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Abstract

Plasma hormone peptides, including GLP-1, GIP, Glucagon, and OXM, possess multiple
physiological roles and potential therapeutic and diagnostic utility as biomarkers in the
research of metabolic disorders. These peptides are subject to proteolytic degradation
causing preanalytical variations. Stabilization for accurate quantitation of these active
peptides in ex vivo blood specimens is essential for drug and biomarker development.

We investigated the protease-driven instability of these peptides in conventional serum,
plasma, anticoagulated whole blood, as well as whole blood and plasma stabilized with pro-
tease inhibitors. The peptide was monitored by both time-course Matrix-Assisted Laser
Desorption lonization Time-to-Flight Mass Spectrometry (MALDI -TOF MS) and Ab-based
assay (ELISA or RIA). MS enabled the identification of proteolytic fragments. In non-stabi-
lized blood samples, the results clearly indicated that dipeptidyl peptidase-IV (DPP-1V)
removed the N-terminal two amino acid residues from GLP-1, GIP and OXM(1-37) and not-
yet identified peptidase(s) cleave(s) the full-length OXM(1-37) and its fragments. DPP-IV
also continued to remove two additional N-terminal residues of processed OXM(3-37) to
yield OXM(5-37). Importantly, both DPP-IV and other peptidase(s) activities were inhibited
efficiently by the protease inhibitors included in the BD P800* tube. There was preservation
of GLP-1, GIP, OXM and glucagon in the P800 plasma samples with half-lives > 96, 96, 72,
and 45 hours at room temperature (RT), respectively. In the BD P700* plasma samples, the
stabilization of GLP-1 was also achieved with half-life > 96 hours at RT. The stabilization of
these variable peptides increased their utility in drug and/or biomarker development. While
stability results of GLP-1 obtained with Ab-based assay were consistent with those obtained
by MS analysis, the Ab-based results of GIP, Glucagon, and OXM did not reflect the time-
dependent degradations revealed by MS analysis. Therefore, we recommended character-
izing the degradation of the peptide using the MS-based method when investigating the sta-
bility of a specific peptide.

Introduction

In human circulation, peptide hormones, such as glucagon-like peptide 1 (GLP-1), glucose-
dependent insulinotropic polypeptide (GIP), oxyntomodulin (OXM) and glucagon, play
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multiple physiological roles [1, 2]. As such, these peptides or their analogs have attracted exten-
sive research activities to develop therapeutic applications for diabetes and obesity. GLP-1 and
GIP are two major human “incretin” hormones, which bind to the GLP-1 receptor and stimu-
late insulin release in a glucose-dependent manner known as the “incretin effect” [3-5]. GLP-1
and GIP contribute to approximately 60-70% of the total postprandial insulin response in
healthy individuals, and have a potentially therapeutic value in the treatment of type II diabetes
[6-8]. GLP-1 also regulates cell proliferation, differentiation and apoptosis, and has a physio-
logical role in controlling energy homeostasis and balance through both peripheral signals and
brain stem regulations of appetite in the nucleus of the solitary tract (NTS) [2,9]. OXM as a
GLP-1 receptor agonist can enhance the “incretin effect” [10], and reduces body weight in
human studies by suppressing appetite and reducing food intake [9, 11]. Interestingly, a syn-
thetic GIP-OXM hybrid peptide acting through GIP, glucagon, and GIP receptors exhibits
both weight-reducing and anti-diabetic properties [12]. On the other hand, the physiological
role of glucagon is to maintain euglycemia during the fasting state by inducing hepatic glucose
production in the liver [13]. The peptide is used clinically to raise blood glucose levels in the
treatment of hypoglycemia [14]. Furthermore, a clinical study also showed that the ratio of
glucagon/insulin in blood levels could be used as a potential biomarker to differentiate type 2
diabetes mellitus from pancreatic cancer-related diabetes mellitus, suggesting that the measure-
ment of the glucagon/insulin ratio might improve early diagnosis in a subset of patients with
new onset diabetes [15].

Active GLP-1 has two forms; each differs in their C-terminal ends: a 30—amino-acid (A.A.)
residue peptide with the C-terminal end amidated (GLP-1 (7-36A), noted as G36A) and a 31-
A.A. peptide with the C-terminal end extended with a glycine (Gly) residue (GLP-1(7-37)
noted as G37) (Table 1). Glucagon is a 29-A.A. peptide that has the same sequence but eight
C-terminal residues less as compared with oxyntomodulin (1-37) noted as OXM (Table 1).
Two GLP-1 forms, glucagon, and OXM are derived by proteolytic cleavages of the same larger
protein called proglucagon. These peptides are secreted by L cells located predominantly in the
distal gastrointestinal (GI) tract (GLP-1) or intestine (OXM) [3-5, 16], and by alpha cells (o-
cells) located in the endocrine portion of the pancreas (glucagon). GIP, a 42-A.A. peptide
(Table 1), is derived proteolytically from the ProGIP protein, and is secreted by endocrine K
cells that are mainly present in the proximal gastrointestinal (GI) tract[3-5, 16]. Once secreted,
all of the four gut peptides can be translocated to and circulate in the blood stream.

Table 1. Peptides: their sequences and molecular weights observed in MALDI-TOF MS.

Peptide
GLP-1(7-37), G37
GLP-1(7-36A), G36A
AQUA GLP-1, AG36
GIP(1-42), GIP
Glucagon

AQUA Glucagon
OXM(1-37), OXM
Peptide YY, PYY

Sequence?® MH* (Da)®
HA/EGTFTSDVSSYLEGQAAKEFIAWLVKGRG 3355.27
HA/EGTFTSDVSSYLEGQAAKEFIAWLVKGR-NH, 3297.24
HA/EGTFTSDVSSYLEGQAAKEFIAWLVKGR-OH 3306.25
YA/EGTFISDYSIAMDKIHQQDFVNWLLAQKGKKNDWKHNITQ 4981.7
HS/QGTFTSDYSKYLDSRRAQDFVQWLMNT 3482.53
HS/QGTFTSDYSKYLDSRRAQDFVQWLMNT 3492.54
HS/QGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA 4450.08
YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 4306.4

a-Two active GLP-1, Aqua GLP-1, GIP, Glucagon and Aqua Glucagon, OXM(1-37) and PYY(1-36) are listed. The underline indicates the labeled residue
with stable isotopic '3C and '®N. DPP-IV cleavage site is indicated “/” when applicable. AQUA peptide incorporates one stable isotope labeled amino acid,
creating a slight increase (6—10 daltons) in molecular weight.

b-Monoisotopic peak position observed in MALDI-TOF MS.

doi:10.1371/journal.pone.0134427 1001
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The success of peptide-based drug and/or biomarker development, including pharmacoki-
netic and pharmacodynamic studies, therapeutic monitoring, as well as biomarker develop-
ment for diagnosis and prognosis of many diseases, is largely dependent on the accurate
measurement of the peptide via ex vivo specimens such as blood and cerebrospinal fluid.
Endogenous peptides can be modified during and post collection by various mechanisms such
as degradation, deamidation, and oxidation [13, 17, 18] leading to erroneous results. Similarly,
peptide hormones are subject to preanalytical variability during ex vivo sample collection and
handling [19-22] specifically due to the intrinsic proteolysis [22-24]. The proteolytic degrada-
tion causes a sequential multi-step reaction (SMSR) in the digestion of plasma proteins and
peptides [23] and significantly increases the sample-to-sample variability [24]. Such preanalyti-
cal variability may override a disease-related pattern or suppress meaningful data interpreta-
tion [25-27]. This inaccuracy may contribute to the challenge of translating biomarkers from
discovery to the clinic [20, 22, 28]. Numerous publications have illustrated that after secretion
circulating GLP-1, GIP, OXM and glucagon are rapidly digested by dipeptidyl peptidase-IV
(DPP-1V, or CD26) [29-31]. Very short half-lives for these peptides in circulation have been
noted: approximately 2 minutes for active GLP-1, 5 minutes for intact GIP [3, 29], 6-8 minutes
for OXM [32], and 2-5 minutes for glucagon [32, 33]. Therefore, it is critical to stabilize these
peptides at the point of collection through the preanalytical phase to ensure an accurate
measurement.

Herein, we investigated the instability of the aforementioned hormone peptides in conven-
tional blood collection tubes, and their stabilization through the use of protease-inhibitors
(PIs). The targeted peptides, including active G37, G36A, GIP, Glucagon and OXM (Table 1),
were incubated with whole blood, plasma, or serum for specific time intervals, followed by
analysis with Matrix-Assisted Laser Desorption Time-of-Flight Mass Spectrometry (MALDI-
TOF MS) and antibody-based (Ab-based) immunoassay (ELISA or EIA). Through mass spec-
trometry (MS), we clearly identified that the fast degradation of these peptide hormones was
primarily due to DPP-IV cleavage of the N-terminal two residues. MS also determined that
full-length (fl) OXM was cleaved by unidentified proteases or peptidases in traditional EDTA
plasma samples. We further showed that the stability of the studied peptides were largely
dependent on the sample type. The addition of DPP-IV and other protease inhibitors con-
tained in BD P800 and P700 (BD, Franklin Lakes, NJ) significantly increased their stability.

Methods

Human blood samples in this study were collected under BD PAS Associate Sample Collection
Protocol (CLN-004) approved by Allendale Investigational Review Board (IRB), located at 30
Neck Road, Old Lyme, CT 06371. Tel: 1-860-434-5872. All subjects completed the Informed
Consent process and signed the IRB approved Consent Form prior to participation.

Blood Collection and Plasma/Serum Preparation

Human blood from healthy subjects was directly collected into BD P800 (2.0 mL or 8.5 mL,
optimized for the stabilization of GLP-1, GIP, glucagon, and oxyntomodulin), P700 (optimized
for GLP-1 stabilization only), K,EDTA or serum tubes (BD, Franklin Lakes, NJ) by venipunc-
ture. For whole blood, the tests were carried out right after collection. For plasma samples,
tubes were centrifuged for 15 minutes at 2,500 x g (RCF) and at room temperature (RT) and
processed immediately as described in previous reports [22, 34]. For serum samples, the tubes
were allowed to clot at RT for 60 minutes and then centrifuged under the same conditions as
for plasma tubes. The collected plasma and serum samples were either used immediately or
frozen immediately at -80°C until later usage.
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Peptides

The hormone peptides used in this study (Table 1) included three GLP-1 isoforms [GLP-1 (7-
36) amide (G36A), AQUA GLP-1 (7-36) (AG36), and GLP-1 (7-37) (G37)], one full-length
(f) GIP (1-42), two glucagon peptides (fl glucagon and AQUA glucagon), fl OXM(1-37)
(OXM) and full length Peptide YY (PYY). Each peptide was purchased from Sigma-Aldrich
Corp. (St. Louis, MO) with the exception of OXM with Arg’>, which was purchased from
Phoenix Pharmaceuticals, Inc. (Burlingame, CA). The primary structure of OXM is identical in
all mammals, except for Lys™ in pigs and cattle replaced by Arg”” in humans and rats. This
residue change does not modify the biological properties of OXM [35]. AG36 and AQUA glu-
cagon were synthesized by Sigma-Genosys (The Woodland, Texas) with Lys (K*°) in the for-
mer and Arg (R'7) in the latter peptides labeled with stable isotopic '>C¢ and '*N,,. The stable
isotopic labeled peptides displayed an approximatelyl0 Da (m/z) higher than their natural
counterparts in MS (Table 1), and were used as internal controls for MS-based quantitation.
PYY was used as a control peptide for GIP.

Sample Preparation for Time-course MALDI-TOF Mass Spectrometric
Analysis

The detailed method for peptide stability investigation by time-course MS has been described
in previous reports [23, 36]. Briefly, into 10 uL of either plasma, serum, or whole blood sample
pooled from the same three healthy subjects, 1 pL of either GLP-1, or GIP, or glucagon, or
OXM-K* solution was spiked to a final concentration of ~ 400 fmol/uL (0.4 uM). The spiked
samples were incubated in a temperature-controlled chamber at RT (25 * 1°C) or on ice. At
specific time intervals from 0 up to 96 hours, the whole blood specimens were centrifuged to
obtain plasma samples. the plasma or serum samples were quenched by adding acetonitrile
(ACN) (Sigma-Aldrich), trifluoroacetic acid (TFA) (T.B. Baker, Phillipsburg, NJ), or acetone
(Sigma-Aldrich) to a final concentration of 10% ACN and 0.2% TFA for GLP-1 analysis, or
50% ACN, 30% acetone and 0.2% TFA for GIP, glucagon, and OXM analysis. For a semi-quan-
titative measurement, an appropriate control peptide was also included in the quenching solu-
tion. GLP-1 peptides were extracted from the quenched samples using a Zip-Tip C18 (EMD
Millipore, Billerica, MA) followed by MS analysis. The quenched GIP, glucagon and OXM
samples were centrifuged under 125,000 x g for 20 minutes to remove precipitated proteins by
pelleting. The clear supernatants were dried in a CentriVap Concentrator (Labconco, Kansas
City, MO); the dried powders were then re-suspended in 10% ACN, 0.1% TFA solution, fol-
lowed by Zip-Tip C18 extraction. A 1.0 uL aliquot of the eluted peptide solution was mixed
with 1.0 pL of a-Cyano-4-hydroxycinnamic acid (CHCA:10 mg/mL in 50% ACN solution) as
the matrix, and 1.5 pL mixture was spotted onto a MALDI target, air-dried, and analyzed by
MALDI-TOF MS (Ultraflex II, Bruker Daltonics Inc., Billerica, MA) [36].

Time-Course Ab-Based Assays

Sample preparation procedures for Ab-based stability studies were similar to those in the
time-course MALDI-TOF MS analysis. The peptides were spiked within the linear range of

the assays, with ~ 0.8 nM (or 800 pmol/L) for G36A and GIP, ~1 nM for OXM, and ~10 nM
(or ~ 350 pg/mL) for glucagon. All Ab-based analyses were carried out with either individual
or pooled samples from 3-4 subjects and with three replicates of each. After the time-course
incubation (0-96 hours), the plasma and serum samples were acidified with TFA to a final con-
centration of 0.1% to quench the proteolytic reactions and allowed for the ELISA buffer to neu-
tralize that acid during processing, and frozen at -80°C until the next analysis.
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@’PLOS ‘ ONE

Stability of Peptide Hormones in Blood Samples

For stability measurement in a whole blood sample, the targeted peptide was spiked into the
fresh whole blood specimen, followed by a time-course incubation centrifugation. The rest of
the procedures were the same as previously described for a plasma sample analysis. For testing
the effect of Diprotin A (Sigma-Aldrich) on the stability of GLP-1, the inhibitor (500 unit/mL)
was added into the collected whole blood sample prior to spiking the peptide, and followed by
the above described procedures.

GLP-1 and GIP samples were supplied for Enzyme-Linked Immunosorbent Assay (ELISA)
with the kits purchased from LINCO Research (St. Charles, MO), and the analyses were carried
out according to the protocols suggested by the manufacturer. In GLP-1 analysis, 100 pL of the
plasma sample quenched after time-course incubation was added into each microplate well,
which had been loaded with 100 pL assay buffer provided with the kit. The microplate was
incubated for 24 hours at 4°C, and followed by a standard ELISA protocol. Finally, the plate
was read at an excitation/emission wavelength of 355 nm/460 nm in a plate reader purchased
from Tecan US (Morrisville, NC). For GIP analysis, 20 puL of quenched samples was added into
each well, and incubated for 1.5 hours at RT with gentle shaking, as per the protocols provided
with the assay kit. The absorbance of each sample was measured at 450 nm and 590 nm in the
plate reader.

OXM and glucagon measurements were performed by a competitive radioimmunoassay
(RIA) with *°I-labeled OXM (Phoenix Pharmaceuticals, Inc., Burlingame, CA) and 1251
labeled glucagon (EMD Millipore, Billerica, MA) as the competitor, respectively. 300 pL of
OXM sample, or 100 pL of glucagon sample was mixed with the primary antibody in a polysty-
rene tube and incubated overnight (22-24 hours) at 4°C, then mixed with the competitor and
subjected to another overnight incubation at 4°C. The cold, precipitating reagent was added,
vortexed, and incubated for 20 min at 4°C. The cpm (counts per minute) of the pellets was
determined using a y-counter (Beckman Coulter, Brea, CA).

Digestion of OXM by DPP-IV

OXM was added into 100 pL of 50 mM HEPES buffer (pH7.5) up to 1 uM, followed by the
addition of 1 unit of purified DPP-IV enzyme and incubation for time-dependent digestion at
37°C. At specified time periods, a 10 pL aliquot was withdrawn, desalted, and concentrated by
Zip-Tip C18 (EMD Millipore, Billerica, MA); MALDI-TOF MS was used to monitor the cleav-
ages of OXM by DPP-IV.

Results and Discussion

With the advantage of high resolution and mass accuracy, MALDI-TOF MS enabled us to
monitor both the parental peptide and its derived daughter peptides in a single spectrum [23].
We further measured the stability of metabolic peptides under ex vivo sampling conditions
using both time-course MALDI-TOF MS analysis [36] and Ab-based immunoassays employed
traditionally and extensively for peptide quantitation. Due to the high spiking concentration
and C18 zipTip purification the endogenous peptides were suppressed in the MALDI spectrum
and thus not interfering with our results.

Instability of incretin in conventional plasma and serum samples

We first investigated the ex vivo stability of active GLP-1 and GIP in a widely used EDTA
plasma sample by time-course MALDI-TOF MS to monitor peptide change during 4-day incu-
bation at RT. As shown in Fig 1, the intensities of two active GLP-1 forms (G36A and G37),
relative to the control peptide (AG36), decreased over time. Meanwhile, their two shorter frag-
ments GLP-1 (9-37) (noted G37-2N, 3148.12 m/z) and GLP-1 (9-36A) (noted G36A-2N,
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Fig 1. Instability of GLP-1 in EDTA plasma. Both active GLP-1 forms, G36A and G37, were spiked into EDTA plasma and incubated at room temperature.
At indicated time points, the aliquots were withdrawn and AG36 was added into the plasma samples as control for relative quantitative analysis. While G36A
and G37 decreased over incubation time, G36A-2N and G37-2N increased and then decreased. This is a typical figure from > 10 subjects; each subject has
one or more replicate.

doi:10.1371/journal.pone.0134427.g001

3088.06 m/z), both with two N-terminal residues removed (-2N), increased and then
decreased, suggesting generation and degradation over time during the 4-day incubation (Fig
1). The generation of these -2N fragments clearly indicated that DPP-IV activity intrinsic to
the plasma sample contributed to the removal of the two N-terminal residues of GLP-1; the
degradation of these fragments implied that other proteolytic enzyme(s) also contributed to
cleavages of the fragments and their parent peptides. Similar results were also observed when
two active GLP-1 peptides were spiked into citrate- or heparin-plasma samples. Similar to the
-2N cleavage of GLP-1 by DPP-1V, the -2N fragment (inactive GIP(3-42), 4749.65 m/z) of
active GIP(1-42) was easily detected in EDTA plasma at two hours, and thereafter the frag-
ment increased along with the decrease of its parental GIP(1-42) (S1A Fig). The same results
were also observed when GIP (1-42) was incubated in a conventional serum sample (S1B Fig),
suggesting similar DPP-IV activity in serum and plasma samples.

When two GLP-1 peptides, G36A and AG36, with the former peptide naturally amidated
and the latter peptide synthesized without this modification, were simultaneously spiked into
either a serum or plasma sample, the two peptides decreased over time (S2 Fig). Their daughter
fragments, G36A-2N (at 3088.06 m/z), AG36-2N (at 3098.38 m/z as observed in EDTA
plasma), and AG36-1C (at 3151.52 m/z) generated from the truncation of the C-terminal end
residue of AG36, were detectable at the first 30 minutes and thereafter increased over time
within six hours. The observation that AG36 decreased faster than G36A and AG36-1C (no
G36A-1C) in the first 30 minutes (S2 Fig) demonstrated that the natural amidation on the
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Table 2. Stability (half-life) of peptide hormones in blood specimens.

Peptide

(G36A)

(G37)

GIP(1-42)

OXM(1-37)

Glucagon

Sample Temp® t % (hrs) ® Method
RT 4-24 MS, ELISA
EDTA plasma .
on ice 12+3 ELISA
Heparin Plasma RT 13+0.7 MS
Citrate Plasma RT 4+0.2 MS
Serum RT 4+0.2 MS
RT >96 MS, ELISA
P700 plasma .
onice >96 ELISA
RT >96 MS, ELISA
P800 plasma .
on ice >96 ELISA
RT 2+04 MS
EDTA whole blood )
onice 4-14 MS
RT 10+ 0.5 MS
P800 whole blood .
on ice 37-96 MS
EDTA Plasma RT 4-18 MS, ELISA
P700 Plasma RT >96 MS, ELISA
P800 Plasma RT >96 MS, ELISA
RT 1£0.3 MS
EDTA Whole blood .
on ice 5+1.0 MS
RT 12+£1.0 MS
P800 Whole blood .
onice 41+ 5.0 MS
EDTA Plasma RT 5-20 MS
Serum RT 5-20 MS
P800 Plasma RT >96 MS
EDTA Plasma RT <24 MS
P800 Plasma RT >72 MS
EDTA Plasma RT 5-20 MS
P800 Plasma RT 45 MS

a RT representing 24 +1°C, and on ice representing the sample kept either on ice or in temperature-controlled chamber at 4 +1°C.
b A time range of half-life represents the measurements of multiple samples collected from different individuals, and mean + STDEV representing the t2
measurement from a single sample with three replicates.

doi:10.1371/journal.pone.0134427.t002

C-terminal end of G36A prevented the peptide [37] from the -1C truncation by C-terminal
exocarboxypeptidases. Most likely, the C-terminal truncation was by carboxypeptidase M (EC
3.4.16)[12], which removed specifically the C-terminal Arg residue [38] as in the AG36
sequence. However, we could not exclude the possibility that other exocarboxypeptidase(s)
intrinsic to the plasma sample also contributed to this truncation. All of these results clearly
indicated that both DPP-IV and peptidase (s) (at least exocarboxypeptidase M) contributed to
the ex vivo instability of two active GLP-1 peptides, similar to the observation of the peptides in
their in vivo metabolism [38]. The stability or half-life (t¥2) of both active GLP-1 forms in con-
ventional plasma and serum samples were measured according to first-order kinetic degrada-
tion [23, 36] (Table 2). Clearly, both peptides have half-lives within only a few to several hours
in these ex vivo traditional serum and plasma samples with EDTA, Citrate, or Heparin as an
anticoagulant. Above all, the proteolysis-driven instability of the peptides may cause a large
variation which prevents the accurate measurement of GLP-1 and GIP, and thus it is essential
to preserve the peptides in ex vivo blood specimens when assessing their concentrations, such
as, during incretin-based drug development.

PLOS ONE | DOI:10.1371/journal.pone.0134427 July 29, 2015 7/21
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Fig 2. Stabilization of GLP-1 by enzymatic inhibitors. Both G36A and G37 were stable over 4-day incubation in P800 plasma, and their fragments,
including G36A-2N and G37-2N, were only detectable after 72 hours. This is representative of 3 subjects.

doi:10.1371/journal.pone.0134427.9002

Ex vivo stabilization of incretin in plasma with DPP-IV and enzyme
inhibitors
To stabilize incretin and other gut peptide hormones (e.g. Glucagon and OXM), we screened,
selected, and optimized a cocktail of enzymatic inhibitors that targeted proteases and pepti-
dases, including DPP-IV. The inhibitor cocktail was included in evacuated blood collection
tubes, BD P700 (for GLP-1preservation) and BD P800 (for GLP-1 and other metabolic pep-
tides), to prevent the peptides from degradation during sample collection, processing, and
transportation. Using the P800 or P700 plasma sample, we demonstrated that both active
G36A and G37 peaks in the time-course MALDI-TOF MS were stabilized relative to the con-
trol (AG36) during 4-day incubation at RT (Fig 2). None of the shorter GLP-1 fragments was
detected during the first 2-day incubation and only very small peaks of G37-2N and G36A-2N
were detectable after 3-day incubation. These observations clearly demonstrated that the effi-
cient inhibition of DPP-IV and other peptidase(s) activity was accomplished in the P800 (Fig
2) and P700 plasma samples.

For a more quantitative comparison of the GLP-1 stability in P700, P800 and EDTA sam-
ples, the ratios of GLP-1 intensity to control (AG36) were plotted versus incubation time
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(Fig 3A), and the half-life of GLP-1 was determined [22]. The results further showed that the
half-life (t2) of G36A in either P700 or P800 plasma samples was greater than 96 hours, while
the same peptide in the blood specimen collected in the EDTA plasma tube had a half-life of
6.0 hours (Fig 3A). Similar results were also observed when G37 was tested in these samples
(Fig 2 and Table 2). To obtain quantitative results, a G37 aqua peptide would have to be
deployed. These results further demonstrated the stabilization of the two active GLP-1 peptides
for more than four days (t%2) by using the plasma samples with PIs (P700, P800).

The stability of active GLP-1 was further evaluated with an Ab-based method. With its
advantage of high sensitivity (~ 1000 folder higher than MS in our experimental set up) and
quantification, Ab-based immunoassay has been used extensively for protein and peptide
quantifications. Using GLP-1 ELISA, we demonstrated that the concentration of active G36A
remained without remarkable decrease within the first 72-hours in both P700 and P800 plasma
samples at RT, while in EDTA plasma its concentration dropped quickly within the first five
hours and was undetectable after 24 hours (Fig 3B). Even at “time 0,” when the samples were
processed as quickly as possible (i.e. within 20 min) with no dwell time [34], approximately
50% of G36A was lost in the EDTA sample compared to that in the P800 or P700 sample at RT
(Fig 3B). When a similar experiment was carried out in EDTA and P800 plasma samples on ice
(~ 4°C), we also observed the time-dependent decrease of GLP-1 in EDTA with ~ 20% loss at
“time 07, and stabilization of the peptide in P800 over 72 hours (Fig 3C). This phenomenon
was not observed in our MS results as the concentrations are higher (400 pM in Ab-based
method and 0.4 M in MS method). Although the degradation in the EDTA sample was slower
at 4°C than at RT (comparison of Fig 3B and 3C), the estimated half-life of G36A on ice was
still less than 15 hours. Furthermore, when G37 was used to replace G36A or when a P700
plasma sample was used to replace a P800 plasma sample, we obtained similar results of tY2>
96 hours either on ice or at RT (Table 2). All of these results demonstrated that the degradation
of active GLP-1 during plasma or serum sample collection and handling, specifically during
the dwell time post-centrifugation [17, 32], was efficiently suppressed in both P700 and P800
plasma samples. However, this degradation could not be prevented by cooling of a conven-
tional plasma or serum sample, further indicating the importance of including the efficient
protease inhibitors for blood collection [22-24].

Time-course MALDI-TOF MS showed that GIP(1-42) was also stabilized in the P800
plasma sample with stable peak intensity (relative to control PYY) and without any GIP degra-
dation fragments detectable during 4-day incubation at RT (S1C Fig). Its t¥ was greater than
96 hours in the P800 plasma sample, significantly longer than its t% of 20.6 and 22.4 hours in
EDTA plasma and serum samples, respectively (Fig 4), in which active GIP(1-42) was turned
into the inactive form GIP(3-42). Whether the P800 plasma sample was kept at RT or at 4°C
and collected from an individual or pooled multiple individuals, the P800 samples always pro-
vided a t% of active GIP> 96 hours. Unlike GLP-1 ELISA results, however, GIP time-course
ELISA results did not reflect its instability in EDTA samples as current ELISA/RIA kits avail-
able on market could not selectively measure the active GIP(1-42) [39, 40]. Nevertheless, for
active GIP assay development, it was suggested to use the P800 plasma sample [39].

Stability of GLP-1 in whole blood samples

In many blood-collection settings, the whole blood specimens may not be centrifuged and pro-
cessed immediately (e.g., in many physicians’ offices where the blood specimens have to be
transported to a centralized laboratory for processing and analysis). This dwell time of the
specimens prior to centrifugation can be over 24 hours and cause significant variation of ana-
Iytical results. To evaluate the stability of GLP-1 during this dwell time, we spiked GLP-1
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Fig 3. GLP-1 stabilization by Protease Inhibitors. A. GLP-1 stability in EDTA, P700 and P800 plasma
samples. G36A was incubated in EDTA, P700 and P800 plasma samples prepared from the same three
healthy individuals. The relative intensity (Rel. Int.) representing the ratios of peak intensity of G36A to AG36
was plotted according to the first-order degradation, and half-lives of the GLP-1 peptides were then
determined. The recovery of the peptide is the ratio of the area of the peak for the peptides studied to the area
of the control peptide; both peptides are spiked at the same final concentration. B. GLP-1 stability
comparison in EDTA and plasma samples with protease inhibitors at room temperature. Four
individual plasma samples collected with EDTA, P800, and P700 tubes were incubated with G36A and
analyzed by ELISA. The analysis of G36A by ELISA was carried out with pooled plasma samples from 3
subjects with three replicates. The results displayed are representative. The error bars indicated standard
deviations of the means from two replicates of four individuals. C. GLP-1 stability in EDTA and P800
plasma samples on ice. The analysis of G36A by ELISA was carried out with pooled plasma samples from
3—4 subjects with three replicates.

doi:10.1371/journal.pone.0134427.g003

peptides into pre-chilled (on ice or at 4°C chamber) P800 whole blood, EDTA whole blood,
EDTA whole blood + Diprotin A (10pM, or 500 units/mL) samples. Diprotin A has previously
been reported as a DPP-IV inhibitor [41-43], we included it in an EDTA whole blood sample
and compared its protective effect with that of the P800 cocktail. Other therapeutic DPP-IV
inhibitors may yield similar stabilization. The results indicated that G36A was stabilized in
whole blood P800 samples with t¥ greater than 72 hours, while its t in the EDTA whole
blood samples was shorter than 20 hours and Diprotin A provided some stabilization of the
peptide (t% ~ 20 hours) (Fig 5). Our observation of Diprotin A was consistent with a recent
report that Diprotin A (0.5 mM) did not induce resistance in GLP-1 cleavage in mouse and
human Hepatocytes [43], but was inconsistent with the early report that Diprotin A (0.1 mM)
could fully suppress the -2N cleavage of GLP-1 by DPP-IV in human serum [31]. This incon-
sistency could be explained by the difference in the sample types: a whole blood sample vs. a

2 -
11 t%> 96 h
E I/
a o :
o
o m P800
o -1
2 ¢ EDTA
e
ﬁ 2 t%=224h @ Serum
s
c 3
-
s t%4=20.6 h
-5 T T T T 1
0 20 40 60 80 100

Time (h)

Fig 4. Stability of GIP in serum and plasma samples. Stability (T ;) was indicated in the first-order kinetics analysis of GIP in pooled P800, EDTA and
serum samples. The relative intensity (Rel. Int,) represented the peak ratio of GIP to the control (S1A, S1B and S1C Fig). Data are representative from 4
subjects with 1 or two replicates.

doi:10.1371/journal.pone.0134427.9004
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Fig 5. GLP-1 stability in whole blood. Active G36A was spiked into EDTA, EDTA plus Diprotin A (500 units/mL) and P800 whole blood samples. After
incubation at room temperature for indicated time periods, the samples were centrifuged, and plasma portions were taken for ELISA-based peptide analysis.
This data is representative of 1 subject with three replicates. A total of 3 subjects were tested and gave similar profiles.

doi:10.1371/journal.pone.0134427.9005

serum sample (see below). When stability experiments were carried out in whole blood speci-
mens at RT, the measured t% of G36A and G37 was 9.9, and 12.5 hours respectively in P800,
and only 1.3 and 1.9 hours respectively in an EDTA whole blood sample (S3 Fig and Table 2),
again showing the benefit of the P800 sample.

The two active GLP-1’s, as well as the other peptides tested, had longer half-lives in ex vivo
whole blood samples (Table 2) than in those reported in in vivo circulation [3, 29]. This differ-
ence can be explained by at least three reasons: (i) temperature difference with RT (24 + 2°C)
in ex vivo samples vs. 37°C in circulation, which is more favorable to protease reactivity; (ii)
EDTA included in an ex vivo blood specimen as an anticoagulant is also an effective inhibitor
to suppress cation-dependent proteases (e.g. Matrix metalloproteinases), and thus contributes
to the stability of ex vivo proteins and peptides [22, 44]; (iii) there are extra DPP-IV activities in
in vivo circulation than in ex vivo samples. In fact, DPP-IV is also expressed on the surface of
endothelial cells [38], which have multiple biological functions, including critical basal and
inducible metabolic functions [45].

By comparison of plasma and whole blood results, we also observed that two active GLP-1
peptides showed higher instability in a whole blood sample than in a separated plasma sample.
As an active tissue, the ex vivo whole blood sample retains its metabolic activities with many
proteolytic enzymes located on cell surfaces. In addition to its soluble form of DPP-IV in blood
plasma, the enzyme is also localized on leukocyte subsets (activated T cells, natural killer cells,
B cells) and mature thymocytes in whole blood [38]. Thus, we expect extra DPP-IV activity in
a whole blood sample as compared to a plasma sample. It is also possible that DPP-IV on a cell
surface has different specificity than its soluble form. These differences suggest that it is more
challenging to stabilize a targeted peptide biomarker in a whole blood sample than in a sepa-
rated plasma sample, and may also provide an explanation as to why Diprotin A conveys little

PLOS ONE | DOI:10.1371/journal.pone.0134427 July 29, 2015 12/21



@’PLOS ‘ ONE

Stability of Peptide Hormones in Blood Samples

protection to GLP-1 in whole blood (Fig 5), but is effective in inhibiting DPP-IV activity in
human serum [41]. Therefore, separation of the plasma portion from whole blood as soon as
possible after blood is collected, is suggested to minimize the proteolytic variability [34] and is
also recommended for GLP-1 measurement.

It is also well known that the protease activities are slowed down when the storage tempera-
ture is lower. However, keeping a whole blood sample at 4°C and even adding Diprotin A to
the samples do not effectively suppress the fast degradation of GLP-1. Furthermore, platelets
are activated and hemolysis (red blood cell lysis) increases at 4°C, both negatively impacting
the quality of blood samples. Therefore, we do not suggest utilizing whole blood at 4°C in gen-
eral clinical research applications.

Importantly, both active GLP-1 forms are highly stabilized in P800 and P700 samples with
t¥2 > 96 and > 9.9 hours in plasma and whole blood samples at RT, respectively. Both peptides
are further stabilized in the whole blood P800 sample at 4°C with t% >72 hours. Therefore, we
suggest using P800 or P700 tubes for blood collection for GLP-1 measurement as well as
centrifuging and separating the plasma from blood cells as soon as possible or within 30 min-
utes. However, keeping the whole blood sample at 4°C rather than at RT is a better choice for
GLP-1 stabilization if centrifugation is not possible within 30 minutes.

Degradation and Stabilization of OXM

The degradations of OXM and generations of its daughter peptides over time were monitored
by MS during the incubations of an EDTA plasma sample, a P800 plasma sample spiked with
full length OXM (1-37), and a non-spiked EDTA plasma sample as a control. Endogenous fl
OXM could not be detected in EDTA plasma by MALDI-MS; therefore unspiked P800 plasma
was not included. The spectra showed that extra peptides were detected in the EDTA sample
spiked with OXM(1-37) compared with the non-spiked EDTA and spiked P800 samples (Fig
6A). Most of these additional peptides detected during the first 48 hours of incubation were
identified as OXM fragments generated from the proteolytic degradation of the spiked OXM
(1-37) (Fig 6A and 6B), including OXM-2N (S4A Fig).

The generation of OXM-2N fragment from fl OXM in EDTA sample also resulted from
DPP-1V cleavage [31, 32, 46], which was confirmed by the time-course MS analysis of incuba-
tion of fl OXM(1-37) with purified DPP-IV enzyme. This experiment was performed to iden-
tify digestion products from the fl OXM by DPP-IV which is why we chose to perform the
digestion in HEPES rather than the physiological plasma. The results demonstrated that
DPP-1V turned OXM(1-37) (at 4450.45 m/z) into OXM-2N (OXM(3-37) (at 4226.15 m/z) in
the first 24 hours, and further turned the generated OXM-2N into OXM-4N OXM(5-37) (at
4041.13 m/z) (Fig 7A). Not surprisingly, it was the first time we observed that the DPP-IV
enzyme could further remove the next two residues (QG) on the N-terminal end of OXM-2N,
as DPP-IV had specificity to Gly (G) residue in the penultimate position when the first residue
(Gln in this case) was neutral [41]. This sequential two-step -2N reaction of DPP-IV was also
observed on the cleavages of vasoactive intestinal peptide (VIP), pituitary adenylate cyclase-
activating peptide (PACAP27 and PACAP38), and gastrin-releasing peptide (GRP) [46].

Other detected OXM fragments in the spiked EDTA plasma sample were expected to be a
result of other proteolytic activities intrinsic to the EDTA plasma sample. Specifically, peaks at
2291.18, 2220.14, and 2092.08 m/z were mapped to OXM(19-37), OXM(20-37), and OXM
(21-37) (Fig 6A and 6B), respectively. Mechanistically, a trypsin-like endopeptidase cleaved on
the C-terminal side of Arg18 residue of OXM(1-37) or OXM(3-37) to release OXM(19-37),
and the generated peptide OXM(19-37) was truncated by exopeptidase(s) from its N-terminal
end of the peptide into OXM(20-37), which was further truncated into OXM(21-37) (Fig 6A
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doi:10.1371/journal.pone.0134427.g006

and 6B). This typical process described as a Sequential Multi-Step Reaction (SMSR) in a previ-
ous report [23] was a typical protein and peptide degradation observed in ex vivo plasma
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samples [22], and should be also applicable to the kinetic metabolism of proteins and peptide
in ex vivo circulation. Furthermore, not-yet defined peptidases also contribute to the instability
by nonspecifically cleaving at the C-terminal sides of T°, F*?, and N*?, which led to the genera-
tions of OXM(6-22) and OXM(19-32) (Fig 6A and 6B). These detected fragments clearly dem-
onstrated that both DPP-IV (S4A Fig) and other endopeptidase(s) and exopeptidase(s) [22, 28]
contributed to the degradation of OXM in the EDTA plasma sample. As OXM has become an
attractive therapeutic agent, these cleavable sites mapped by MS analysis (Fig 6B) enable the
targeted amino acid residues to be modified for designing long-lasting OXM analogs against
obesity and diabetic diseases.

Importantly, all OXM fragments detected in the spiked EDTA sample were not detectable
during 3-day incubation of the spiked P800 sample. Meanwhile, the full-length OXM was sta-
bilized for more than three days (S5 Fig), and four days in time-course EIA analysis (S5 Fig).
Two other peptides, 2021.14 and 2259.11 m/z, detected in non-spiked or spiked EDTA samples
were also not detectable in P800 samples (Fig 6A). The former peptide was identified as com-
plement C3f (mass: 2020.10 Da) from proteolytic digestion of complement component 3 [22,
47]; the latter peptide was not-yet identified but was expected to be also resulted from the
cleavages of endogenous plasma proteins or larger peptides by proteolytic enzymes. All of
these observations further demonstrated that, in addition of DPP-IV, other protease(s) and/or
peptidase(s) intrinsic to the traditional EDTA plasma sample were also inhibited in P800
plasma samples.

However, the time-course EIA result did not reflect the instability of fl OXM in the EDTA
sample (S5 Fig).To further test if the Ab used in this EIA analysis kit recognized the N-terminal
residues of OXM, we digested the fl OXM with purified DPP-IV for 24 and 48 hours to gener-
ate OXM-2N and OXM-4N, respectively (Fig 7A), spiked the same amount of each of these
peptides into the same P800 samples, and followed with EIA analysis. The results showed no
remarkable difference in OXM measurements among these three peptides (Fig 7B), and dem-
onstrated that the immunoassay for OXM did not distinguish these three peptides, while it pro-
vided a high sensitivity for the total peptide quantitation.

Stability of glucagon in plasma

Similar investigation with time-course MS and RIA methods was also carried out for the stabil-
ity of glucagon, another peptide substrate of DPP-IV enzyme [30, 31, 33]. Although its stability
measured by MS analysis showed a larger individual-to-individual variability in EDTA samples
with t% spanning from 5 to 24 hours, its half-life in P800 samples was consistently greater than
45 hours (Table 2, S6A Fig). Similar to Ab-based results of OXM and GIP, the time-course RIA
results showed no significant difference between EDTA and P800 samples (S6B Fig), suggest-
ing that this Ab-based assay did not reflect the instability of glucagon.

Traditional Ab-based immunoassay has been widely used for protein and peptide quantifi-
cation. While the immunoassay provides a high sensitivity and high through-put, both of
which are necessary in current clinical applications, its specificity has to be characterized or
confirmed before it is selected for the quantitative analysis. Among four immunoassays used
for detection of active peptides in this study, only one (for GLP-1) can recognize the active pep-
tide, and the other three (GIP, OXM and glucagon) could not distinguish the full length or
active peptides from their proteolytic fragments, which caused disparity between Ab-based and
MS-based results. However, once the Ab-based assay is specific to the targeted peptide (e.g.
active GLP-1), its stability results are consistent with those obtained by MS. It is important to
note that the range of concentrations used in spiking for MS experiments were unphysiological
and that caution should always be used when comparing results from different concentrations
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and methods of detection. It is feasible to develop a specific Ab-based assay for active GIP(1-
42) measurement by characterizing and selecting specific monoclonal Abs which can recognize
the two N-terminal residues [39]. However, it will be very challenging to develop highly specific
Abs to recognize only OXM or only glucagon, since the N-terminal 29 A.A. residues of OXM
share the entire sequence as glucagon (Table 1) and glicentin (with 69 A.A.) contains the entire
molecules of OXM(1-37) with extended 32 A.A. residues in its N-terminal side [48, 49].

However, MS-based analysis with its high specificity can easily detect and distinguish the
targeted peptides from their fragments. As Mass Spectrometry continues to increase sensitivity
with methods such as LC MS/MS SRM (single reaction monitoring) the quantification of pro-
teins and peptides are likely to make this approach more feasible for a wider range of low abun-
dant peptides [50-52], including GLP-1 [53], OXM [54], GIP [55, 56], and glucagon [57].
When capabilities are available, preference should be given to MS methods allowing measure-
ment of native peptide hormones such as single reaction monitoring (SRM). With continuous
reduction of its cost and increase in its sensitivity, the MS-based method is currently attracting
more attentions for development in analytical biopharmaceuticals [51] and in clinical applica-
tions [57]. Therefore, to investigate peptide stability, we recommend using the MS-based
method for specific peptide quantification or for characterizing the active peptide and its frag-
ments measured by an Ab-based assay before selection for quantitation. A better appreciation
for the biological significance between active peptide and its fragments and distinguishing
between the two by either MS-based or Ab-based method would play an important role in pep-
tide-based drug and biomarker development in the near future.

Nevertheless, our results from time-course analyses of GLP-1, GIP, OXM, and glucagon
indicated their instability in conventional blood specimens. We showed the stabilization of
these variable peptides by selecting the inhibited samples, and demonstrated that the P800
blood collection tube provided a robust blood specimen to measure the active four peptide
hormones.

Conclusions

Our investigations on the preanalytical variability of blood specimens have reiterated that
proteolytic degradation intrinsic to blood specimens causes preanalytical instability of plasma
peptides and the stabilization of peptide drug or biomarker candidates is required for their
accurate measurements. Specifically, we demonstrated the proteolytic instability of four gut
hormone peptides, including GLP-1, GIP, Glucagon, and OXM, in ex vivo blood specimens.
DPP-1V activity contributed to their instability by removing the N-terminal two residues of
these four peptide hormones, and it also further removed the next two N-terminal residues of
OXM(3-37) to form OXM(5-37). For this work we estimate the concentration of DPP-IV was
approximately 1.03 ug/mL (56). Future studies could investigate the correlation between
DPP-1IV concentration and DPP-IV peptide substrate stability. Other endopeptidase and exo-
peptidase activities also played roles in cleavages of OXM in multiple sites, and carboxypeptide
M activity contributed to the digestion of GLP-1. These proteolytic degradations were mecha-
nistically either SMSR or non-specific cleavages. Importantly, all of these proteolytic-enzyme-
driven degradations of GLP-1, GIP, OXM and glucagon were efficiently inhibited in P800
plasma samples, and thus P800 ensured their ex vivo stabilization with t¥2 > 96, 96, 72, and 45
hours at RT, respectively. P700 plasma also stabilized GLP-1 with t% > 96 hours (Table 2).
Such stabilization should enable accurate measurements of these gut peptide hormones and/or
their analogs for drug and/or biomarker development as well as allow to reduce the significance
of other preanalytical source of errors.
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Supporting Information

S1 Fig. Time-course MALDI-TOF MS of GIP in ex vivo plasma and serum samples. The
peaks of GIP(1-42) and GIP(3-42) were indicated. The decrease of GIP(1-42) and increase of
GIP(3-42) over incubation periods of time demonstrated that DPP-IV activity contributed to
the degradation of GIP in the EDTA plasma (A) and serum (B) samples. The stable peak of
GIP(1-42) was observed in the P800 plasma sample at room temperature. (C) Data are repre-
sentative of 4 subjects with 1 or 2 replicates.

(TIF)

S2 Fig. Digestion of GLP-1 by DPP-IV and carboxypetidase activities. G36A and AG36
were spiked into and mixed with serum sample in 1:10 ratio (v/v). The sample was incubated
at room temperature and aliquots were withdrawn for peptide extraction and MALD-TOF MS
analysis at indicated time points. Both daughter peptides G36A-2N and G36-1C were detected
after incubation for 30 minutes. Data are representative from 3 subjects tested in duplicate.
(TIF)

$3 Fig. Active GLP-1 stability in whole blood specimens. Two active GLP-1 forms (G36A
and G37) were spiked into blood specimens freshly collected in EDTA and P800 tubes. The
blood samples were incubated at room temperature for specified periods of time, centrifuged
to collect plasma samples, followed by spiking AG36 as the internal control, and processed for
MALDI-TOF MS analysis. The relative peak areas were plotted vs. the incubation time, and t%
of two peptides was determined. Data are from 3 subjects processed in duplicates.

(TTF)

$4 Fig. OXM stability comparison between EDTA and P800 plasma samples at room tem-
perature. Time-course MS of OXM in EDTA plasma sample (A)EDTA plasma indicates its
instability with the generation of OXM-2N. (B) P800 Plasma The preservation of OXM (1-37)
was achieved for up to 72 hours. The data are representative from at least 6 subjects.

(TIF)

S5 Fig. OXM stability analyzed by EIA. Time course was performed.
(TIF)

S6 Fig. Glucagon stability in EDTA and P800 plasma samples. (A)Time-course MS (B)
Time-course EIA. Data are from 1 subject in triplicate.
(TIF)
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