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A B S T R A C T   

Objectives: To analyse the peptidomics of mouse enteroendocrine cells (EECs) and human gastrointestinal (GI) 
tissue and identify novel gut derived peptides. 
Methods: High resolution nano-flow liquid chromatography mass spectrometry (LC–MS/MS) was performed on 
(i) flow-cytometry purified NeuroD1 positive cells from mouse and homogenised human intestinal biopsies, (ii) 
supernatants from primary murine intestinal cultures, (iii) intestinal homogenates from mice fed high fat diet. 
Candidate bioactive peptides were selected on the basis of species conservation, high expression/biosynthesis in 
EECs and evidence of regulated secretionin vitro. Candidate novel gut-derived peptides were chronically 
administered to mice to assess effects on food intake and glucose tolerance. 
Results: A large number of peptide fragments were identified from human and mouse, including known full- 
length gut hormones and enzymatic degradation products. EEC-specific peptides were largely from vesicular 
proteins, particularly prohormones, granins and processing enzymes, of which several exhibited regulated 
secretion in vitro. No regulated peptides were identified from previously unknown genes. High fat feeding 
particularly affected the distal colon, resulting in reduced peptide levels from GCG, PYY and INSL5. Of the two 
candidate novel peptides tested in vivo, a peptide from Chromogranin A (ChgA 435− 462a) had no measurable 
effect, but a progastrin-derived peptide (Gast p59− 79), modestly improved glucose tolerance in lean mice. 
Conclusion: LC–MS/MS peptidomic analysis of murine EECs and human GI tissue identified the spectrum of 
peptides produced by EECs, including a potential novel gut hormone, Gast p59− 79, with minor effects on glucose 
tolerance.   

1. Introduction 

Enteroendocrine cells (EECs) reside in the gastrointestinal (GI) 
epithelium and generate hormonal signals related to the rate of nutrient 
absorption from the GI tract [1]. There are at least 15 known peptide gut 

hormones with a variety of local and remote physiological effects. The 
ability of gut hormones to control glucose homeostasis and satiety has 
led to the development of long-acting glucagon-like peptide-1 (GLP-1) 
receptor agonists, which are now widely used in clinical practice to treat 
diabetes and obesity. A number of additional GLP-1 based peptides are 
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in the pipeline, which combine the physiological activity of two or more 
endogenous peptides into a single synthetic pharmaceutical [2–5]. The 
discovery of novel gut-derived peptide hormones with metabolic activ-
ity could thus lead to the development of new therapeutics to treat 
metabolic and gastrointestinal diseases. 

Classical gut hormones such as cholecystokinin (CCK) and GLP-1 are 
cleaved from longer prohormones by prohormone convertases 1/3 and 2 
(predominantly PC1/3 in the intestine) [6], which recognise mono- and 
dibasic cleavage sites. Proglucagon contains 3 known bioactive peptide 
sequences, and is cleaved to release GLP-1, GLP-2 and oxyntomodulin in 
the gut, or glucagon in pancreatic α-cells [7]. Proenkephalin [8,9] and 
proopiomelanocortin [10] also contain several distinct peptide se-
quences within a single prohormone, as identified in studies on the CNS. 
Whilst prohormone cleavage and processing are well characterised for 
the known bioactive gut hormones, the processing of other regions of 
these prohormones is poorly annotated, raising the possibility that they 
could contain previously unidentified bioactive peptides. 

Many studies have claimed that active peptides are produced from 
chromogranin (Chg) A [11], arising because their vesicular location 
exposes them to processing enzymes. The wider granin family consists of 
secretory granule proteins believed to help stabilise vesicular structure, 
and includes ChgA, secretogranin (Scg) 1, Scg2 (or ChgB), Scg3, Scg4, 
Scg5 (or 7B2), Scg6, Scg7 (or VGF) and proSAAS [12]. They are believed 
to bind solutes such as catecholamines and Ca2+, reducing osmotic stress 
exerted on intracellular structures and preventing diffusion back into the 
cytosol [13]. With a high frequency of mono- and dibasic cleavage 
points in their sequences, these proteins are also processed by PC1/3 and 
PC2 to produce numerous peptides, some of which may exert physio-
logical actions distinct from the intact protein [14–16]. Although many 
studies have identified candidate bioactive fragments of granin proteins, 
little work has been performed to characterise the breadth of peptide 
products produced from the wider group of vesicular proteins. 

Many different approaches can be taken to identifying novel pep-
tides. Corbière et al. outline 6 strategies used over the last 70 years to 
identify neuropeptides [17]. Peptidomic-based approaches have not 
been extensively used until recently, due to the specialist instrumenta-
tion required. Several studies have analysed the peptidome of pancreatic 
islets [18,19], hypothalamus [20,21], and EECs [22,23], but a 
comprehensive profile of peptides produced from prohormones, granins 
and processing enzymes is lacking. In this study, we aimed to identify 
peptides arising from precursor proteins highly expressed in EECs ac-
cording to matching transcriptomic data. We did not identify peptides 
derived from previously unknown precursor proteins, but characterised 
the processing of prohormones, granins and PCs in EECs, and tested 
candidate peptides for bioactivity in vitro and in vivo. We identified a 
peptide derived from progastrin (referred to as Gast p59− 79) with 
modest effects on glucose tolerance in lean mice. 

2. Materials and methods 

2.1. Animals 

All procedures were carried out with prior approval of the University 
of Cambridge and AstraZeneca Animal Welfare and Ethical Review 
Board and followed the regulations set out in the Animals (Scientific 
Procedures) Act 1986. All mice used were on a C57BL/6 N J background, 
unless indicated otherwise, and were sacrificed by a schedule 1 method. 
Animal work to characterise the peptidomics of enteroendocrine cells 
and the subcutaneous pharmacokinetics (PK) study was performed 
under project licences 70/7824 and PE50F6065. The intravenous 
pharmacokinetics studies were carried out under project licence 
P8A7322E2. In vivo efficacy studies on Gast p59− 79 and ChgA 
435− 462a were carried out using either project licence P0C83A8BD or 
PF344F0A0. 

2.2. Mouse EEC peptidomics 

2.2.1. Tissue digestion and staining 
Male and female NeuroD1-Cre/EYFP [24] (mixed background, 3–10 

generations backcrossed with C57BL/6) were culled by cervical dislo-
cation. The GI tract was removed, flushed and divided into 5 regions; the 
stomach, proximal small intestines (SI) (first 10 cm), mid-SI (middle 10 
cm), distal SI (last 10 cm) and large intestines. The muscle layer was 
removed from the small and large intestines. The stomach was digested 
in 1.3 mg/mL of Pronase E (Fisher Scientific, Waltham, MA, USA) in PBS 
at ambient temperature. The small and large intestines were digested by 
5 × 10 min incubations in PBS containing 1 mM DTT (Sigma-Aldrich, St. 
Louis, MO, USA) and EDTA (Sigma-Aldrich) (5 mM EDTA for small in-
testinal tissue, 15 mM for large intestinal tissue). After digestion of all 
tissues, single cells were obtained by digesting with 0.25 μg/mL trypsin 
and EDTA (Life Technologies, Carlsbad, CA, USA) in Hank’s Buffered 
Saline Solution (HBSS) (Sigma-Aldrich), centrifuging (500 g, 5 min, 
4⁰C), re-suspending in HBSS (with 0.1 % BSA (w/v) and 10 μM Y-27632 
(Tocris Bioscience, Bristol, UK) then filtering with a 100 μm filter then a 
50 μm filter. The cell suspensions were stained with 2 μg/mL DAPI 
(Sigma) and 5 μM Draq5 (BD Bioscience, Oxford, UK) to identify live 
cells when performing fluorescence activated cell sorting (FACS). 

2.2.2. FACS and sample preparation 
FACS was carried out on single cell suspensions using a BD FACSJazz 

at the Cambridge NIHR BRC Cell Phenotyping Hub. Single cells were 
gated using forward scatter-height (FSC-H), side scatter-height and side 
scatter-width. Live cells were identified by gating for DAPI-negative yet 
Draq5-positive cells. Cells were further sorted based on their fluores-
cence in the YFP channel. YFP positive cells (EECs) were sorted into 
Protein LoBind Eppendorf tubes with 800 μL 80 % (v/v) acetonitrile 
(ACN) (Fisher Scientific) and centrifuged (12 000 g, 5 min, 4⁰C). The 
aqueous phase was collected and dried overnight in a centrifugal vac-
uum concentrator (Eppendorf, Stevenage, UK) and stored at -70⁰C. 

2.2.3. HFD peptidomics study 
Male mice were fed either a high-fat diet (HFD) (60 % kcal fat, 

Research Diets (New Brunswick, NJ, USA), D12492) or a standard lab-
oratory chow diet for 13 weeks. At the end of the 13 weeks, fasting blood 
glucose levels were measured following a 6 h fast. Mice were culled and 
the GI tracts dissected out. Pieces (~30 mg) of mouse GI mucosa were 
flushed with PBS and homogenised in 250 μL 6 M guanidine hydro-
chloride (GuHCl) (Sigma-Aldrich) with Lyzing MatrixD (MP bio-
medicals) beads using a FastPrep-24 homogeniser. 4 cycles of 40 s 
shaking at 6 m/s was used to homogenise tissue. Proteins in samples 
were precipitated by addition of 80 % ACN and centrifuged (12 000 g, 5 
min, 4⁰C). The aqueous phase was removed and dried overnight in a 
centrifugal evaporator. 

2.2.4. Sample preparation 
On the day of analysis, dried samples were re-suspended in 0.1 % v/v 

formic acid (FA) (Sigma-Aldrich) in water and subjected to solid phase 
extraction (SPE) using a Waters HLB PRiME μElution SPE plate (Waters, 
Milford, MA), reduced and alkylated as described in Kay et al. [25]. 

2.3. Human tissue peptidomics 

2.3.1. Ethics 
A local ethics review committee (09/H0308/24) approved human 

studies where tissue was collected from patients undergoing surgical 
resection by the Human Research Tissue Bank at Addenbrooke’s Hos-
pital, Cambridge, UK. Informed consent from all donors was obtained 
prior to tissue collection and donor identities were kept anonymous. 
Tissue was obtained from the following regions of the human GI tract: 
stomach, duodenum, jejunum, ileum, ascending colon, sigmoid colon 
and rectum. 
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2.3.2. Tissue homogenisation and sample preparation 
Human tissue samples were acquired from 30 donors varying in age 

and gender and from all regions of the GI tract. Pieces (~30 mg) of 
human GI mucosa were homogenised in 250 μL 6 M GuHCl (Sigma- 
Aldrich) with Lyzing MatrixD (MP biomedicals) beads using a FastPrep- 
24 homogeniser. 4 cycles of 40 s shaking at 6 m/s was used to homog-
enise tissue. Proteins in samples were precipitated by addition of 80 % 
ACN and centrifuged (12 000 g, 5 min, 4⁰C). Supernatants were removed 
and stored at -70⁰C till extraction. On the day of analysis, samples 
reconstituted in 0.1 % v/v FA in water, extracted using SPE, reduced and 
alkylated as described previously [25]. 

2.4. Primary mouse GI crypt secretion peptidomics 

2.4.1. Culture preparation 
Primary murine mixed GI culture were generated as previously 

described [26,27]. Briefly, the small and large intestines were flushed 
with PBS and the stomach was inverted to remove contents. All GI tissue 
were minced and digested with collagenase XI (Stomach: 0.35 mg/mL, 
small intestines: 0.3 mg/mL, large intestines: 0.4 mg/mL) for 50 min at 
37⁰C. Every 10− 15 min fractions were collected and fresh DMEM with 
collagenase XI was added. Cells in each fraction were washed in DMEM 
(with 10 % FBS, 1% penicillin & streptomycin, 1% L-glutamine and 10 
μM Y-27632), filtered using a 70 μm filter, pelleted and resuspended in 
DMEM. The crypt preparation was distributed evenly between 4 wells of 
a 12-well plate - which had been pre-coated with Matrigel (Corning) - 
and placed in a humidified incubator at 37⁰C. 

2.5. GI crypt cell secretion assay 

After culturing cells for 16− 24 h, cells were washed twice with 
HEPES-buffered saline (see Kay et al. 2017 [25] for composition) and 
incubated at 37⁰C with the same HEPES-buffered saline for 1 h. The 
basal supernatant from each well of each tissue type was pooled into a 
Protein LoBind tube, cleared of debris by centrifuging at 2000 g for 5 
min at 4⁰C and stored at -70⁰C. Immediately after removal of the basal 
supernatant, fresh HEPES-buffered saline with forskolin (Sigma-Aldrich) 
(10 μM), IBMX (Sigma-Aldrich) (10 μM) and glucose (10 mM) was added 
to each well. After a 1 h incubation at 37⁰C the stimulated supernatants 
from each well of each tissue type was removed, pooled and treated in 
the same way to the basal supernatant. On the day of analysis, super-
natants were defrosted, spiked with 1% v/v FA in water to reach a final 
FA percentage of 0.1 % in the sample, extracted using SPE, reduced and 
alkylated. 

2.6. Nano flow-rate mass spectrometry analysis and peptide identification 

To achieve the greatest sensitivity and coverage, lysed murine EECs, 
supernatants from murine GI crypts and human GI tissue homogenates 
were analysed using a Q Exactive Plus Orbitrap mass spectrometer 
coupled to a Thermo Fisher Ultimate 3000 nano liquid chromatography 
system (Thermo Fisher Scientific) as previously described [25] except 
that the sample run time was 130 min. PEAKS v8.0 (Waterloo, Ontario, 
Canada) was used to identify peptides up to 65 amino acids in length 
against the human and mouse Swiss-Prot databases (downloaded on 26th 

October 2017). In order to identify potential new translated sequences 
based on unannotated genes or splice variants, custom protein databases 
were generated based on the transcriptomics data from sorted mouse 
EECs (GSE114913, [28]). Reads from bamfiles were assembled using the 
mouse genome GRCm38.88 using Stringtie v1.3.1 [29] or Cufflink 
v2.2.1 [30]. GTF files were then converted into FASTA sequences using 
gffread v0.11.7 [31]. New sequences were identified by comparing 
peptides from the search on our custom database to the ones obtained 
using Swiss-Prot. As samples were reduced and alkylated, a fixed 
cysteine carbamidomethylation modification was used to search the 
data as well as variable N-terminal pyroglutamate, N-terminal 

acetylation and C-terminal amidation modifications. A subsequent 
PEAKS post-translational modification search was performed to identify 
up to 313 post-translation modification which may be present on pep-
tides such as phosphorylation and octanoylation. Peptides matched were 
then plotted against their prepropeptide of origin using R v3.3.2. Pep-
tides were quantified by integrating the area under the curve for selected 
m/z ranges and expressed as peak area. For peptides in alignment plots, 
quantification was performed by PEAKS. 

2.7. Peptide synthesis and characterisation 

Peptides were prepared as C-terminal carboxamides on NOVASYN® 
TGR resin and as C-terminal carboxylic acids on NOVASYN® TGA resin 
by standard Fmoc/tBu chemistry using HCTU/DIPEA in DMF on an 
automated peptide synthesizer (Prelude, Gyros Protein Technologies, 
USA). After deprotection and cleavage from the resin with a cocktail of 
TFA (95 % v/v), TIPS (2.5 % v/v), water (2.5 % v/v) for 3 h at RT, the 
peptides were precipitated in diethyl ether. The crude peptides were 
purified by reverse-phase HPLC (Varian) using a C8 column (Agilent 
Polaris, 21.2 × 250 mm, 5 μm) and a linear gradient elution of 5–50% 
acetonitrile containing 0.1 % TFA (v/v). To verify molecular masses 
against calculated theoretical values, purified peptides were character-
ized by single quadrupolar mass spectrometry using a Waters Mass Lynx 
3100 platform. Positive electrospray ionisation (ESI) was used as the 
source. Analytes were loaded onto a C18 column (Waters X-Bridge, 4.6 
× 100 mm, 3 μm), eluted using a linear gradient elution of 10–90 % 
acetonitrile with 0.1 % TFA over 10 min at 1.5 mL/min at RT and they 
were detected by both UV absorption at 210 nm and ionization using a 
Waters 3100 mass detector. Analytical RP-HPLC spectra were also 
recorded on an Agilent 1260 Infinity system using a linear gradient 
elution of 10–90 % acetonitrile with 0.1 % TFA over 15 min at 40 ◦C. 

2.8. Pharmacokinetics studies 

2.8.1. Protocol 
Male and female mice aged between 12–18 weeks old were used for 

these studies. Gast p59− 79, ChgA 435− 462a and Sst 25− 36 were 
administered intravenously (i.v.) at 1 mg/kg and subcutaneously (s.c.) 
at various doses (see Fig. 7A, B and C for details on specific doses for 
each peptide). Blood samples were collected using EDTA coated 
microvette tubes (Starsedt, Leicester, UK) from the tail vein at various 
time points over 90 min. Blood was centrifuged (2000 g, 10 min, 4⁰C) 
and the plasma separated. A 0.1 M sodium citrate (Sigma-Aldrich) buffer 
(adjusted to pH 3 with citric acid (Sigma-Aldrich)) was added to the 
plasma at a dilution of 1 in 10 to prevent degradation of Gast p59− 79 
and Sst 25− 36. Plasma was stored -70⁰C till extraction. 

2.8.2. Sample preparation 
On the day of analysis, plasma samples were thawed, spiked with a 

stable isotope labelled version of Gast p59− 79, ChgA 435− 462a or Sst 
25− 36, and crashed with 200 μL 80 % ACN. After centrifuging, super-
natants were removed and dried under gaseous nitrogen at 40⁰C using a 
SPE Dry evaporator system (Biotage, Upsalla, Sweden). SPE was per-
formed as described previously [25]. 

2.8.3. High flow rate mass spectrometry analysis 
A Xevo TQ-XS triple quadrupole mass spectrometer coupled to H- 

class Aquity UPLC system enabled high throughput and targeted sample 
analysis. The column used was a Waters HSS T3 2.1 × 50 mm column at 
60 ◦C and flowing at 350 μL/min. LC–MS/MS analysis was performed 
using positive ESI with a spray voltage of 3 kV, desolvation temperature 
600◦C, gas flow rate 1000 L/h and cone voltage of 40 V. Solvent A was 
0.1 % FA in water (v/v) and Solvent B was 0.1 % FA in ACN (v/v). Each 
sample (40 μL per sample) was injected onto the column for 30 s with 
starting conditions set at 90 % A and 10 % B before the % B was 
increased to 50 % over the course of 3.5 min. The column was flushed 
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with 90 % B for 1.5 min before initial conditions were restored. Total run 
time per sample was 5.5 min. Table 1 details the specifications used to 
quantify Gast p59− 79, ChgA 435− 462a, Sst 25− 36 and their stable 
isotope labelled versions on a Xevo TQ-XS mass spectrometer. 

2.9. In vitro osmotic pump assessment 

The release of Gast p59− 79 by 2004 model Alzet (Cupertino, CA, 
USA) osmotic pumps was assessed prior to performing in vivo efficacy 
studies. Gast p59− 79 (4 mg/mL) was filled into 2 osmotic pumps. In 1 
pump, 0.1 % (w/v) BSA had been dissolved in the peptide vehicle while 
the other did not have BSA. Each pump was placed in a separate Protein 
LoBind Eppendorf filled with PBS at 37 ◦C. Once every 4 days, pumps 
were transferred to a fresh Eppendorf and the old one stored at − 70 ◦C. 
Control samples were generated by spiking in the estimated release 
volume from a 2004 Alzet pump over 4 days of 4 mg/mL Gast p59− 79 
and then incubating at 37 ◦C for 4, 8, 12, 16 or 20 days. An empty os-
motic pump was also placed in the control tubes to account for peptide 
binding to the pump. Samples were then extracted by SPE and analysed 
as described in Section 2.8.3. 

2.10. In vivo efficacy studies 

Three studies were performed to assess the in vivo efficacy of the 
ChgA 435− 462a and Gast p59− 79 (see Figure legends for specifics of 
each study). Peptides were administered by osmotic pumps implanted 
subcutaneously under isoflurane anaesthesia. Food intake was assessed 
using BioDaq (Research Diets) automated food intake cages. Intraperi-
toneal (IP) glucose tolerance tests (GTT) were performed by adminis-
tering a 2 g/kg challenge of glucose and measuring blood glucose levels 
from the tail vein whereas oral GTT (OGTT) were performed using 1 g/ 
kg glucose challenge. Insulin tolerance tests (ITT) were performed by 
administering a 0.75 U/kg dose of insulin IP to the mice and assessing 
blood glucose levels at 15, 30, 45, 60, 90 and 120 min post-insulin 
challenge. 

2.10.1. Post-mortem assessment of insulin sensitivity 
At the end of the 3rd osmotic pump study, mice were given a 0.75 U/ 

kg insulin challenge and culled after 15 min. The liver, white adipose 
tissue (WAT) and skeletal muscle were dissected out and snap frozen in 
liquid nitrogen and stored at − 70 ◦C until analysis. 

50− 100 mg pieces of WAT, liver and skeletal muscle were homo-
genised in MSD (Rockville, MD, USA) lysis buffer with various protease 
inhibitors supplied by MSD and Qiagen metal bead. Homogenised tissue 
was allowed to rest at 4⁰C for 2 h to allow protein solubilisation and then 
centrifuged (10 000 g, 10 min, 4⁰C). Supernatants were aspirated and 
stored at -70⁰C till analysis. Protein content of all homogenised tissue 
samples was assessed using a Pierce BCA protein assay kit (Thermo 
Fisher Scientific) according to the manufacturer’s instructions. 

Tissue homogenates were diluted in MSD lysis buffer to the same 
protein content. Total and phosphorylated-AKT (pAKT) were quantified 
using respective kits from MSD (total-AKT kit catalogue number: 
K150MOD-1, pAKT (Ser473) kit catalogue number: K151CAD-1) ac-
cording to the manufacturer’s instructions. 

2.11. Islet secretion studies 

Mice were culled by cervical dislocation and the pancreas inflated by 
random injection of a 0.75 mg/mL collagenase V (Sigma-Aldrich) so-
lution in HBSS before removal of the pancreas. The pancreas was incu-
bated at 37⁰C for 12 min to liberate islets. The digested tissue was 
washed in HBSS with 0.1 % BSA before islets were hand-picked under a 
light microscope. Islets were rested for 1 h by incubating at 37⁰C in 
Krebs’s ringer buffer (KRB, 129 mM NaCl, 2 mM NaHCO3, 4.8 mM KCl, 
1.2 mM KH2PO4, 2.5 mM CaCl2, 1.2 mM MgSO4, 10 mM HEPES and 
adjusted to pH 7.4 with 1 M NaOH.) with 0.1 % BSA and 5.5 mM 
glucose. Ten size matched islets were then transferred to a 2 mL protein 
LoBind Eppendorf tubes for 45 min at 37⁰C with KRB + 0.001% BSA +
one of the following: 1 mM glucose, 16.7 mM glucose, 1 mM glucose +
100 nM Gast p59− 79 or 16.7 mM glucose + 100 nM Gast p59− 79. At the 
end of the incubation the supernatant was removed and snap frozen. On 
the day of analysis all supernatants were defrosted, acidified with 30 μL 
of 1% FA (aq) (v/v) and extracted with SPE. 

Peptides were quantified on as in section 2.8.3. Table 2 details the 
peptides quantified as well as their product ions, precursor ions, colli-
sion energies and dwell times. 

2.12. Data analysis 

Raw data files obtained on the Xevo TQ-XS triple quadrupole mass 
spectrometer were analysed using TargetLynx XS v4.2 software (Wa-
ters). Peptides were quantified by integrating the corresponding peaks 
and normalised to an internal standard if available. For pharmacoki-
netics studies, the concentration of peptide was estimated by comparing 
against a calibration line. SAAM II v2.2.1 (The Epsilon Group) with a 
Rosenbrock integrator and no maximum number of iterations was used 
to create a model for Gast p59− 79 distribution and elimination upon 
single dose administration to mice. 

3. Results 

Our starting hypothesis was that novel bioactive intestinal peptides 
would exhibit some of the following features: a) Identifiable by peptide 
mass spectrometry in purified mouse EECs and human tissue biopsies, b) 
Expression at high levels in enteroendocrine cells at the mRNA level, c) 
Characteristic cleavage sites/patterns from longer precursor peptides, d) 
Relative sequence conservation between mouse and human, e) Altered 
biosynthesis following high fat feeding, f) Regulated secretion from 
primary intestinal cultures. EEC mRNA expression data from human and 
mouse have been reported previously [28,32]. 

Table 1 
Specifications used to quantify peptides using the Xevo TQ-XS mass spectrometer. The precursor ions for each peptide are multiply charged and therefore can yield 
product ions with larger m/z values than the precursor ion as is the case for ChgA 435-462a, Sst 25-36 and their internal standards. IS: internal standard.  

Peptide Gast p59− 79 Gast p59− 79 IS ChgA 435− 462a ChgA 435− 462a IS Sst 25− 36 Sst 25− 36 IS 

Collision energy 18 18 18 18 18 18 
Precursor (m/z) 477.7 479.2 635.9 638.9 476.6 478.9 
Product (m/z) 470.5 471.9 721.4 725.8 529.3 532.73 
Dwell time (ms) 0.04 0.04 0.04 0.04 0.04 0.04  

Table 2 
Specifications used to quantify peptides in islet supernatants using the Xevo TQ- 
XS mass spectrometer. The precursor ions for each peptide are multiply charged 
and therefore can yield product ions with larger m/z values than the precursor 
ion as is the case for SST-14 and glucagon. SST-14: somatostatin-14.   

Insulin-1 SST-14 Glucagon 

Collision energy 40 15 27 
Precursor (m/z) 967.8 546.6 871.5 
Product (m/z) 331.2 726.3 1040.2 
Dwell time (ms) 0.025 0.025 0.025  
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3.1. Peptidomics of human and mouse prohormones and granin proteins 

LC–MS/MS peptidomic analysis was performed on FACS-purified 
EECs from NeuroD1-Cre/YFP mice, and on human intestinal biopsies, 
from different regions of the GI tract. No enzymatic digestion of samples 
prior to LC–MS/MS analysis was performed so as to characterise the 
endogenous peptidome. PEAKS database searching of the combined data 
from all gut regions of 20 mice matched 5678 unique peptides origi-
nating from 933 unique proteins. The majority of identified peptides 
originated from prohormones, granins and processing enzymes, as well 
as cytoskeletal proteins and histones. None of the other peptides iden-
tified matched the criteria of being highly expressed in EECs at the 
mRNA level, so were not considered likely regulatory hormones. A 
similar analysis of homogenised human GI mucosa was performed on 
samples from 30 individual donors. PEAKS database search identified 
13494 unique peptides from 2049 individual proteins. Compared with 
purified murine EECs, peptides originating from prohormones, granins 
and processing enzymes made up a smaller fraction of the peptidomic 
dataset, whereas peptides derived from cytoskeletal proteins, histones 
and proteins associated with the extracellular matrix dominated the 
results. This was not unexpected as EECs only comprise a minor cell 
population when working with whole tissue homogenates. Supplemen-
tary Tables S2 and S3 contain details of all peptides matched in FACS- 
purified murine EECs and human GI tissue homogenates respectively. 

3.1.1. Peptides from prohormones 
To increase our understanding of the LC–MS/MS data and the pep-

tide fragments identified, we first examined the peptides derived from 
preproglucagon (Figs. 1 and S1 – mouse and human). Reflecting the high 
abundance of this prohormone, we not only identified intact GLP-1, 
GLP-2 and oxyntomodulin, but also a number of partially digested 
fragments which were evident as “ladders”, differing by one or two 
amino acids at the N or C-terminus, reflecting proteolytic peptide 
degradation, likely during tissue/cell collection. The highest abundance 
GLP-1 peptide was GLP-1 (7− 36amide), but several other GLP-1 pep-
tides and fragments started with the same N-terminus, highlighting the 
dominance of this N-terminal cleavage site. We also detected GLP-1 
forms starting at the 9-position (e.g. GLP-1 (9− 36amide), known to 
result from dipeptidyl peptidase-dependent activity which inactivates 
this hormone), and in humans but not mice, 2 lower abundance peptides 
beginning at the 1-position. From the N-terminal half of proglucagon, 
we detected oxyntomodulin and glucagon but only in the murine 
stomach. 

We next examined peptide fragments from other prohormones with 
enriched mRNA expression in EECs. Very few peptides spanning signal 
peptide sequences were matched, indicating complete degradation of 
this sequence during processing. In progastrin we observed clear 
cleavage points flanking the sequence of big gastrin (a 34 amino acid 
peptide containing gastrin at the C-terminus) in mice (Fig. 2) and 
humans (Fig. S2). Whilst we also detected gastrin itself, a number of 

Fig. 1. Peptides derived from preproglucagon with peak area >1e4 in NeuroD1 sorted cells from all regions of mouse the GI tract. (A) Peptides from positions 1-90. 
(B) Peptides from positions 91-180. In A and B murine prepropeptide (top sequence) is aligned to the human prepropeptide (bottom sequence) where ‘|’ represent 
identical residues and ‘:’ represent chemically similar amino acids. Shading in blue is a measure of the peptide’s peak area (log scale). Peptides described in literature 
are annotated on the bottom. Glicentin has not been annotated as it is too long to be matched by PEAKS. Red boxes indicate C-terminal amidations. Yellow boxes 
represent pyroglutamate residues. N.B glucagon was only detected in the stomach of murine EECs but at no other point along the GI tract. 
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peptide fragments within big gastrin were not cleaved at the N-terminus 
of gastrin. From proCCK, PEAKS database searches were unable to 
match sulfated CCK forms, likely due to their low abundance caused by 
our methodological conditions and only by manually searching the raw 
data files were we able to detect sulfated CCK8. However, non-sulfated 
CCK8 and numerous other peptide fragments we matched from proCCK 
by PEAKS (Figs. S3, S4). A clear cleavage point towards the N-terminus 
of proCCK yielded a fragment Cckn p21− 44 in both humans and mice. 
From proghrelin (Figs. S5, S6), we identified ghrelin itself (residues 
24–51) in humans and mice, with the octanoylation and sometimes 
decanoylation occurring either at position S25 or S26 in mouse, but only 
at the previously described S26 position in human. We were unable to 
detect obestatin, previously described to originate from proghrelin [33]. 
Full length glucose-dependent insulinotropic polypeptide (GIP (1–42)) 

was identified in mouse and human (Figs. S7, S8), as well as the previ-
ously reported shorter version GIP (1–30) [34]. In human but not mouse, 
there was a small amount of GIP (3–42), suggesting dipeptidyl peptidase 
cleavage. We detected fully processed IAPP in murine EECs although a C 
terminal peptide seemed to be the most prevalent peptide derived from 
proIAPP (Fig. S9). No peptides derived from proIAPP were detected in 
human GI epithelium. 

Both neurotensin (Figs. S10, S11) and pancreatic polypeptide (PPY) 
(Fig. S12) were detected in humans and mice. PYY was identified in both 
full length (1–36) and shortened (3–36) forms and was predominantly 
amidated at the C-terminus (Figs. S13, S14) and occasionally phos-
phorylated at Prepro-PYY Serine-41. Secretin was the major product 
from prosecretin in both mice and humans (Figs. S15, S16). From pro-
somatostatin, we identified both SST-14 and SST-28, but no evidence of 

Fig. 2. Peptides derived from preprogastrin with peak area >1e5 in NeuroD1 sorted cells from all regions of the mouse GI tract. (A) Peptides from positions 1-58. (B) 
Peptides from positions 59-101. In A and B murine prepropeptide (top sequence) is aligned to the human prepropeptide (bottom sequence) where ‘|’ represent 
identical residues and ‘:’ represent chemically similar amino acids. Shading in blue is a measure of each peptide’s peak area (log scale). Peptides described in 
literature are annotated on the bottom with peptide selected for synthesis in black (Gast p59-79). Red boxes indicate C-terminal amidations. Yellow boxes represent 
pyroglutamate residues. 
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the previously annotated peptide neuronostatin (Figs. 3 & S17). Sub-
stance P and neurokinin A were identified from protachykinin in both 
human and mouse (Figs. S18 & S19). We identified only a small number 
of matches from PENK in mice, likely due to its low abundance (Fig. S20) 
but did not detect any PENK derived peptides in human GI tissue. We 
also looked for, but were unable to detect, xenin, a peptide previously 
described to originate from K-cells, but not arising from a classical ve-
sicular protein [35]. Peptides matched from proINSL5, found in the 
colon, are not shown here as they have been published previously [25]. 
Peptides from splice variants of several preprohormones were detected 
and are displayed in Fig. S21. 

3.1.2. Peptides from granins and processing enzymes 
A number of peptides were identified from the C-terminal region of 

ChgA, with evidence of several clear cleavage points (Fig. 4). We 
particularly noted the abundant fragment ChgA 435− 462a, overlapping 
in sequence with the previously-described peptide serpinin, which has 
been shown to increase granule biogenesis and allosterically modulate β 
adrenoceptors [36,37]. Many peptides were also identified from other 
granins and processing enzymes (Figs. S23− 33). 

3.2. Effect of high fat diet on the intestinal peptidome 

To examine whether intestinal peptide processing is altered by 

dietary composition, we compared peptide profiles of intestinal samples 
from mice fed on chow or high fat diet (HFD), analysed by LC–MS/MS 
(Fig. 5). Significant differences in gut peptides between the groups were 
observed in the distal colon, but no major changes were detected in the 
small intestine. In the distal colon, HFD-fed mice exhibited lower levels 
of peptides from PYY, GCG and INSL5, consistent with our previous 
report of lower L-cell numbers in the colon but not small intestine of 
HFD-fed mice (Fig. 5E) [38]. We did not observe any appearance of 
alternative peptide fragments from these prohormones in the HFD 
group, suggesting the differences between groups occur at the level of 
propeptide biosynthesis not processing. 

3.3. Analysis of peptide secretion 

LC–MS/MS was performed on supernatants from primary intestinal 
epithelial cultures from different regions of the gut, treated with or 
without glucose, forskolin and IBMX, a cocktail that stimulates release of 
many gut hormones through elevation of cAMP. A number of peptides 
were detected from prohormones, granins and processing enzymes, and 
exhibited >2-fold enhanced release in glucose/forskolin/IBMX (Fig. 6). 
By contrast, peptides from the cytosolic protein thymosin beta 4 (Tyb4) 
[39] were detected but did not exhibit regulated secretion indicating 
that glucose, forskolin and IBMX does not induce non-specific release of 
all cellular peptides but only those associated with secretory granules. 

Fig. 3. Peptides derived from preprosomatostatin with peak area >1e5 in NeuroD1 sorted cells from all regions of the mouse GI tract. (A) Peptides from positions 1- 
24. (B) Peptides from positions 25-116. In A and B murine prepropeptide (top sequence) is aligned to the human prepropeptide (bottom sequence) where ‘|’ represent 
identical residues and ‘:’ represent chemically similar amino acids. Shading in blue is a measure of each peptide’s peak area (log scale). Peptides described in 
literature are annotated on the bottom with peptide selected for synthesis in black (Sst 25-36). Red boxes indicate C-terminal amidations. Pink boxes represent 
carbamidomethylations. 
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Most other EEC peptides we had identified in purified EECs and human 
tissue homogenates were not detectable in supernatants, likely because 
their concentrations were too low. 

3.4. Identification and characterisation of putative bioactive peptides 

From the data presented above, we constructed a list of candidate 
peptides for analysis of potential bioactivity. This list was constructed by 

identifying peptides with ‘hormonal-like’ characteristics such as; being 
flanked by basic residues, highly abundant in human and mouse GI 
tissue, conserved with the equivalent human sequence and secreted 
from the GI epithelium in response to a stimulus. We also took into ac-
count similar peptides that previous literature had described as being 
bioactive but were not matched in our peptidomic data. Based on these 
criteria, three peptides, ChgA 435− 462a, Gast p59− 79 and Sst 25− 36, 
were considered promising and selected for in vivo studies in mouse 

Fig. 4. Peptides derived from the C-terminus of ChgA protein with peak area >1e4 in NeuroD1 sorted cells from all regions of the mouse GI tract. (A) Peptides from 
positions 350-403. (B) Peptides from positions 404-463. Murine prepropeptide (top sequence) is aligned to the human prepropeptide (bottom sequence) where ‘|’ 
represent identical residues and ‘:’ represent chemically similar amino acids. Shading in blue is a measure of each peptide’s peak area (log scale). Peptides described 
in Troger et al. 2017 [41] re annotated on the bottom. Parastatin is not annotated on the bottom as it is too long to be match by the PEAKS software. Peptide selected 
for synthesis in black (ChgA 435-462a). Red boxes indicate amidations. Yellow boxes represent pyroglutamate residues. 
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models. In vitro, all three peptides were stable in physiological buffer, 
and released in a controlled fashion from osmotic minipumps (data not 
shown). They were then tested for in vivo stability by bolus subcutaneous 
and i.v. injections in mice, with serial blood sampling and peptide 
measurement by LC–MS/MS (Fig. 7A–C & table S1). Sst 25− 36 was 
undetectable in plasma after i.v. injection, and only detectable at low 
concentrations after the highest s.c. dose of 10 mg/kg, so was excluded 
from further studies. Gast p59− 79 exhibited good bioavailability (table 
S1) but a short half-life (18.1 min) when administered subcutaneously. 
The bioavailability of ChgA 43− 462a was calculated to be only ~50 % 
(table S1) when administered s.c. but displayed a longer half-life than 
Gast p59− 79 (36.0 min). The mass delivery rates required to obtain 
steady state concentrations of 1 nM Gast p59− 79 or ChgA 435− 462a 
were estimated to be 0.77 and 0.29 mg/kg/day, respectively. These 
mass delivery rates were used in subsequent in vivo studies to assess the 
effect of these peptides on metabolic parameters. 

3.4.1. Effects of Gast p59− 79 and ChgA 435− 462a on metabolic 
parameters in vivo 

Gast p59− 79 and ChgA 435− 462a were infused into mice for 28 
days using osmotic pumps, with measurements of body weight, food 

intake and weekly assessment of IP glucose tolerance. PBS (vehicle) and 
exenatide (0.03 mg/kg/day) were infused into separate groups as 
negative and positive controls, respectively. No significant differences 
were seen in body weight or food intake of mice receiving Gast p59− 79 
or ChgA 435− 462a compared with controls (Fig. 7D, E). Surprisingly, 
we were also not able to observe a significant change in body weight or 
food intake in the exenatide treated mice. However, exenatide improved 
glucose tolerance in all 4 IP GTTs, as expected (data only shown for week 
4 IP GTT, Fig. 7F, G), whilst ChgA 435− 462a had no measurable effect. 
Small but significant improvements in individual time point glucose 
levels were observed in mice receiving Gast p59− 79, although this did 
not reach significance in the AUC analyses (Fig. 7F, G). The effect of Gast 
p59− 79 on glucose tolerance was replicable in a second mouse cohort 
(Fig. 7H, I), suggesting that it modestly improves glucose tolerance. 

In a third mouse cohort, we examined the effects of Gast p59− 79 on 
insulin tolerance, oral glucose tolerance and insulin signalling in diet- 
induced obese mice (DIO). Inexplicably, a number of mice (including 
controls) lost weight in the week following pump implantation, con-
founding interpretation of the glucose tolerance data. In this obese 
group, however, the results did not suggest that Gast p59− 79 affected 
glucose tolerance (Fig. 7J–M). In ITTs, blood glucose levels of the two 

Fig. 5. Peptidomic comparison between lean vs 
diet-induced obese (DIO) mice in (A) stomach, 
(B) proximal small intestine, (C) distal small 
intestine, (D) mid-colon and (E) distal colon. A 
positive log2 fold change value indicates a 
decrease in DIO mice. Peptides derived from 
EEC prohormones have been coloured in each 
plot. Peptides that weren’t matched in at least 
70 % of samples from one group were removed 
to reduce data complexity. As a result, some 
peptides such as those derived from prosecretin 
aren’t included in the plots.   
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treatment groups differed at 90 and 120 min post-insulin challenge, as 
also evident in the AUCs (p = 0.011) but interpretation of these results is 
complicated when taking into account the significant effect of body 
weight on AUC (p = 0.009) using a two-way ANOVA. 

3.4.2. Effects of Gast p59− 79 on insulin sensitivity and secretion 
28 days after surgery, DIO mice were culled 15 min following a 

humulin challenge and tissue collected for assessment of insulin sig-
nalling by quantification of phosphorylated-AKT (pAKT) and total-AKT. 
No effect of treatment group on percentage of pAKT was found in any 
tissue (Fig. 8) although we did observe a significant effect of body 
weight on pAKT in all tissue types when using a two-way ANOVA (liver p 
= 0.0014, WAT p = 1.5e-4, skeletal muscle p = 0.0219, Fig. 8D). In WAT 
a significant interaction was found between weight and treatment group 
(p = 0.015), and no conclusions could be drawn about the individual 
effects of treatment group or weight on pAKT. To assess pancreatic 
hormone release, Gast p59− 79 was applied to primary mouse islets in 
vitro, with quantification of insulin, glucagon and SST-14 in superna-
tants. No significant effect of Gast p59− 79 was seen on glucagon, 
insulin-1 or SST-14 secretion at either 1 or 16.7 mM glucose (Fig. 9). 

4. Discussion 

In this study we characterised the processing of prohormones, gra-
nins and prohormone convertases in murine EECs and human GI tissue. 

All previously well-established gut hormones were detected in our data 
set although sulfated forms of CCK were present at low levels likely due 
to the fact that using positive ESI makes it difficult to detect peptides 
with few basic residues and with a sulfation [40]. Furthermore, peptides 
longer than 65 amino acids cannot be matched by the PEAKS software 
and so peptides such as glicentin would not have been identified. 
Neither obestatin nor neuronostatin were detected from proghrelin or 
prosomatostatin, respectively, and there was no evidence that either of 
these prohormones is cleaved at sites that could generate these peptides. 
It is possible that shortfalls in our methodology prevented the detection 
of neuronostatin or obestatin but this is unlikely as these peptides are 
shorter than 65 amino acids and both contain basic residues and thus 
should be positively charged in acidic conditions enabling good reten-
tion through our extraction process. Therefore, it is unclear as to 
whether either is actually produced in the human or mouse GI tract. Our 
approach did not identify any peptides from unknown precursors that 
satisfied the conditions of being EEC enriched, found in both mouse and 
humans, and exhibiting regulated secretion from primary intestinal 
cultures. 

Bioactive granin-derived peptides have been described previously, 
and reported to act as paracrine or autocrine factors. The ability of 
peptides derived from granins or processing enzymes to act as specific 
hormonal signals between different tissues is limited because they are 
expressed in numerous secretory cell types which respond to different 
physiological states [11,41]. With the proviso that processing might not 

Fig. 6. Peptide quantification in supernatants 
from primary mouse GI crypts. (A) Stomach, (B) 
proximal SI, (C) mid-SI, (D) distal SI, (E) colon. 
Fold over basal is calculated by normalising the 
peak area of the stimulated supernatant (10 μM 
forskolin, 100 μM IBMX, 10 mM glucose) to the 
peak area of the basal supernatant. Peptides 
such as GIP, insulin-like 5 and oxyntomodulin 
were not detected in basal supernatants and so 
no fold over basal value could be calculated. 
Tyb4 8-50 is an actin derived peptide. This 
peptide is not likely to be present in secretory 
vesicles of EECs and its release should not be 
stimulated by addition of forskolin, IBMX and 
glucose.   
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Fig. 7. In vivo characterisation of novel peptides. 
(A-C) PK data of ChgA 435-462a, Gast p59-79, Sst 
25-36. (D-G) Data from 1st osmotic pump study 
where n = 5/group. 6-8 week old male mice were 
singly housed in BioDAQ food intake cages and 
infused with one of the following; ChgA 435-462a 
(0.3 mg/kg/day), Gast p59-79 (0.8 mg/kg/day), 
exenatide (0.03 mg/kg/day) or PBS (vehicle) via an 
osmotic pump for 28 days. Body weights (E) and 
food intake (D) were measured throughout the 
study. Week 0 and day -7 represent baseline data 
prior to treatment onset. Glucose tolerance was 
assessed every 7 days after surgery via an IP GTT 
using a 2 g/kg glucose challenge. Results from IP 
GTT on day 28 shown in (F, G). Statistical analysis 
performed using Kruskal-Wallis test with post-hoc 
Dunn tests. (H, I) Results from osmotic pump 
study 2 where n = 8/group. Mice singly housed and 
infused with either Gast p59-79 or vehicle for 7 
days. 2 g/kg IP GTT performed on day 7 and results 
shown in H and I. Statistical analysis performed 
using T test. (J-P) Results from osmotic pump study 
3 where n = 7/group. Mice singly housed and 
infused with either Gast p59-79 or vehicle for 7 
days. 2 g/kg IP GTT performed on day 7 (J, K) and 1 
g/kg OGTT performed on day 14 (L, M). 0.75 U/kg 
ITT performed on day 21 (N, O). Body weights vs 
AUC during ITT on day 21 (P). Error bars represent 
SD. *P < 0.05, **p < 0.01, ***p < 0.005.   
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be identical between cell types, granin peptides could, for example, be 
released together with adrenaline from chromaffin cells in response to 
stress, with insulin from β cells in response to hyperglycaemia, from 
α-cells with glucagon in response to hypoglycaemia, or together with a 
range of gut peptides post-prandially. 

Several studies have attempted to identify novel peptides using 
computer algorithms to predict conserved cleavage sites at mono- or 
dibasic residues at the C- or N-termini [42–44]. Applying this to the gut, 
one study generated a custom transcriptomic database of murine EECs 
by bulk RNA-seq, allowing prediction of peptides from previously un-
discovered genes [42], but whilst this approach benefits from the 
application of high throughput analysis, the peptides predicted may only 
exist in silico and require validation by a technique such as MS/MS. 

Peptidomic-driven approaches have been used previously for novel 
peptide discovery [18,20]. LC–MS/MS analyses of mouse and human 
intestinal biopsies and human organoid-derived EECs and supernatants 

have confirmed production of known hormones, but did not seek to 
identify unknown peptide species [23,25,28,32]. We have previously 
performed a similar study to compare the peptidome of human and 
mouse GI tissue, however this previous study focused on known hor-
mones without providing much information on the processing of pro-
hormones [28]. In the present study we sought to provide a 
comprehensive overview of the EEC peptidome of mice whilst focusing 
on the specific processing of prohormones, granins and processing en-
zymes and identifying novel and potentially active gut peptides. Iden-
tifying the exact sequence of physiological peptides by LC–MS/MS is 
complicated by the simultaneous identification of multiple peptide 
fragments generated by non-specific enzymatic degradation during 
sample preparation. Extensive peptide degradation was evident in su-
pernatants from organoid cultures, collected after a 24 h incubation 
[23], which was reduced in the current study by incubating cells for 
shorter periods in simple saline buffer. Secher et al. addressed the issue 

Fig. 8. Phosphorylated-AKT (pAKT) expressed as a percentage of total AKT in liver (A), skeletal muscle (B) and white adipose tissue (WAT) (C) 15 min after a 0.75 U/ 
kg insulin challenge. (D) Body weights vs pAKT as a percentage of total-AKT. T tests performed to analyse difference in % of pAKT between treatment groups in each 
tissue type. Additionally, a two-way ANOVA was used to investigate the effect of both treatment group and weight on % pAKT. 

Fig. 9. Effect of Gast p59-79 on glucagon (A), insulin-1 (B) and SST-14 (C) secretion from isolated mouse islets. Data represents n = 9 per group. Statistical analysis 
was performed using a Mann-Whitney U test. Data expressed as peak area normalised to islet number. 
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of enzymatic peptide degradation in tissue samples post-sample collec-
tion by perfusing protease inhibitors as well as heat inactivation of en-
zymes in dissected rat hypothalamus [20], but peptide ladders 
generated by non-specific enzyme degradation were still observed. In 
that study, peptide ladders were removed by an algorithm that merged 
overlapping peptides into the longest peptide variant, an approach that 
reduces complexity of the data but loses information about potential 
peptide variants. Our method of processing tissue samples rapidly in 
either 80 % ACN or GuHCl was moderately successful in preventing 
peptide degradation in freshly isolated samples, but we still observed 
development of fragment ladders in purified EECs that had undergone 
the longer process of tissue dissociation and FACS sorting prior to GuHCl 
treatment. We avoided using protease inhibitors as a method of mini-
mising peptide degradation as these protease inhibitors would interfere 
with peptide identification and shorten column life. Thus some ex vivo 
peptide degredation was inevitable. However the issue of peptide 
degradation producing fragment ladders can be somewhat addressed by 
filtering out peptides that have a signal intensity of <10 % of the most 
abundant peptide from the same propeptide, thereby reducing data 
complexity. 

We also examined the effect of a HFD on the peptidome of murine GI 
tissue, and identified a specific reduction in L-cell related peptides in the 
distal colon. This is consistent with our previous finding that high fat 
feeding impaired L-cell numbers in the colon [38]. However, this study 
does not shed light on the mechanism by which a HFD may alter L-cell 
numbers and why the effects seem specific to the colon. It is possible that 
HFD alters the gut microbiota which in turn impacts on the number and 
function of L-cells as previously suggested from studies on germ-free 
mice [45]. 

From our peptidomic data, we highlighted three novel peptide hor-
mone candidates for in vivo studies, two were derived from prohormones 
(Gast p59− 79 and Sst 25− 36) and the third from a granin protein (ChgA 
435− 462a). Sst 25− 36 was excluded from further studies after pilot 
data suggested a very short half-life in vivo. Neither Gast p59− 79 nor 
ChgA 435− 462a had effects on body weight or food intake. Gast 
p59− 79 modestly improved glucose tolerance in lean mice, and in DIO 
mice appeared to slow glucose normalisation following an ITT. How-
ever, we were unable to demonstrate direct effects on islet hormone 
secretion or insulin signalling quantified by pAKT in liver, WAT or 
skeletal muscle [46]. The effects seen in DIO mice should be treated with 
caution due to the confounding factor of weight differences in this study. 

5. Conclusion 

This LC–MS/MS peptidomic analysis aimed to identify new bioactive 
peptides from the GI tract. No new candidate hormones were identified 
from previously unknown genes, but we identified a variety of peptides 
generated by vesicular processing of prohormones, granins and pro-
cessing enzymes. Of the candidates selected for further analysis, Gast 
p59− 79 induced a modest improvement in glucose tolerance in lean 
mice but not in DIO mice. This comprehensive description of EEC pep-
tide processing benefits from providing exact start and end points as well 
as post-translational modifications, which are difficult to distinguish 
with many antibody-based techniques. As we were only able to select a 
small proportion of candidates for functional evaluation, higher 
throughput methods will be required to determine whether the long list 
of identified peptides contains any with bioactivity, for example by 
screening against known GPCRs in vitro or in silico. 
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availability in the colon regulates intestinal transit, Cell Host Microbe 14 (5) 
(2013) 582–590. 

[46] A. Agouni, C. Owen, A. Czopek, N. Mody, M. Delibegovic, In vivo differential 
effects of fasting, re-feeding, insulin and insulin stimulation time course on insulin 
signaling pathway components in peripheral tissues, Biochem. Biophys. Res. 
Commun. 401 (1) (2010) 104–111. 

S.G. Galvin et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0015
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0015
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0020
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0020
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0020
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0020
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0020
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0025
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0025
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0025
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0025
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0025
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0025
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0030
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0030
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0030
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0035
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0035
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0040
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0040
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0040
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0040
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0045
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0045
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0045
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0050
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0050
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0050
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0055
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0055
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0060
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0060
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0060
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0065
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0065
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0065
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0070
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0070
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0070
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0075
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0075
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0075
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0075
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0080
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0080
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0080
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0085
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0085
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0085
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0090
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0090
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0090
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0090
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0095
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0095
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0095
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0095
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0095
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0100
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0100
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0100
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0105
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0105
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0110
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0110
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0110
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0110
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0110
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0115
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0115
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0115
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0115
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0115
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0115
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0115
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0120
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0120
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0120
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0120
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0125
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0125
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0125
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0125
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0130
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0130
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0130
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0135
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0135
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0140
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0140
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0140
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0140
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0140
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0145
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0145
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0145
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0150
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0150
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0150
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0150
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0155
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0160
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0160
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0160
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0160
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0165
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0165
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0165
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0170
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0170
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0170
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0175
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0175
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0175
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0180
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0180
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0180
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0180
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0185
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0185
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0185
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0185
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0190
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0190
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0190
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0195
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0195
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0195
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0200
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0200
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0200
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0205
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0205
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0205
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0210
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0210
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0210
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0210
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0210
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0215
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0215
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0215
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0215
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0215
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0220
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0220
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0220
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0225
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0225
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0225
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0225
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0230
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0230
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0230
http://refhub.elsevier.com/S0196-9781(21)00040-1/sbref0230

	Peptidomics of enteroendocrine cells and characterisation of potential effects of a novel preprogastrin derived-peptide on  ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Mouse EEC peptidomics
	2.2.1 Tissue digestion and staining
	2.2.2 FACS and sample preparation
	2.2.3 HFD peptidomics study
	2.2.4 Sample preparation

	2.3 Human tissue peptidomics
	2.3.1 Ethics
	2.3.2 Tissue homogenisation and sample preparation

	2.4 Primary mouse GI crypt secretion peptidomics
	2.4.1 Culture preparation

	2.5 GI crypt cell secretion assay
	2.6 Nano flow-rate mass spectrometry analysis and peptide identification
	2.7 Peptide synthesis and characterisation
	2.8 Pharmacokinetics studies
	2.8.1 Protocol
	2.8.2 Sample preparation
	2.8.3 High flow rate mass spectrometry analysis

	2.9 In vitro osmotic pump assessment
	2.10 In vivo efficacy studies
	2.10.1 Post-mortem assessment of insulin sensitivity

	2.11 Islet secretion studies
	2.12 Data analysis

	3 Results
	3.1 Peptidomics of human and mouse prohormones and granin proteins
	3.1.1 Peptides from prohormones
	3.1.2 Peptides from granins and processing enzymes

	3.2 Effect of high fat diet on the intestinal peptidome
	3.3 Analysis of peptide secretion
	3.4 Identification and characterisation of putative bioactive peptides
	3.4.1 Effects of Gast p59−79 and ChgA 435−462a on metabolic parameters in vivo
	3.4.2 Effects of Gast p59−79 on insulin sensitivity and secretion


	4 Discussion
	5 Conclusion
	Contribution statement
	Funding
	Data availability
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


