7 % (21.0 %) for glucagon in EDTA and EDTA/
DPP4-Plus; -13.8 % (33.2 %) and -12.4 % (42.2 %) for oxyntomodulin
in EDTA and EDTA/DPP4-Plus, respectively], supporting the use of
protease-containing blood collection tubes for these analytes (Fig. 7A,B).

3.5. Glucagon in type 1 diabetes

As a pilot study, we investigated the fasting plasma concentration of
glucagon and oxyntomodulin in participants with type 1 diabetes. For
samples collected in P800 tubes, we observed lower concentrations of
glucagon in patients with diabetes receiving insulin via an insulin pump
compared with healthy controls (p = 0.039), but there was no difference
when diabetic participants were treated with injectable insulin (Fig. 7C-
H). The difference between participants with diabetes and those without
was not statistically significant when comparing results from EDTA-
anticoagulated plasma with DPP4-Plus, but was significant in EDTA
plasma without inhibitors (p = 0.036). There was no correlation be-
tween duration of diabetes or body mass index. There were no statisti-
cally significant differences for oxyntomodulin, although there was a
trend toward reduced concentrations in type 1 diabetes in all tube types.
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4. Discussion

In our efforts to achieve the sensitivity required for the useful mea-
surement of glucagon and oxyntomodulin, we tested multiple sample
preparation methods, including protein precipitation, solid-phase
extraction, and immunoaffinity enrichment. The combination of pro-
tein precipitation and immunoaffinity enrichment was successful, but
only with a non-distributable antibody [20], which led us to make our
own antibodies. Our new assay makes it possible to simultaneously
quantify both analytes in plasma samples with the linearity, robustness,
and sensitivity needed for human studies [36-40]. The use of LC-MS/MS
overcomes many of the commonly encountered issues with immunoas-
says, particularly the lack of specificity inherent for analytes with
identical amino acid sequences [16]. The method also overcomes the
drawbacks of other LC-MS/MS methods that required larger sample
volumes and/or less robust instrumentation [17-22].

Biomedical science has long suffered from a lack of reproducibility
between laboratories [41]. An inability to transfer knowledge and
workflows among investigators is commonly cited as the most important
reason for these discrepancies [42]. In addition, the poor quality (poor
specificity, in particular) of many commercially manufactured immu-
noassays has also been blamed [43]. As part of the TaMADOR Con-
sortium, we aim to generate transferable workflows that can be
replicated in clinical laboratories so that findings in clinical research can
have an immediate impact, should the biomarker be needed for clinical
care [31]. To this end, we have developed a highly detailed SOP and
distributable monoclonal antibodies that can be obtained by interested
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researchers from the Iowa Hybridoma Bank. We have also generated a
well-characterized glucagon calibration material that can be used to
harmonize results between laboratories adopting our method. Impor-
tantly, manufacturers could use this calibrator to ensure the metrolog-
ical traceability of their commercial assays to SI units.

Proglucagon is relatively conserved in evolution. Indeed, glucagon
and oxyntomodulin are identical in humans, mice, and rats. As a result,
our assay should also be usable in murine models to study the
biochemistry and physiology of these vital hormones in development
and disease. This is particularly important given the fundamental
knowledge that we have gained from animal studies of proglucagon-
derived hormones [1,44].

During development, we also discovered more information about
glucagon and oxyntomodulin stability ex vivo. Based on studies with
proteotypic peptides, early recommendations for peptide storage and
handling focused on relatively low concentrations of acetonitrile and
formic acid to stabilize peptides in liquid form [45]. It is important to
remember that proteotypic peptides are often selected because they are
stable in common workflows and chromatograph and ionize well during
LC-MS/MS analysis [46]. But, when analyzing many endogenous bio-
markers, we are faced with the reality that the biomarker cannot be
proteolyzed before analysis, either because the peptide is too short or
because proteolysis would discard important information. As a result,
additional effort is often required to prevent adsorption or other loss of
these non-ideal analytes during sample preparation. Newer recom-
mendations take this information into account [47]. In our work, we
identified DMSO as an effective additive during the peptide elution step.
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We also demonstrated the importance of having multiple protease in-
hibitors in blood collection tubes to enhance recovery of analyte.
Although previous assays have used P800 tubes in their studies [20,21],
our data provide documentation of the benefit of these devices over
standard tubes or the addition of inhibitors a few minutes after phle-
botomy. Our data also demonstrate the importance of proper handling,
especially processing or freezing samples within three hours after blood
collection. This is in contrast to previous observations that demonstrated
no preanalytical issues, although they used a less specific assay [48]. It is
unclear if glucagon and oxyntomodulin are lost to adsorption, non-
specific protein binding, chemical modification, or proteolysis, but
proper preanalytical handling is clearly crucial for the generation of
useful data in clinical research or clinical care.

The secretion of glucagon from a-cells is required for the mainte-
nance of blood glucose concentrations during fasting [1,49]. A drop in
glucose and insulin concentrations stimulates glucagon release, which
subsequently increases plasma glucose via hepatic glucose production.
In patients with type 1 diabetes who have lost insulin secretion from
their p-cells, the glucagon response to hypoglycemia is impaired,
contributing to hypoglycaemia [50]. The inverse is also true, i.e., in
patients without insulin from their B-cells, glucagon is not properly
suppressed, contributing to hyperglycemia [40]. Previous studies have
demonstrated that fasting glucagon is either the same or higher in pa-
tients with type 1 diabetes [36,38,40]. It was, therefore, surprising to
observe significantly lower plasma levels of glucagon in patients with
type 1 diabetes in our study. Considering that all of the participants with
reduced glucagon concentrations were on closed-loop insulin pumps,
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rather than injectable insulin, our data suggest that better glycemic
control with more consistent insulin infusion leads to lower plasma
glucagon concentrations in patients with type 1 diabetes.

In addition to transferring our workflow to other laboratories, we
aim to improve throughput by adapting the assay to 96-well plates. This
will likely require changes in reagent volumes and incubation temper-
atures [51], but will result in an assay that can be more effectively
deployed in larger clinical studies in the future.

5. Conclusions

In summary, we have developed a new method for the quantification
of glucagon and oxyntomodulin in plasma along with a detailed SOP,
publicly available monoclonal antibodies, and distributable calibration
materials. These resources will facilitate future investigation into the
role of these peptide hormones in glucose homeostasis and in the
development, progression, and treatment of diabetes.
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