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Abstract

Aims/hypothesis In humans, glucagon-like peptide-1 (GLP-1)
is rapidly degraded by dipeptidyl peptidase-4 to a relatively
stable metabolite, GLP-1(9-36)NH,, which allows measure-
ment of GLP-1 secretion. However, little is known about the
kinetics of the GLP-1 metabolite in mice. We hypothesised
that the GLP-1 metabolite is rapidly degraded in this species
by neutral endopeptidase(s) (NEP[s]).

Methods We administered glucose, mixed meal or water oral-
ly to 256 mice, and took blood samples before and 2, 6, 10, 20,
30, 60 or 90 min after stimulation. To study the metabolism of
the GLP-1 metabolite, i.v. GLP-1(9-36)NH, (800 fmol) or
saline (154 mmol/l NaCl) was administered to 160 mice, some
of which had a prior injection of a selective NEP 24.11 + inhibitor
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(candoxatril, 5 mg/kg) or saline. Blood was collected before
and 1, 2, 4 and 12 min after GLP-1/saline injection. Plasma
GLP-1 levels were analysed using a customised single-site
C-terminal ELISA, two different two-site ELISAs and MS.
Results GLP-1 secretion profiles after oral glucose adminis-
tration differed markedly when assayed by C-terminal ELISA
compared with sandwich ELISAs, with the former showing a
far higher peak value and AUC. In mice injected with GLP-
1(9-36)NH,, immunoreactive GLP-1 plasma levels peaked at
approximately 75 pmol/l at 1 min when measured with sand-
wich ELISAs, returning to baseline (~20 pmol/l) after 12 min,
but remained elevated using the C-terminal ELISA
(~90 pmol/l at 12 min). NEP 24.11 inhibition by candoxatril
significantly attenuated GLP-1(9-36)NH, degradation in vivo
and in vitro. MS identified GLP-1 fragments consistent with
NEP 24.11 degradation.

Conclusions/interpretation In mice, the GLP-1 metabolite is
eliminated within a few minutes owing to endoproteolytic
cleavage by NEP 24.11. Therefore, accurate measurement of
GLP-1 secretion in mice requires assays for NEP 24.11 me-
tabolites. Conventional sandwich ELISAs are inadequate be-
cause of endoproteolytic cleavage of the dipeptidyl peptidase-
4-generated metabolite.

Keywords ELISA - GLP-1(9—36)NH, - Gut hormone -
In vivo - Mice
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Introduction

The incretin hormone glucagon-like peptide-1 (GLP-1) is se-
creted from enteroendocrine L cells of the gastrointestinal mu-
cosa [1] in response to several nutrients [2, 3]. When intact
GLP-1(7-36)NH; (also termed active GLP-1) enters the capil-
laries of the small intestine, it is rapidly degraded N-terminally
by the enzyme dipeptidyl peptidase-4 (DPP-4) to form the me-
tabolite GLP-1(9-36)NH,, which is devoid of insulinotropic
activity [4—6]. Consequently, only a minor fraction (~8%) of
secreted GLP-1 reaches the target organs in its intact form [7].
Inhibition of DPP-4 causes levels of circulating intact GLP-
1(7-36)NH, to increase several fold; therefore, DPP-4 inhibi-
tors are used as glucose-lowering agents in individuals with
type 2 diabetes [8]. Because of the rapid degradation, circulat-
ing levels of the intact hormone are often below the detection
limit of assays. Assays reacting with the amidated C-terminal,
however, will measure both the intact hormone and the metab-
olite (‘total GLP-1") and are therefore used to estimate secretion
of GLP-1 in humans (Fig. 1) [9]. However, GLP-1 degradation
may also involve endoproteolytic mechanism(s) (e.g. catalysis
by neutral endopeptidase [NEP] 24.11) [10—12]. In mice, mea-
surements of total GLP-1 secretion have given inconsistent re-
sults, with most stimuli resulting in insignificant changes
[13—19]. The stability of the primary GLP-1 metabolite, (9—
36)NH,, which forms the basis for the common ‘total GLP-1
assays’, is unknown in mice, primarily owing to a lack of ade-
quate immuno-based quantification technologies (assays). As a
result, relatively little is known about GLP-1 secretion in mice.

We investigated the secretory profile of GLP-1 and its pri-
mary metabolite in mice using an array of biochemical tech-
niques, including a novel customised bead-based fluorescent
assay and a highly sensitive MS-based platform [20].

Methods
Animal studies

Mice All animal experiments were approved by the Danish
National Committee for Animal Studies, Ministry of Justice
(2013-15-2934-00833), and were performed in accordance
with EU Directive 2010/63/EU, Danish legislation governing
animal experimentation (1987) and guidelines from the
National Institutes of Health (publication number 85-23).
Female and male C57BL/6JRj mice, aged 10—12 weeks, were
obtained from Janvier Labs (Saint-Berthevin, France). Mice
were housed in groups of six to eight in individually ventilated
cages, with a 12 h light cycle (lights on 06:00-18:00) and ad
libitum access to standard chow (Altromin Spezialfutter,
Lage, Germany) and water. To minimise stress on the day of
the experiment, the mice were weighed and tail-marked the
day before.

Orally stimulated GLP-1 secretion in conscious mice
Female mice (n = 256) were fasted for 6 h (8:00—14:00) with
free access to water. At time 0, the animals were orally
gavaged with 0.004 ml/g body weight of: (1) D-glucose,
2 g/kg body weight, 50% wt/vol. (Sigma-Aldrich, St Louis,
MO, USA); (2) mixed meal NAN2 Pro mixture (Nestlé,
Vevey, France); or (3) tap water. A maximal single blood
sample (~400 pl) was obtained via a facial vein at 0, 2, 6,
10, 20, 30, 60 or 90 min after oral gavage (n = 6-10 per time
point per group), after which the animals were euthanised.
Animals designated for sampling at time 0 min did not receive
any oral gavage. Blood glucose was measured directly after
collection using a handheld glucometer (Accu-Chek Compact
Plus; F. Hoffmann—La Roche, Basel, Switzerland). Blood was
transferred into pre-chilled EDTA-coated tubes (Microvette
500 K3E; Sarstedt, Niimbrecht, Germany) and centrifuged
(1650 g, 4°C, 15 min). Plasma was transferred to Eppendorf
tubes and immediately frozen on dry ice according to
optimised sample handling procedures [21]. Data for mixed
meal are shown in electronic supplementary material (ESM)
Fig. 1.

Gastrointestinal biopsies Female mice (n = 6) were
anaesthetised by i.p. injection with a mixture of ketamine
(90 mg/kg; Ketaminol Vet.; MSD Animal Health, Madison,
NJ, USA) and xylazine (10 mg/kg; Rompun Vet.; Bayer
Animal Health, Leverkusen, Germany). The small intestine
and stomach were harvested and thoroughly rinsed in cold
PBS, and 1 cm samples were snap frozen on dry ice and stored
at —80°C until protein extraction, as described previously [22].
Extracts were purified using pH-resistant tC18 cartridges
(Waters, Hedehusene, Denmark), dried under a gentle stream
of compressed air overnight and reconstituted in 1 ml of TRIS
buffer (100 mmol/l TRIS buffer [Sigma-Aldrich] supplement-
ed with 0.1% [wt/vol.] human serum albumin [Merck,
Darmstadt, Germany], 20 mmol/l EDTA and 0.6 mmol/l thi-
merosal [Sigma Chemical Co., St Louis, MO, USA]J; pH 8.5),
and further diluted in assay buffer to ensure that the measured
concentrations were within the sensitive ranges of the respec-
tive assays.

Perfused upper small intestine Male mice (n = 6) were
anaesthetised as described above, and the upper small intes-
tine was isolated and perfused as previously described [23].

Injection of GLP-1(9-36)NH, Female mice (n = 160) were
anaesthetised with isoflurane (Baxter, Lillerod, Denmark; flow
concentration: 1.5% [vol./vol.]). Candoxatril (a selective NEP
24.11 inhibitor [24, 25]; 5 mg/kg, dissolved in 0.9% NaCl,
provided by J. Lundbeck, Novo Nordisk, Malev, Denmark)
or saline (154 mmol/l NaCl) was administered as an 1.v. bolus
injection into the vena cava through an insulin needle 2 min
before injection of GLP-1. At time 0, either 800 fmol GLP-1(9—
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Fig. 1 Processing of proglucagon and conventional GLP-1 assays. (a)
Overview of the processing of proglucagon to GLP-1(1-36)NH, in pan-
creatic alpha cells (mediated by prohormone convertase 2) and to intact
GLP-1 [(7-36)NH,] (mediated by prohormone convertase 1/3) in intestinal
L cells. The primary metabolite, GLP-1(9-36)NH,, is formed from GLP-
1(7-36)NH, after N-terminal cleavage by DPP-4. (b) Conventional GLP-1
assays include assays measuring ‘total’ and ‘intact’ GLP-1, respectively. In
addition, each of these two assay types may be further divided into assays
using sandwich ELISA technology (two antibodies) or assays using single-
site antibodies. In contrast to the two-site total GLP-1 sandwich ELISAs
(depicted as purple + black antibodies), C-terminal assays are not affected
by N-terminal or mid-terminal cleavage of the target molecule. Intact GLP-
1 assays may be based on single-site N-terminal antibodies (depicted as red
antibody) or two-site sandwich ELISAs (depicted as purple + red antibod-
ies). (¢) Reactivity (specificity) of the applied assays (sandwich ELISAs:

36)NH, (see below) or saline was administered through the
inferior vena cava (injection volume 100 pl). A maximal blood
sample (~400 pl) was drawn from the inferior vena cava at 0, 1,
2,4, 8 or 12 min after injection (n = 4-8 per time point), after
which the animals were euthanised. Blood was immediately
transferred into pre-chilled EDTA-coated microtest tubes
(VWR, Seborg, Denmark). Animals designated for sampling
at time 0 min did not receive any i.v. injection. Blood glucose
was measured immediately, as described above. Blood was
centrifuged and handled as described above.

@ Springer

EZGLPI1T-36K and K150JVC-1; C-terminal ELISA: MMHMAG-84K).
The shading on the X-36 bar indicates that the exact length is unknown.
The black antibodies shown (b, ¢) refer to a C-terminal GLP-1 antibody
that may be specific for the amidated C-terminus, the glycine-extended C-
terminus (denoted “X-37’; not shown) or both. The red antibodies shown
refer to N-terminal GLP-1 antibodies that do not bind to N-terminally
elongated GLP-1 [e.g. (1-36)NH,, (1-37)NH,] or N-terminally truncated
GLP-1 [e.g. (8-36)NH,, (9—36)NH,]. The purple antibodies refer to a side-
viewing antibody that, in principle, binds equally to all isoforms of GLP-1,
including (1-36)NH,, (7-36)NH, and (9—36)NH,. Such an antibody is not
directed towards the C-terminus or the N-terminus, but somewhere in
between. The epitope of these antibodies may vary from assay to assay,
but in most cases it is located at sequences towards the N-terminus of the
GLP-1 metabolite [(9-36)NH,]. GRPP, glicentin-related polypeptide; IP-1,
intervening peptide 1; PC, prohormone convertase

In vitro degradation of GLP-1(9-36)NH, Heparinised
mouse plasma was obtained from Equitech-Bio (Kerrville,
TX, USA). In addition, EDTA plasma was obtained as fol-
lows: female mice (n = 38) were anaesthetised with isoflurane,
and blood was drawn from the inferior vena cava, pooled into
6 ml EDTA-coated tubes (VWR) and centrifuged (1650 g,
4°C, 15 min). Plasma was separated immediately and kept
chilled. Synthetic GLP-1(9-36)NH, (see below) was added
to each plasma pool (final concentration 200 pmol). Each pool
was then divided into four equal portions, to which was added
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10 ul of: (1) saline; (2) DPP-4 inhibitor (valine pyrrolidide, a
gift from Novo Nordisk, Denmark; final concentration
0.01 mmol/l); (3) NEP 24.11 inhibitor (phosphoramidon;
Sigma-Aldrich, Brendby, Denmark; final concentration
3.5 umol/l); or (4) an inhibitor cocktail (Pefabloc; Sigma-
Aldrich; final concentration 1 mg/ml). Four aliquots (each
250 ul) from each portion were removed immediately after
the respective additions and transferred to low-adsorption
Nunc tubes (VWR). The remaining plasma was kept cold
(on ice) until analysis and served as ‘time 0°, while the
aliquoted samples were kept at room temperature (27.1°C).
Samples (100 pul) were then taken from each of the aliquots
after 1 and 3 h, chilled immediately and kept cold until analy-
sis on the same day. This procedure was repeated with a
second set of tubes run in parallel, but using assay buffer
(provided in the total GLP-1 sandwich ELISA [EZGLPIT-
36K, see later description]) instead of plasma.

Biochemical analysis

Peptide Synthetic GLP-1(9-36)NH, was obtained from
Bachem (Bubendorf, Switzerland). Prior to use, its structure
and composition was verified by MS and quantitative amino
acid analysis (duplicate determination) at the Department of
Systems Biology, Enzyme and Protein Chemistry of the
Danish Technical University (Kongens Lyngby, Denmark)
and dissolved in phosphate buffer containing 1% (wt/vol.)
human serum albumin (Calbiochem [San Diego, CA, USA],
an affiliate of Merck) and stored at —20°C. Peptide concentra-
tions in aliquots of the stock solution were verified using an
in-house RIA employing a ‘side-viewing’ GLP-1 antiserum
[26]. A fragment of GLP-1(9-36)NH,, FIAWLVKGR-NH,
[corresponding to GLP-1(28-36)NH,] was custom-
synthesised by CASLO (Lyngby, Denmark).

Assays Plasma levels of ‘total GLP-1" [which includes both the
(7-36)NH, and (9-36)NH, moieties and any N-terminally ex-
tended forms, including GLP-1(1-36)NH, from the pancreas,
if present] were quantified before and 15 min after oral glucose
administration using two sandwich (two-site) ELISAs and one
single-site C-terminal ELISA. One of the sandwich ELISAs
employed a ‘side-viewing’ antibody as capture and a C-
terminal HRP-conjugated antibody for detection (catalogue
no. EZGLP1T-36K, Merck-Millipore, Billerica, MA, USA),
while the antibody epitopes are not described for the other
sandwich ELISA (total GLP-1 sandwich ELISA; Meso Scale
Discovery, catalogue no. K150JVC-1, Rockville, MD, USA).
For the single-site ELISA, also designed to measure ‘total
GLP-1°, we used a newly developed customised xMAP-
based assay (catalogue no. MMHMAG-84K, Merck-
Millipore), which employed the same C-terminal antibody as
used for detection in the Merck-Millipore sandwich ELISA,
but without enzyme conjugation. Instead, the antibodies were

coupled to fluorescent-coded magnetic beads (MagPlex-C
Microspheres; Millipore). After the analyte was bound to the
antibody-coupled bead, a biotinylated detection antibody was
added, followed by incubation with streptavidin—phycoerythrin
conjugate. Subsequently, the beads were subjected to flow
cytometry-based detection using a Luminex laser-based
analyser (Luminex 200; Luminex, Austin, TX, USA). The me-
dian fluorescent intensities from eight calibrators were used to
interpolate concentrations in plasma samples using five-
variable logistic regression.

Plasma levels of GLP-1(9—-36)NH, were assessed using a
specific two-site sandwich ELISA (prototype, not yet commer-
cially available; code name JP27788) from IBL (Hamburg,
Germany). Total GLP-1 in the venous effluent from the per-
fused small intestine and in tissue biopsies from the gastroin-
testinal tract was measured using the EZGLP1T-36K (see
above) and by a validated in-house C-terminally-directed RIA
(code name 89,390 [27]). Plasma samples from oral gavages
were also subjected to two-site ELISAs for measurement of
insulin (Crystal Chem, Downers Grove, IL, USA), glucagon
(Mercodia, Uppsala, Sweden) and glucose-dependent
insulinotropic peptide (GIP; catalogue no. EZRMGIP-55K,
Merck-Millipore). All provided quality controls were within
the expected ranges, and all commercial analyses were per-
formed according to manufacturers’ protocols.

MS-based proteomics Pooled plasma (500 pl) from the
in vivo degradation study [injection of 800 fmol GLP-1(9—
36)NH,] was purified and analysed in technical triplicates
using a validated platform for the detection of low-abundant
peptides, as previously described [20]. We employed the “un-
specific search’ option (assuming no enzymatic specificity for
peptides between six and 29 amino acids) and searched the
purified plasma fraction against the GLP-1 sequence as well
as a list of common contaminants provided with MaxQuant
(www.coxdocs.org/doku.php?id=maxquant:common:
download and_installation; version 1.5.4.3) [28]. To assess
the presence of potential GLP-1 in vivo, cleavage products
removed peptides that could have been derived from chymo-
trypsin (assuming N-terminal cleavage of L, M, F, W and Y).
Identified peptides (at least two valid values in technical trip-
licates) were mapped to GCG, and the confidence of identifi-
cation is provided via the Andromeda score [29].

Statistics

The experimenters were blind to outcome assessment but not
to group assignment. To assess distribution and homoscedas-
ticity in datasets, we applied the Shapiro—Wilk test (swilk
command) and drafted residual plots. AUCs were calculated
using the trapezoidal rule, and for net AUC we used ‘baseline
subtracted data’ that included both increments and decre-
ments. One-way ANOVA, corrected by a post hoc analysis

@ Springer
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(Sidak) for multiple testing, was used for testing differences
between more than two groups of data. Unpaired two-sided ¢
tests were used to assess differences between two groups. Data
are expressed as mean + SEM. A p value of <0.05 was con-
sidered significant. Calculations were made using GraphPad
Prism (version 6.04 for Windows; GraphPad Software, La
Jolla, CA, USA). The Adobe CS6 software suite (Adobe,
San Jose, CA, USA) was used for illustrations.

Results

Secretory profiles of gastrointestinal and pancreatic
hormones during oral administration of glucose or water
in conscious mice

Oral glucose gavage resulted in robust (p < 0.001) increases in
blood glucose that peaked 10 min after administration (base-
line 8 = 1 vs 24 £ 1 mmol/l) (Fig. 2a). Blood glucose levels
were significantly (p < 0.001) lower during oral administra-
tion of water (peak level 9 + 3 mmol/l) compared with glu-
cose, but baseline values did not differ.

Oral glucose resulted in a twofold increase in plasma levels
of total immunoreactive GLP-1 [(1—/7—/9-36)NH,] (p < 0.01)
(Fig. 2b) compared with baseline, but only at 2 min, when
analysed using the sandwich ELISAs. A similar pattern was
observed in mice receiving water (Fig. 2b; the data depicted
were obtained using the EZGLP1T-36K, but results were sim-
ilar with K150JVC-1 sandwich ELISA [data not shown]).
Using the customised C-terminally directed single-antibody
assay (MMHMAG-84K), the secretory profile of GLP-1
(Fig. 2¢), with a peak after 10 min (60 pg/ml, ~20 pmol/l;
reported in pg/ml rather than pmol/l, as the exact molarity of
the peptide picked up by this assay is unknown), was in sharp
contrast to the results obtained using the sandwich ELISA
(EZGLP1T-36K) for GLP-1 measurement (Fig. 2b).
Biopsies from mouse stomachs contained low but detectable
concentrations of GLP-1 (10 = 2 pmol/g; well above the lower
limit of detection of ~0.1 pmol/g) compared with the duode-
num (31 = 11 pmol/g) and distal ileum (74 + 21 pmol/g).

Plasma GIP levels also peaked 10 min after glucose admin-
istration. There were no marked GIP changes after the admin-
istration of water (Fig. 2d). Plasma glucagon concentrations
peaked at 2 min after stimulation in both groups, followed by a
decrease (Fig. 2e). Glucose resulted in robust increases in
plasma insulin levels, peaking at 10 min, whereas minimal
changes were seen after water (Fig. 2f).

GLP-1is secreted from the perfused small intestine in mice
in response to an intraluminal glucose load

Luminal glucose (20%) stimulation resulted in long-lasting
threefold increases in GLP-1 secretion (p < 0.001; Fig. 3a

@ Springer

and ESM Fig. 2) independently (p = 0.76) of how GLP-1
was measured (C-terminal RIA: 89,390, vs sandwich
ELISA: EZGLP1T-36K).

GLP-1(9-36)NH, is rapidly degraded in vivo

Injection (i.v.) of GLP-1(9-36)NH, in mice did not (p = 0.67)
affect blood glucose compared with injection of isotonic saline
(Fig. 3b, ESM Fig. 3a). Immunoreactive GLP-1 concentrations
measured with the GLP-1 sandwich ELISA (EZGLP1T-36K)
and the (9-36)NH, specific ELISA increased within the first
minute after injection of GLP-1(9-36)NH,, falling quickly
thereafter to reach baseline 12 min after injection (ESM Fig.
3b). However, when the same samples were analysed using the
C-terminally directed single-antibody ELISA, concentrations
remained higher than at baseline (p < 0.001) for the duration
of the experiment. Incremental AUCs mirrored these differ-
ences, being approximately threefold higher (p < 0.001) for
the C-terminal assay compared with the sandwich ELISAs
(ESM Fig. 3¢). Immunoreactive GLP-1 levels were unchanged
in mice receiving saline (ESM Fig. 3c). In mice with prior
administration of candoxatril (a selective NEP 24.11 inhibitor,
5 mg/kg) immunoreactive GLP-1 concentrations were signifi-
cantly higher (p < 0.001) compared with mice with prior ad-
ministration of saline (Fig. 3c,d).

In vitro incubations with GLP-1(9-36)NH,

In control (buffer) experiments, GLP-1(9-36)NH, was stable
over 3 h (measured with the GLP-1 sandwich ELISA,
EZGLP1T-36K) and concentrations were not significantly af-
fected by the inclusion of protease inhibitors (Fig. 3e). In
contrast, in mouse plasma (heparin), GLP-1(9-36)NH, con-
centrations measured with the same assay were significantly
(p < 0.01) lower after 1 h of incubation at room temperature
and decreased even further after 3 h (Fig. 3f). Addition of a
DPP-4 inhibitor (valine pyrrolidide) had no effect, whereas
both an NEP 24.11 inhibitor (phosphoramidon) and an inhib-
itor cocktail (Pefabloc, a small molecule non-selective serine
protease inhibitor) inhibited GLP-1(9—36)NH, degradation
and stabilised concentrations (Fig. 3f). Similar patterns were
observed in pooled mouse plasma collected with EDTA (data
not shown).

An MS-based platform identifies fragments consistent
with NEP 24.11 cleavage of GLP-1

Multiple peptide fragments were identified in vivo, whereas
none were identified in the parallel buffer experiment (Fig. 4).
One fragment (FIAWLVKGR) corresponding to the C-
terminus of GLP-1 [GLP-1(28-36)NH,] was synthesised
and subsequently measured using the C-terminal ELISA
(MMHMAG-84K) and the sandwich GLP-1 ELISA
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(EZGLP1T-36K) used in the previous experiments. This frag-
ment showed cross-reactivity of 45 + 12% in the C-terminal
ELISA, but only 3 + 2% in the sandwich ELISA (both in assay
buffer).

Discussion

Here, we demonstrate that, in addition to degradation by DPP-
4, GLP-1 in mice undergoes extremely fast endoproteolytic
metabolism (probably mediated by NEP 24.11). Accordingly,
the dynamics of GLP-1 secretion in vivo in mice can be esti-
mated accurately only by C-terminal assays, whereas

sandwich ELISAs provide only weak reflections of the actual
secretion (Fig. 1).

Accurate estimation of GLP-1 secretion is a delicate matter
and is further complicated by the fact that several commercial-
ly available assays are relatively unspecific and/or insensitive
[30]. In addition, they often require high sample volumes
(100-700 pl), rendering meaningful estimation of GLP-1 se-
cretion at high time resolution impossible in mice (because of
the low blood volume that can be obtained). Previous studies
in mice [13-19] have estimated GLP-1 secretion in vivo by
measuring ‘before vs post stimulation concentrations’ (typi-
cally at 0 and 15 min after the administration of a test sub-
stance). In one study, intact GLP-1 [(7-36)NH,] (measured
using the sandwich ELISA from Linco Research, St Charles,
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Fig.3 GLP-1 is secreted from the perfused small intestine in response to
glucose, but the major GLP-1 metabolite, (9-36)NHo,, is rapidly degraded
in vitro and in vivo by NEP 24.11. (a) GLP-1 secretion in response to
intraluminal glucose perfusion in the mouse small intestine estimated
using the EZGLP1T-36K assay. Bombesin (BB) was used as a positive
control. Data represent GLP-1 concentrations at 10—-15 min (baseline
[basal]) and 18-23 min (20% luminal glucose) from six perfused small
intestine preparations. The effluent concentrations were also measured
using a C-terminal in-house RIA (code 390), as shown in ESM Fig. 2.
(b) Blood glucose in response to an i.v. administration of 800 fmol GLP-
1(9-36)NH, (square, solid line) and saline (circle, dashed line) after prior
administration of candoxatril (red) or saline (black) (n = 4-8). (¢)
Immunoreactive GLP-1 in plasma from mice injected with 800 fmol
GLP-1(9-36)NH, (squares) or saline (circles) after prior administration

MO, USA) concentrations of approximately 30 pmol/l peaked
around 15 min after oral stimulation [31], strongly contrasting
to the levels obtained by others [32-35] using sandwich
ELISA techniques (which usually measure concentrations
around 0 pmol/l), raising doubts as to the validity of this mea-
surement. Others have used sandwich ELISAs (similar to
those described here) and have also reported a rapid increase
in immunoreactive GLP-1 within the first few minutes [36,
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of candoxatril (red) or saline (black), measured by sandwich ELISA
(filled symbols, EZGLP1T-36K) and a single-site C-terminal ELISA
(open symbols, MMHMAG-84K) (n = 4-8). (d) Corresponding incre-
mental IAUC from (c), measured by the sandwich ELISA (EZGLP1T-
36K) or single-site C-terminal ELISA (MMHMAG-84K); Veh., vehicle;
Cand., candoxatril. (e, f) GLP-1 concentrations in buffer (e) and pooled
mouse plasma (heparin) (f), spiked with GLP-1(9-36)NH, and subse-
quently treated with PBS (white); DPP-4 inhibitor (light grey); NEP
24.11 inhibitor: 3.5 umol/l phosphoramidon (dark grey) and 7.0 umol/l
phosphoramidon (diagonal stripes); or an inhibitor cocktail (Pefabloc: 4-
benzenesulfonyl fluoride hydrochloride; black); all samples (n = 4) were
analysed in duplicate using the sandwich ELISA (EZGLP1T-36K).
*#p < 0.01, **¥*p < 0.001, one-way ANOVA correcting for multiple
comparison with the Holm-Sidak algorithm

37]—similar to the glucagon profile described here. Such rap-
id increases may be due to cross-reactivity in the sandwich
assays [30] with the (inactive) pancreatic isoform GLP-1(1-
36)NH,, which is co-secreted with glucagon (probably in re-
sponse to acute stress elicited by the gavage procedure).
However, as demonstrated here, GLP-1 is also produced in
the gastric mucosa of mice, although at much lower levels
than in the small intestine, but nevertheless raising the
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Fig. 4 A high-resolution MS-based platform identifies potential NEP
24.11 cleavage products. 800 finol GLP-1(9-36)NH, was injected i.v.
into mice (n = 10) and, after 12 min, a single 400 pl blood sample was
obtained from the vena cava inferior. Pooled plasma was subjected to
MS-based proteomics. Colours ranging from yellow to red denote in-
creasing Andromeda identification scores (denoted for each of the 16
peptides). The sequence and corresponding cleavage points (arrows) are
shown for GLP-1(9-36)NH,. Black represents native GLP-1(9-36)NH,,
whereas red represents identified peptide fragments

possibility that the rapid (1-2 min) GLP-1 response could
derive from the stomach rather than, or in addition to, pancre-
atic GLP-1(1-36)NH, secretion. The development of a spe-
cific and sensitive low-volume assay for GLP-1(1-36)NH,
will be required to clarify this possibility, but the similar pro-
files of glucagon, measured using a validated assay for pan-
creatic (as opposed to gut) glucagon, support the hypothesis
that the early immunoreactive GLP-1 peak may be due to
GLP-1(1-36)NH, from the pancreas.

Given that glucose is a GLP-1 secretagogue, the observa-
tion that the early immunoreactive GLP-1 peak actually pre-
ceded the peak in blood glucose levels made us question the
suitability of the sandwich ELISAs for measuring GLP-1 in
mice. Previously validated sandwich total GLP-1 ELISAs
[30] have been shown to be reliable for measuring total
GLP-1 in humans, presumably because GLP-1(9-36)NH, is
degraded relatively slowly in humans [6], and this also seems
to be the case in rats [38]. We therefore hypothesised that, in
mice, GLP-1(9-36)NH, might undergo further rapid
endoproteolytic cleavage, thereby precluding assessment of
GLP-1 secretion in vivo by methods based on the measure-
ment of full-length GLP-1(9-36)NH, (e.g. sandwich

ELISAs). Although it has been established that NEPs can
degrade GLP-1(7-36)NH, and (9—36)NH, in vitro [11, 39,
40], we can now show that this occurs (in vivo) in mice with
extreme rapidity and independent of DPP-4, consistent with
the recent finding that NEP 24.11 knockout mice have higher
plasma levels of GLP-1 [41] and that NEP 24.11 is ubiqui-
tously expressed in endothelial cells [42]. Using a library of
immunoassays and a sensitive MS-based platform [20], we
have identified fragment(s) identical to the anticipated se-
quences that would be produced by endoproteolytic cleavage
of GLP-1(9-36)NH, by the NEP 24.11 enzyme [11], includ-
ing ‘DVSSYLEGQAAKE’ [GLP-1(15-27)NH,] and
‘FIAWLVKGR-NH,’ [GLP-1(28-36)NH,], consistent with
cleavage of GLP-1 in the mid region of the peptide
(EGTFTSDVSSYLEGQAAKE-FIAWLVKGR); in support
of this, inhibition of NEP 24.11 (by phosphoramidon and
candoxatril) significantly attenuated degradation of GLP-
1(9-36)NH, in mouse plasma (when measured by a two-site
sandwich ELISA). Notably, GLP-1(9-36)NH, was stable
when incubated in assay buffer, suggesting that the observed
degradation in plasma was dependent on proteases present in
plasma, rather than representing non-specific instability or an-
alytical inadequacies. Theoretically, the C-terminal fragment,
GLP-1(28-36) amide, should be measurable by C-terminal
analysis but not with the sandwich ELISAs; this was demon-
strated to be the case, using a synthetic replica of the fragment.
Accordingly, the new customised C-terminal ELISA revealed
preserved GLP-1 immunoreactivity in the in vitro experiments
and secretory profiles of GLP-1 in vivo, which, unlike those
obtained with the sandwich ELISAs, correlated to those of
glucose absorption (blood glucose), GIP and insulin in a phys-
iologically meaningful manner.

It has been suggested that GLP-1(9-36)NH, may have ef-
fects on glucose homeostasis [43] and on the cardiovascular
system [44—46]. In rodents, fragments of the GLP-1 metabo-
lite may also have glucoregulatory effects, possibly mediated
through hepatocytes [39], in line with previous observations
of degradation of the GLP-1 metabolite [10, 40]. In humans,
using the same specific sandwich ELISA as applied in this
study, GLP-1(9-36)NH, does not seem to be subject to the
same rapid degradation, since the GLP-1 secretory profiles
obtained with this assay (in response to oral glucose adminis-
tration) are comparable with those obtained using a single-site
C-terminal specific RIA [30]. Consequently, the current study
indicates that the degradation rate of GLP-1 differs across
species, and that accurate estimation of GLP-1 secretion in
rodents (particularly in mice) requires assays that can cope
with this. C-terminal assays may be sensitive to species-
dependent differences in amidation ratios and, as such, may
underestimate the secretion of GLP-1 if targeting glycine-
extended GLP-1 forms, which could be true for rats but not
mice [22]. The most versatile assay would not discriminate
between amidated and glycine-extended forms.
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In conclusion, GLP-1(9—36)NH, undergoes further rapid
degradation in mice, most likely by NEP 24.11. This contrasts
to its relative stability in some other species, including
humans. Therefore, estimation of GLP-1 secretion in mice
cannot be made by measuring intact GLP-1(9-36)NH, levels,
but should instead be assessed using C-terminally directed
methods capable of measuring the fragment FIAWLVKGR
[GLP-1(28-36)NH,], which was identified in plasma in vivo.
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