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Abstract: Chronic visceral pain (CVP) is extremely difficult to diagnose, and available analgesic
treatment options are quite limited. Identifying the proteins secreted from the colonic nociceptors, or
their neighbor cells within the tube walls, in the context of disorders that course with visceral pain,
might be useful to decipher the mechanism involved in the establishment of CVP. Addressing this
question in human with gastrointestinal disorders entails multiple difficulties, as there is not a clear
classification of disease severity, and colonic secretion is not easy to manage. We propose using of a
murine model of colitis to identify new algesic molecules and pathways that could be explored as
pain biomarkers or analgesia targets. Descending colons from naive and colitis mice with visceral
hyperalgesia were excised and maintained ex vivo. The proteins secreted in the perfusion fluid before
and during acute noxious distension were evaluated using high-resolution mass spectrometry (MS).
Haptoglobin (Hp), PZD and LIM domain protein 3 (Pdlim3), NADP-dependent malic enzyme (Me1),
and Apolipoprotein A-l (Apoa1) were increased during visceral insult, whilst Triosephosphate isomer-
ase (Tpi1), Glucose-6-phosphate isomerase (Gpi1), Alpha-enolase (Eno1), and Isoform 2 of Tropomyo-
sin alpha-1 chain (Tpm1) were decreased. Most identified proteins have been described in the context
of different chronic pain conditions and, according to gene ontology analysis, they are also involved
in diverse biological processes of relevance. Thus, animal models that mimic human conditions in
combination with unbiased omics approaches will ultimately help to identify new pathophysiological
mechanisms underlying pain that might be useful in diagnosing and treating pain.

Perspective: Our study utilizes an unbiased proteomic approach to determine, first, the clinical rel-
evance of a murine model of colitis and, second, to identify novel molecules/pathways involved in
nociception that would be potential biomarkers or targets for chronic visceral pain.
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ain arising from the internal organs is the para-
digm of chronic pain.?’ Specifically, gastrointesti-

nal disorders, such as inflammatory bowel
syndrome (IBS) and inflammatory bowel disorders (IBD),
are the major causes of chronic visceral pain (CVP) since
they affect 11% and 0.3 % of the global population,
respectively.?>** Despite its high prevalence and mor-
bidity, the pathophysiological mechanisms by which
these conditions produce CVP are far from understood.
Therefore, CVP is extremely difficult to diagnose and
manage objectively, because commonly prescribed pain-
killers lack efficacy or are contraindicated due to gut-
specific side effects.

During the last decade, enormous progress has been
made toward identifying molecules and cellular pathways
involved in chronic pain by using quantitative MS-based
proteomics analyses.>>*> Databases of proteins involved in
pain have been recently obtained by evaluating the prote-
ome of primary afferents in several experimental murine
models of inflammation, neuropathy, or postoperative
pain.>?"*7:>3 Nevertheless, no such approach has been pre-
viously made for experimental visceral pain, despite the
fact that proteomics is now a common approach to inves-
tigate disease-specific markers in plasma and serum. In
fact, it is widely used in cardiovascular, cancer, and neuro-
degenerative research.*® With regard to visceral pain,
potential biomarkers were previously identified in serum
and urine samples from patients with CvpP.>*53

Colonic nociceptors are preferentially activated by
mechanical distension, and its sensitization (ie, lowering
of their activation threshold) depends on the synthesis
and release of endogenous molecules that occurs in
response to tissue insults, like inflammation in IBD, but it
also takes place in the apparent absence of an underlying
cause.”® Furthermore, active nociceptors release vasoac-
tive neuropeptides from their peripheral terminals that
contribute to the inflammatory response, a mechanism
called neurogenic inflammation.'®'8? Sensitization of
peripheral terminals may explain why patients with vis-
ceral pain are hypersensitive to physiological contraction
and distension of the gut,*>? a characteristic of CVP.**

Thus, the analysis of the proteins secreted from the
colonic nociceptors, or their neighbor cells within the tube
walls, in response to IBD and noxious mechanical stimuli
might be helpful to identify biomarkers of CVP and hence,
to gain insights into its underlying mechanisms.

Collection of the colonic secretion is not easily man-
ageable in humans; however, it is possible in isolated
preparations of the mouse colon.?*>* In this explor-
atory study, we used unbiased quantitative MS-based
proteomics to compare the protein profiles of colon
exudates and urine samples of naive and ulcerative
colitis (a representative IBD model) mice before and
after acute noxious distension. The protein hits whose
levels changed significantly were compared to those
identified in experimental models and clinical studies
of visceral pain. Furthermore, levels of 2 protein hits,
Hp and Tpm1 were validated by means of Western
blotting performed in colon samples or exudates. Raw
data are available and can be accessed via ProteomeX-
change (PXD033902).
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Methods

Animals

Adult outbred C57BL6 female mice (n = 16, mean
body weight 20.22 + 0.44 g) bred at the Animal Facility
of the University of Alcald were used. Animals were
maintained at 22 “C on a 12-hour light / dark cycle with
ad libitum access to food and water. European Union
and national legislations for the ethical regulation of
animal experiments were always followed. All experi-
mental protocols were approved by the University of
Alcald Committee on Animal Research and by the
Regional Government (project license: PROEX 129/19).

Induction of Experimental Colitis and
Monitoring

Experimental colitis was induced by 2% Dextran Sul-
phate Sodium (DSS, molecular weight: 36.000—50.000,
MP Biomedicals, lllkirch, France), which was added to
the drinking water for 6 consecutive days.®* Monitoring
of the course and severity of the colitis was performed
by daily body weight measurements, evaluation of stool
consistency and/or presence of blood in the stools, and
general well-being (Fig 1 for workflow). To obtain a
combined sum score, values were assigned for each cat-
egory as follows: weight loss: 0, 2, 5, and 10 points (no
changes, 5%—10%, >10%, and > 20% loss, respectively);
stools: 0, 5, 10, and 20 points (for normal, pasty, diar-
rhea, and presence of blood, respectively); and general
well-being: 0, 1, 5, 10, and 20 points (for normal, minor,
altered locomotion, lethargic, and apathy, respectively).
The severity of the colitis was then graded according to
the following scheme: 0-<5 points, no colitis; 5—15, mild
colitis; 15—25, moderate colitis; and >25, severe colitis
(adapted from May 1, 2023 3:24:00 PM).

Referred Hyperalgesia

Colitis-induced referred hyperalgesia was determined
by measuring withdrawal responses to a punctate
mechanical stimulation (von Frey hair filaments 0.02—-2 g,
0.19—19.6 mN, Ugo Basile, Gemonio, Italy) of the abdo-
men, using the simplified up-down paradigm, SUDO."
Withdrawal responses were evaluated just before the
induction of the colitis (Day 1 pretreatment, n = 10 mice)
and upon removal of the DSS (Day 7, Fig 1A). Testing
took place during the light phase (from 10:00 AM—2:00
PM). Mice were acclimatized, for at least 30 minutes, to
test chambers consisting of transparent Plexiglas cages
(10x10x 10 cm, with a red frontal wall) on an elevated
wire mesh floor. The von Frey filaments were applied to
the lower and middle abdomen avoiding perianal and
external genitalia areas. A response was considered posi-
tive when any of the following behaviors were observed:
immediate licking or scratching at the application site, a
sharp retraction of the abdomen, or jumping.*’

Sampling of Urine
Immediately after behavioral testing, the animals were
anesthetized with isoflurane (~2% in pure O;) and
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Figure 1. Experimental workflow. (A) Day 1. Representation of procedures for colitis induction and assessment, as well as time
points for sample collection. B. Ex vivo colon preparations from naive and colitis mice were incubated in SIF media and exudates
were collected following 5 minutes of incubation without stimulus (prestimulus), and then after 5 minutes of incubation during the
application of 60 mm Hg pressure (distension). (C) Peptides samples from colon exudates and urine samples were labeled with TMT
and subjected to high-resolution spectrometry. The obtained data were analyzed using Proteome Discoverer software. Interaction
networks for each of the significantly requlated proteins were examined using STRING.

positioned supine. The urinary bladder was manually
located and pressed gently to obtain ~100-200 uL of
urine, which was collected with an automatic pipette and
stored in a plastic test tube at -80°C. Samples were
obtained from 3 mice before induction of colitis (Day 1
pretreatment) and 1 week after treatment with 2% DSS
(Day 7, Fig 1A).

Experimental Preparation for Colon
Distension

Experiments were performed as previously described.>*
On day 7, after behavioral testing, the animals were killed
in a CO, atmosphere, the descending colon was removed
in 1 piece and placed in a dish filled with oxygenated
(95% O, 5% CO,) synthetic interstitial fluid (SIF; composi-
tion in mM: 108 NaCl, 3.48 KCl, 0.7 MgSQO,4, 26 NaHCOs3,
1.7 NaH,PO,4, 1.5 CaCl,, 9.6 sodium gluconate, 5.55 glu-
cose, 7.6 sucrose; pH 7.4)."" The stools and fecal remains
were carefully removed by flushing SIF with a catheter
connected to a syringe. Then, a fine plastic tubing (outside
diameter 0.8 mm) filled with oxygenated SIF was inserted
into one end of the colon segment, and surgical thread
was used to tie it to the tubing and to ligate the other
end. The mounted preparations were rinsed and equili-
brated in SIF at 37°C for 30 minutes. Each preparation was
sequentially incubated for 5 minutes into 2 test tubes
filled with 1 mL of SIF in a shaking bath at 37°C. Test tube
1 accounts for the prestimulus condition. Once transferred
to test tube 2, colon preparations were connected to a

mobile reservoir filled with oxygenated SIF and elevated
above the preparation to exert a 60 mm Hg pressure onto
the samples (distension condition, Fig 1B). 60 mm Hg is a
suprathreshold stimulus able to activate colonic nocicep-
tors.>* The pressure was checked with a pressure trans-
ducer (CIBERTEC, Electromedicina, Madrid, Spain).

As soon as the colon preparation left the test tubes,
the incubation fluid was subdivided into 2 aliquots of
500 uL that were immediately frozen in dry ice. Samples
were stored at -80°C until proteomic analysis.

Exudates were collected from naive (n = 4) and 2%
DSS- treated mice (n = 4). Two sets of experiments were
performed; therefore, 2 controls and 2 treated colons
were driven simultaneously.

Histological Assessment of Colitis
Severity

Mice were euthanized by CO, inhalation, and colonic
fragments of ~0.5 cm were excised and fixed overnight
by immersion in 4% PFA in 0.1 M phosphate buffer (PB)
at 4°C. Tissues were cryoprotected with 30% sucrose in
PB, embedded in 7.5% gelatin /15 % sucrose in PB, fro-
zen, and sectioned at 15 um. The sections were stained
with hematoxylin and eosin and observed by light
microscopy (Olympus BX61, Tokyo, Japan). A blinded
observer scored the H&E sections (3—5 for each colon)
using the following values: crypt architecture (normal,
0-severe crypt distortion with loss of entire crypts, 3),
degree of inflammatory cell infiltration (normal, 0 -
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dense inflammatory infiltrate, 3), muscle thickening
(base of crypt sits on the muscularis mucosae, 0-marked
muscle thickening present, 3), goblet cell depletion
(absent, 0-present, 1) and crypt abscess (absent, 0-pres-
ent, 1). The histological damage score is the sum of each
individual score.’“° Scores were obtained for naive
mice (n = 5) and for mice treated with 2% DSS for 1
week (n =5).

Proteomic Analysis From Colon Exudates
and Urine Samples

A quantitative proteomic analysis was performed in
exudates collected before and after a 5-minute noxious
distension of 60 mmHg from naive (n = 4) and inflamed
colons (n = 4). In addition, in 3 of these animals, we
were able to obtain urine samples before and 1 week
after the induction of the colitis, which were also
employed for quantitative proteomic evaluation. The 16
colon samples and the 6 urine samples were analyzed
using a Tandem Mass Tag (TMT) isobaric labeling as the
method chosen for quantitative proteomics (Fig 1C).

In-Solution Tryptic Digestion of Proteins
From Colon Exudates and Tandem Mass
Tag (TMT) Labeling

Exudates and urine protein concentrations were deter-
mined with the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA). The following steps
were carried out with 50 ng of total protein in each sam-
ple. Disulfide bonds were reduced with 200 mM Tris-(2-
carboxyethyl) phosphine, and cysteines were alkylated
with 60 mM iodoacetamide. Proteins were precipitated
by incubation with acetone and redissolved in 50 mM
triethylammonium bicarbonate buffer (pH 8.5). Subse-
quently, the proteins were digested with trypsin (Pierce
trypsin protease, MS grade; Thermo Fisher Scientific, Wal-
tham, MA) at 1:50 (w/w) trypsin/protein ratio.

For quantitative proteomics, each digested protein
sample was labeled with an appropriate TMT Isobaric
Label Reagent (Thermo Fisher Scientific, Waltham, MA),
according to the manufacturer. Briefly, peptide samples
from colon exudates of mice from each experimental
condition were labeled with TMT-126, TMT-127, TMT-
128, and TMT-129 reagents. In the same way, each urine
sample, obtained before and 1 week after the induction
of colitis, was labeled with TMT-126 and TMT-127
reagents, respectively. After sample labeling, 5%
hydroxylamine was added to quench the TMT reaction.
Finally, labeled peptides from colon exudates or urine
were combined in equal amounts and dried using a
speed vacuum concentrator system (Thermo Fisher Sci-
entific, Waltham, MA).

Liquid Chromatography High-Resolution
Mass Spectrometry

Solvent A and solvent B were 0.1% formic acid in
water and 0.1% formic acid in 80% acetonitrile,
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respectively. The peptide samples were dissolved in sol-
vent A and analyzed using a Q-Exactive HF-X Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific, Waltham, MA) connected to a nano
Ultra-Performance Liquid Chromatography system Easy-
nLC 1200 UHPLC (Thermo Fisher Scientific, Waltham,
MA). Peptide separation was performed using a trap
column (Acclaim PepMap 100 C18, 75 um x 2 cm, 3 um,
100 A; ThermoFisher Scientific, Waltham, MA) at a flow
rate of 20 uL/min; then, peptides were eluted onto a
50 cm analytical column (PepMap RSLC C18, 2 um, 100
A, 75 um x 50 cm; ThermoFisher Scientific, Waltham,
MA) with a linear gradient of 2% to 20% solvent B for
240 minutes, followed by a gradient of 20% to 35% sol-
vent B for 30 minutes, and, finally, to 95% solvent B for
15 minutes. The peptides were positively ionized using a
nanospray ion source, and MS was conducted in top 20
data-dependent mode, with the following settings: ion
spray voltage of 2.2 kV; capillary temperature of 320°C;
scan range between 350 and 1500 for both MS and MS/
MS analysis; mass resolution of 120,000 for MS and
30,000 for MS/MS; high energy collisional-induced disso-
ciation (HCD) mode (32 eV); isolation window of 0.7 m/z
for MS/MS; and dynamic exclusion of 20 seconds.

Data Analysis

The raw data were analyzed using Proteome Discov-
erer 2.4 (Thermo Fisher Scientific, Waltham, MA). MS/
MS spectra were searched against Mus musculus UniProt
database (April 27, 2022) using the Sequest HT search
engine.

The search parameters were set as follows: 2 missed
tryptic cleavage sites were allowed; mass tolerance for
full MS and MS/MS were 10 ppm and 0.02 Da, respec-
tively; fixed modification of carbamidomethylation on
Cys residues, variable modification of oxidation on Met
residues, and N-terminal acetylation on proteins were
specified. Protein assignments were validated using the
Percolator algorithm®® by setting the false discovery
rate (FDR) to 1%. The results were filtered out so that
only proteins with at least 2 identified peptide sequen-
ces were accepted.

Protein abundance ratios were calculated based on
precursor intensities. Normalization was performed
based on the total peptide amount, and samples were
scaled on all averages.

Gene Ontology Analysis

Relevant proteins (See Statistics section) were
uploaded individually to STRING (https://string-db.org/)
for examination of protein-protein interaction net-
works. We established a high confidence level of inter-
action (0.9) with no more than 5 interactors. Cellular
component, biological processes, and reactome path-
ways were essentially considered. When relevant, the
Markov Cluster (MCL) algorithm for protein clustering
was performed with an inflation parameter of 3.
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Validation of Hits by Western Blotting

Colon tissue was individually homogenized with a
pestle in RIPA buffer (50 mM Tris pH 8, 1% Nonidet P-
40, 150 mM Nacl, 0.1% SDS, 0.5% sodium deoxycho-
late) supplemented with cOmplete Mini Protease
Inhibitor cocktail (Roche, Basel, Switzerland) and cen-
trifuged at 12000 x g for 20 minutes. The same colon
exudates that were used for proteome analysis were
freeze-dried to concentrate proteins for Western blot
validation. Protein concentrations were measured
with the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA) for normalization purposes.
After heating at 95°C for 5 minutes, total proteins (20
ng) were separated by SDS-PAGE and electrotrans-
ferred onto nitrocellulose membranes. Membranes
were blocked in 5% nonfat milk in TBST buffer
(20 mM Tris, 50 mM NacCl, 0.1% w/v Tween 20) at RT
for 1 hour and then incubated with the appropriate
primary antibodies. The antibodies were: Hp (1:20000
dilution, Abcam, ab256454, Cambridge, MA); Tpm1
(1:1000 dilution, Abcam, ab109505, Cambridge, MA);
and B-Actin (1:1000, Merck, Darmstadt, Germany),
used as a loading control. The membranes were
washed and incubated with goat antirabbit IgG per-
oxidase antibody (1:80000 dilution A0545, Merck,
Darmstadt, Germany) in 5% BSA in TBST, followed by
enhanced chemiluminescence (ECL) detection system
(SuperSigna West Pico, Thermo Fisher Scientific, Wal-
tham, MA). Immune-reactive bands were visualized in
a ChemiDoc Gel Imaging System (Bio-Rad, Hercules,
CA) and quantified using Image Lab software (Bio-Rad
Hercules, CA). In brief, each band was detected and
selected, and background signal was discarded. After
that, net values corresponding to the signal of each
band was normalized to g-Actin signal.

Statistics

Statistical analyses were performed with Graph Pad
Prism, and Microsoft Excel 365, including the assessment
of colitis and validation of proteins hits. All data are rep-
resented as mean =+ standard error of the mean (SEM)
for each group. Differences between mean values were
analyzed with parametric (unpaired Student t-test) or
nonparametric tests (Wilcoxon signed-rank test) as ade-
quate. Correlation between colitis severity and SUDO
values decrease after colitis were assessed by simple lin-
ear regression. A significant difference was accepted for
P < .05.

For proteomics experiments, statistical analyses were
performed with Proteome Discoverer 2.4 (Thermo
Fisher Scientific, Waltham, MA). The normalized and
scaled relative abundance of every protein was
expressed as the mean (grouped protein abundance)
of the biological replicates. The variability was calcu-
lated as the coefficient of variation (see database via
ProteomeXchange PXD033902). Protein ratios were
directly calculated from the grouped protein abun-
dances. Abundance ratio P-values and Benjamini-
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Hochberg (BH) adjusted P-values were calculated by
ANOVA, based on the abundance of individual pro-
teins. To strengthen our confidence in the changes in
protein levels, we considered that a particular protein
abundance changed significantly when BH P-value <
.05. Proteins fulfilling this criterion were considered
relevant hits and further researched (see Gene Ontol-
ogy Analysis and Systematic literature search sections).
Additionally, the comparisons that yielded an unad-
justed P-value < .05 have been listed in Supplementary
Tables.

Systematic Literature Search

We performed a systematic literature search in Med-
line to assess whether relevant proteins have already
been investigated in the context of visceral pain in
clinical and preclinical studies. We search for each pro-
tein in combination with the following terms: visceral
pain, pain, mice or rat, human, proteomics, and bio-
marker (see Supplementary Table 1). The identified
publications were reviewed and considered relevant
when fulfilling the inclusion criteria: clinical condi-
tions present with pain, experimental models of pain,
quantitative identification of the protein, or use of
proteomics. We excluded publications as obviously
irrelevant by reading the titles and abstracts and those
that were focused on “cancer” or "“inflammation”. A
comprehensive reading of the selected publications
and the literature used in the introduction yielded fur-
ther publications of interest.

Results

Assessment of Colitis and Abdominal Pain

All the animals treated with 2% DSS for 1 week devel-
oped colitis, as indicated by macroscopic, histological,
and behavioral scores.

The severity of colitis was macroscopically scored
based on weight loss, stool consistency, signs of rectal
bleeding, and general well-being. Four mice developed
severe colitis (mean score 31.5 + 3.7), 1 had moderate
colitis (20), and the remaining 5 mice had mild colitis
(mean score 9.6 + 0.6, Fig 2A). Thus, under our experi-
mental conditions, mice more frequently develop mild
colitis.

All the animals developed referred hyperalgesia (5.9
+ 0.2 to 2 + 0.3 SUDO values; n = 10, P-value < .01, Wil-
coxon signed-rank test; Fig 2B), although abdominal
pain was not correlated with the severity of the colitis
(lineal correlation test, P = .06). Abdominal pain is a
characteristic symptom in IBD patients; therefore, this
DSS-induced colitis model is helpful in identifying vis-
ceral pain biomarkers.

Finally, histological scores significantly increased in
DSS-treated colons (6.7 + 1.0, n = 6) when compared
with water-treated controls (0.7 + 0.3, n = 5; indepen-
dent samples t-test, P-value < .01; Fig 2C).
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Figure 2. Macroscopic, behavioral, and histological scores for colitis assessment. (A) Colitis scores for mice treated with 2% DSS for
1 week (n = 29). The severity of colitis was severe (>25 points) in 4 mice, moderate (15—25 points) in 20, and mild (5—15 points) in 5.
(B) Withdrawal responses to mechanical stimulations were measured previously to colitis induction (Baseline) and after treatment
with 2% DSS (DSS-Colitis) during 6 days. All animals developed referred hyperalgesia after colitis induction, as indicated by the
drop of SUDO in all animals (n = 10). (C) Colon sections from naive (left) and DSS-treated animals (right). Note that DSS-treated
colons show distortion of crypt architecture (*), inflammatory cell infiltration (arrows), and muscle thickening (red arrow).

Proteome Signature During Colitis:
Comparison of Proteomes From Naive
and Colitis Colon Exudates and Urine

Samples

During IBD, like ulcerative colitis, structural and func-
tional changes within the gut wall might contribute to
pain. Although numerous inflammatory mediators and
ion channels have been identified as fundamental to
nociception, the lack of effectivity of current treatments
indicates that unidentified molecules must be involved.

It is expected that some analytes might be continu-
ously released from the colon during visceral inflamma-
tion contributing to nociceptor sensitization and pain
signaling. Therefore, to identify a proteome signature
of acute colitis, we compared the proteome of exudates
from naive and inflamed colon samples in a latent con-
dition without any additional insult.

In this line, we also hypothesized that proteins
released from the colon to the extracellular media
would eventually end in systemic circulation. Hence, we
decided to evaluate the proteomics of urine samples
obtained from mice before and 1 week after the DSS-
inducted colitis.

All analyses were performed in mice with mild colitis,
as it was the more frequent output of DSS treatment
under our specific experimental conditions (see Fig 2A).

Among the 265 proteins detected in the colon exu-
dates, only Haptoglobin (Hp) significantly changed in
colitis exudates (n = 4 for each naive and colitis group;
ANOVA, BH P-value < .05; Table 1). Hp was the only pro-
tein detected in all biological and technical replicates in
exudates from inflamed colons and was undetected in
control colons.

Furthermore, when evaluating urine samples from the
same mice before and 1 week after DSS-induced colitis
(n = 3), we could quantify 203 proteins, including Hp.

Table 1. Summary of Proteins that Changed Sig-
nificantly (BH P-value < .05) in Colon Exudates
After Colitis and/or Noxious Distension. The
Ratios Were Calculated as Colitis/Nayve or
Distension/Prestimulus.

PRESTIMULUS Distension RATIOS

Nayve %
Colitis % U

1 Hp, Apoal
| Tpil, Gpi1, Eno1, Tpm1

0 4 Hp, Pdlim3, Me1
4 Pdlim3

Ratios 1 Hp




880 The Journal of Pain

However, none changed their relative abundance levels
significantly.

Supplementary Tables 2 and 3 lists the proteins that
changed in colon exudates and urine samples, respec-
tively, using a less stringent statistical cut-off (ANOVA,
unadjusted P-value < .05).

Proteome signature during noxious
distension: comparison of proteomes
from naive and colitis colons before and
after acute distension

It is generally accepted that abdominal pain experi-
enced by patients with CVP arises from muscle spasms
that activate sensitized nociceptors.’® Therefore, we
hypothesized that acute distension of the colon would
evoke the release of analytes that could be used as bio-
markers indicative of noxious stretch.

In naive colons, 266 proteins were detected in the exu-
dates upon acute distension of ~60 mmHg. However,
only Hp, PZD and LIM domain protein 3 (Pdlim3), and
NADP-dependent malic enzyme (Me1) significantly
changed when compared to prestimulus condition (n = 4
naive mice for each prestimulus and stimulus condition;
ANOVA, BH P-value < .05; see Table 1). None of these
proteins was detected before distension (ie, in prestimu-
lus condition). Under distension, Hp was detected in all
biological replicates, Pdlim3 in 75%, and Me1 in 50%.
Interestingly, only one of these proteins, Pdlim3, signifi-
cantly increased in exudates of the colitis colons after dis-
tension and was detected in all biological replicates
(n = 4 colitis mice for each prestimulus and stimulus con-
dition; ANOVA, BH P-value < .05; see Table 1).

A direct comparison of distension-evoked exudates
from naive and colitis colons revealed that 2 proteins
were significantly increased in animals suffering colitis:
Hp (~13-fold increased) and Apolipoprotein A-l (Apoa1,
~4-fold increased). Another 4 proteins were significantly
downregulated by ~80%: Triosephosphate isomerase
(Tpi1), Glucose-6-phosphate isomerase (Gpi1), Alpha-eno-
lase (Eno1), and Isoform 2 of Tropomyosin alpha-1 chain
(Tpm1) (n = 4 for each naive and colitis, ANOVA BH P-
value < .05). These data are presented in Table 2.

Table 1 summarizes the significant protein abundance
changes in our experimental models. The results indicate
that Hp significantly increase in response to both inflam-
mation and noxious distension, whereas Pdlim3 and Me1
protein levels increase only in response to noxious
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distension. No protein was found that changed exclu-
sively after inflammation. The abundance of Apoa1, Tpi1,
Gpil, Eno1, and Tpm1 only changed in colons where
inflammation and distension occurred simultaneously.
Finally, the combination of inflammation and distension
abolished the increase of Me1 in response to distension.

Supplementary Tables 4 and 5 list the proteins that
changed using a less stringent statistical cut-off
(ANOVA, unadjusted P-value < .05).

Gene Ontology Analysis and Literature
Mining

Lastly, we used STRING to identify the networks that
may be related to those proteins that changed signifi-
cantly.

Gene ontology (GO) analysis covers 3 categories: bio-
logical process, molecular function, and cellular compo-
nent. Biological process refers to a biological objective to
which the gene or gene product contributes. A process is
accomplished via one or more ordered assemblies of
molecular functions. Molecular function is the biochemi-
cal activity of a gene product (enzyme, transporter,
ligand). It basically describes what is done without speci-
fying where or when the event occurs. Cellular compo-
nent refers to the place where the gene product is
active.” Here we used STRING for GO analysis. Only bio-
logical process/reactome pathways and cellular compo-
nent of each of the proteins evaluated were annotated.

Putting together all the data (Table 1), Hp appears as
the central/main protein of interest, as it was increased
in the colon after the induction of colitis and is unde-
tected in colons extracted from naive mice. Of note,
upon noxious distension, Hp was also significantly
released even from naive colons. Hp is an abundant
plasmatic protein mainly synthesized by the liver that,
under physiological conditions, plays an antioxidant
role by binding free hemoglobin (Hb) and forming a
complex that is cleared by the macrophage receptor
CD163. Hp belongs to the family of acute-phase proteins
and, hence, its levels increase after inflammatory or
traumatic insults in a wide variety of diseases, to exert
an immunomodulatory effect.”?> Analysis of the main
interacting networks related to this hit using the bioin-
formatic software STRING showed that Hp is highly
related to Apoa1, which, under distension conditions, is
increased within colitis colons when compared with
naive colons. Apoal is a member of Apolipoprotein
family predominantly produced by the liver (80%) and

Table 2. Proteins that Changed Significantly (BH P-value < .05) when Compared Najve and Colitis

Colons (Distension Condition).

UniproT ID GENE PrOTEIN CoLimis/NAivE RATIO BH P-vALUE IDENTIFIED PEPTIDES
Q61646 Hp Haptoglobin 13.10 .001 2
Q00623 Apoal Apolipoprotein A-| 4.15 .011 8
P17751 Tpi1 Triosephosphate isomerase 0.33 .01 8
P06745 Gpi1 Glucose-6-phosphate isomerase 0.32 .027 6
P17182 Eno1 Alpha-enolase 0.26 .046 14
P58771-2 Tpm1 Isoform 2 of Tropomyosin alpha-1 chain 0.23 .045 7
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the gut (20%). It is involved in the biosynthesis of high-
density lipoproteins (HDL) and has anti-inflammatory
properties in the endothelium.® Among the other inter-
actors, the macrophage receptor CD163 was not
detected in colon exudates; while Alb, Hpx, and Hba1-
al were detected but did not change between the dif-
ferent conditions (Fig 3A).

Regarding Apoa1 interactors (Fig 3B), it is worth men-
tioning Ampb, which increased 5-fold in urine after coli-
tis, although with a less restrictive statistical cut-off
(Supplementary Table 3, Fig 3B). Ampb is synthesized in
the liver and transported in the blood to the extravascu-
lar space of all organs, where cells can internalize it.
Under physiological conditions, it reduce oxidation
products, scavenge radicals, and bind free heme mole-
cules. Due to its small size, it is almost freely filtrated,
and some quantity is excreted in the urine, where its
high concentration is clinically used as an indicator of
tubular renal damage.®

Me1 was released upon distension, but only in naive
animals. Me1 is involved in regulation of redox balance,
cellular energy, and biosynthesis of molecules. It cata-
lyzes the oxidative conversion of malate to pyruvate
and mediates lipid and fatty acid biosynthesis through
the generation of NADPH. Its interactors are metabolic
proteins (data not shown).

A Network for Haptoglobin

Apoal

C Network for Tpi1

Tpil

D Network for Eno1 E
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Pdlim3 was released only after noxious distension in
both naive and colitis colons. Pdlim3 is an actin-associ-
ated LIM protein expressed in cardiac, smooth, and skel-
etal muscle.*® It has a role in cellular proliferation and
differentiation, but also participates in the stabilization
of the cytoskeleton. In fact, it is upregulated during the
differentiation of myoblast cellular lines.** The only pro-
tein belonging to its network is Pdlim7 (data not
shown), and both might be related to the organization
of actin filament arrays within muscle cells. These pro-
teins have only been detected intracellularly.

The protein hits Tpi1, Gpi1, and Eno1 were identified in
colon exudates and were significantly downregulated
upon distension in colitis mice. The 3 proteins are
included in metabolic pathways mostly related to glycoly-
sis/gluconeogenesis and biosynthesis of amino acids
(Fig 3C,D). None of these proteins exerts their function in
the extracellular space, even though they were detected
in the exudates under our experimental conditions.

Finally, Tmp1 also decreased in colitis subjected to dis-
tension. It is a widely expressed actin-binding protein
first identified in striated muscle, where its role in con-
traction is well characterized. Nevertheless, its role in
regulating actin cytoskeleton in other cell types is
unclear. In the nervous system, Tpm1 has been found in
synapses and has been linked with neurodegenerative

B Network for Apoa1

Network for Tpm1

Enol
Tpml

Tnni3

Figure 3. Protein networks obtained with STRING for significantly deregulated proteins in colon exudates. Code color denotes the
cellular compartment (extracellular space: dark blue; striated muscle thin filament: light blue) and the reactome pathways (scaveng-
ing of heme from plasma: red; gluconeogenesis: green; glycolysis: yellow).
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diseases and trauma.’” The network for Tpm1 is exclu-
sively involved in biological processes related to muscle
contraction (Fig 3E).

Table 3 relates the proteins that changed significantly
their abundance in our study and were also altered in
previous clinical and preclinical pain studies. Their role
in pain and colitis is discussed below.

Validation of Hits

In order to validate some of the most relevant hits
characterized in our proteomic study, we evaluated the
expression of Hp and Tpm1 by using an orthogonal
method: Western blotting protein. Protein levels of
these 2 protein hits were examined in the exudates
obtained during the 5 minutes of acute distension in
naive and colitic colons. We also determined changes in
the expression of Hp and Tpm1 in protein extracts from
colonic tissue obtained from naive and inflamed mice,
thus, according to our working hypothesis, proteins in
the exudates must be released from the colonic nocicep-
tors, or their neighbor cells within the tube walls.

Table 3. Relevant Hits in Our Study that have
been Reported in Clinical and Preclinical Pain

Studies. ==-. Colitis prestim. ==, Nayjve
prestim. ==-. Nayve distension. =~ Colitis
distension.
PROTEIN |5 = e B StupIES
vs vs vs vs
o
Hp 0 1 4+ Preclinical
Neuropathic pain’-*°
Clinical
Widespread pain®’
Musculoskeletal pain®’
Fibromyalgia®'
Myalgia™®
Neuropathic pain’
Ulcerative Colitis>’
Pdlim3 0 b Clinical
Endometriosis®
Me1 1
Apoal 4+ Preclinical
Neuropathic pain’
Clinical
Chron’s Diseases®’
Ambp* 4 Urine Preclinical
IBD®
Postmenopause migraine®
Tpi1 1 Clinical
Ulcerative Colitis®®
Gpil N
Eno1 J Clinical
Ulcerative Colitis>*>®
Burning moth?’
Tpm1 |l Preclinical

Neuropathic pain®*’

*Only found in urine.
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Western blot analysis showed that Hp protein was
undetected in healthy tissue, but in sharp contrast, its
levels were significantly increased in colons 6 days after
induction of the colitis (from 0.00 & 0.00 in naive to 0.70
+ 0.15 in colitis, values of protein signal intensity nor-
malized vs g-actin; n = 3 for each condition). On the
other hand, Tpm1 expression was similar in naive and
inflamed colons (0.12 + 0.01 and 0.10 + 0.01, respec-
tively, values of protein signal intensity normalized vs
B-actin; n = 3 for each condition) (see Fig 4A).

After distension, Hp accumulated in exudates from
inflamed colons, but it was barely detected in exudates
from naive colons (3.04 & 0.71 and 0.00 + 0.00, respec-
tively, values of protein signal intensity normalized vs
B-actin; n = 3 and 2 for each condition). In clear contrast,
Tpm1 decreased by ~16-fold in the exudates of
inflamed colons when compared to exudates from naive
tissue (0.54 + 0.20 vs 0.03 £ 0.01, values of protein signal
intensity normalized vs g-actin; n = 3 and 2 for colitis
and naive, respectively) (Fig 4B).

Discussion

Overview

Inflammatory bowel diseases (IBD) are chronic inflam-
matory disorders characterized by acute relapsing-
remitting manifestations such as diarrhea, blood loss,
and abdominal pain. Although targeting inflammation
of the gut mucosa is the first line of treatment, one-
third of patients with healed mucosa still suffer abdomi-
nal pain indicating that, besides inflammatory media-
tors, other signals arising from the gut wall, as yet
unidentified, might contribute to pain.?® Therefore,
these signals could be useful for diagnosing and treat-
ment of visceral pain. Nonetheless, in-depth analysis of
human colon exudates entails multiple technical limita-
tions.

In this context, we used a murine model of ulcerative
colitis for inducing visceral hypersensitivity®® and, thus,
allowing us to perform an exploratory study to detect
molecules released from the colon during active colitis
but also upon acute mechanical distension. Extrinsic
innervation of the colon includes low threshold muco-
sal, muscular, and muscular/mucosal afferents, which
signal physiological distension caused by fecal matter
and are involved in defecation. The largest proportion
of mechanosensitive afferents (indistinctly named
"serosal”, “nociceptors”, “high-threshold” or
“vascular” afferents) responds to noxious intensity of
distension and to a wide variety of inflammatory and
immune mediators. Finally, mechanically insensitive
“silent” afferents become mechano-sensitive following
exposure to inflammatory mediators, with properties
that resemble vascular/serosal afferents.'***>® During
colitis, sensitization of these afferents, particularly high-
threshold/distension-sensitive, together with the
recruitment of mechanically insensitive afferents, will
lead to an increase in sensory signaling from the periph-
ery to the spinal cord. Consequently, this enhanced
peripheral activity will trigger sensitization of viscero-
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Figure 4. Hp validation. (A) Representative Westerns blots for Hp and Tmp1 in colon extracts from naive and DSS-treated mice. (B)
Representative Westerns blots for Hp and Tmp1 in colon exudates obtained after noxious distension in naive and DSS-treated mice.
Liver lysate (L) and brain lysate (B) were used as a positive control for Hp and Tmp1, respectively. g-actin was used as the loading
control. Plotted data indicate the mean + SEM for g-actin normalized signal values.

somatic and viscero-visceral second-order neurons,
explaining the increased pain sensitivity in somatic and
visceral areas of referral.’® Central and peripheral sensi-
tization, strictures, and bowel dysmotility are among
the underlying mechanisms of pain during remitting
(postinflammatory) IBD.>® Therefore, identification of
molecules with potential sensitizing effects is crucial.

Comparison between these 4 scenarios that we analyzed
here (naive vs acute colitis, latent vs noxious mechanical
distension/stretch) allows for the identification of a protein
signature indicative of visceral inflammation and a protein
signature indicative of distension-induced nociceptor activ-
ity, likely altered during inflammation.

We focus on proteins secreted from the serosal side of
ex vivo colons preparations as it was shown that the
content of neuropeptides (CGRP and SP) and PGE2
secreted upon distension was significantly larger when
the serosal side was exposed to the superfusion fluid
than when the mucosal side was out. Our approach
yielded the identification of a discrete number of pro-
teins released to the extracellular space after chemical
and/or mechanical noxious insults to the colon, and,
therefore, probably involved in nociception in several
ways. These proteins might be synthesized and secreted
by different cellular types within the colonic wall,
including nociceptors as a part of the neurogenic
response, and thereafter reach nociceptor terminals or
even the bloodstream. Both scenarios clearly point to
the gut-brain axis, since diverse brain functions, such as
nociception, are influenced by the gut system. In fact,
IBD is often referred to as a disorder of the gut-brain
axis and has been linked to other chronic pain condi-
tions such as migraine."*°

Proteins Increased in Colon Exudates
Under Noxious Conditions

Among the proteins that significantly changed their
abundance, Hp attracted first our attention. Hp is not
present in the exudates of naive colons, but it was upre-
gulated in all biological replicates in response to DSS-
induced inflammation and to noxious distension in
both colitis and healthy colons. Thus, these 2 types of
harmful conditions can trigger the expression of Hp.
Additionally, we have confirmed that Hp protein levels
are increased within colitis colons and exudates by
Western blotting. This validation by an orthogonal
method to our proteomic analysis supports the findings
of our exploratory study.

In the context of pain, Hp isoforms were significantly
upregulated in serum obtained from mice and rats with
experimental neuropathy compared to control
animals.””®° Clinical studies have described the upregula-
tion of Hp within the serum of patients suffering different
types of chronic pain, such as widespread pain,®’ musculo-
skeletal pain,' and fibromyalgia.”" Moreover, Hp is also
increased in muscle dialysates in patients with myalgia,*®
in cerebrospinal fluid of patients with neuropathic pain,’
and within the stools from a pediatric IBD cohort.”’

Our results are in line with previous literature that
links inflammatory conditions, including IBD, with an
increment in Hp levels. Besides, we show that a noxious
mechanical stimulus is enough to trigger Hp. Interest-
ingly, Hp levels inversely correlate with pressure pain
thresholds in patients with chronic widespread pain.?’
Together, these results might indicate a relation
between Hp and nociceptor sensitization, maybe
through the neurogenic inflammation process. More
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investigation is needed to clarify the role of Hp in vis-
ceral pain, but convergent evidence strongly indicates
that Hp is a potential biomarker.

On the other hand, Hp might exert a protective effect.
Activating CD163 macrophage receptor by Hb-Hp com-
plexes might contribute to the release of anti-inflamma-
tory compounds and inflammation resolution.?® DSS-
induced colitis was more severe in Hp-deficient mice
compared to control littermates, and this is accompa-
nied by an increase of Th1 and Th17 cytokines.*?

Thus, we consider that Hp is a potential biomarker of
visceral pain elicited by inflammation or noxious disten-
sion. Nonetheless, more studies are needed to deter-
mine whether Hp is directly involved in nociception or,
alternatively, it is only reflecting an attempt to restore
homeostasis after a noxious stimulus. The protein
Pdlim3 was released upon colon distension in both naive
and colitis mice, but did not change in response to
inflammation. Therefore, Pdlim3 could be indicative of
noxious distension. Its expression has been previously
associated with dilated cardiomyopathy.®> Most
recently, after comparing genetic databases obtained
from normal and ectopic endometrial human tissue
samples, it has been proposed as a candidate biomarker
for endometriosis, a disorder featured by pelvic pain.?®
Pdlim3 is associated with cytoskeleton stability in mus-
cular cells. In our context, the increase of Pdlim3 might
reflect the reorganization of the cytoskeleton of
smooth muscle cells after excessive distension or stretch.
With regard to the increase of Me1, this hit was released
upon distension, but only in naive animals, then, it
could be postulated as possible marker of distension. To
the best of our knowledge, there is no data about the
involvement of Me1 in pain or colitis. This protein main-
tains redox homeostasis, but it is challenging to address
the link of this process with this distension.

Finally, Apoal protein levels rose significantly only
when naive and colitis colons under distension were com-
pared. Apoa1l, a protein with anti-inflammatory proper-
ties,” is overexpressed in the serum of a rat model of
neuropathic pain, and its transcripts levels are increased
in the lumbar spinal cord.” Additionally, Apoa1 was upre-
gulated in the serum from Crohn’s patients that do not
respond, or respond partially, to IFX (an anti-TNF agent
accepted for IBD treatment), when compared to those
patients that achieve clinical and serological remission.?’
Apoal has been related to nervous tissue healing after
damage and it is speculated that exerts its effect activat-
ing the ERK pathway.”® On this matter, we detected
Apoal release in the condition in which we could expect
greater tissue damage, which might activate nociception
but also regenerative responses.

Proteins Decreased in Colon Exudates
Under Noxious Conditions

The protein hits Tpi1, Gpi1, and Eno1 were identified
in colon exudates and their concentrations were greatly
reduced upon distension in colitis mice. These proteins,
related to energy metabolism pathways, have already
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been shown susceptible of regulation in clinical studies.
In colon biopsies from patients with ulcerative colitis,
Tpi1 was one of the identified proteins downregulated
as compared with control colons.>® Eno1 levels were
decreased in colon biopsies from inflamed tissue when
compared with noninflamed tissue from the same UC
patient.°>>® Nevertheless, in burning mouth syndrome,
Eno1 was upregulated in the saliva of the patients when
compared to healthy volunteers.*’

Regarding the remaining deregulated protein, Tom1,
literature mining retrieved no results involving Tpm1
with clinical studies. However, it was the only hit in our
study already identified in DRG extracts obtained from
mice under experimental conditions of incisional and
neuropathic pain.>*’ According to GO analysis, Tom1 is
exclusively involved in biological processes related to
muscle contraction, but our unbiased exploratory study
indicates that Tpom1 can be released, and its regulation
might be relevant during neurogenic inflammation.

Potential Biomarkers in Urine

Besides being an excellent source for biomarker identifi-
cation, analyzing urine samples optimizes the follow-up
for diagnostic purposes. Several advantages can be out-
lined for urine samples: less complex than plasma samples,
collected in a noninvasive and unrestricted way, and stable
composition in comparison with other biological fluids.*®
We hypothesized that molecules secreted in the extracellu-
lar space would eventually reach the bloodstream and,
consequently, accumulate in urine, which was not the
case. However, data mining of proteomic results by GO
analysis revealed an interconnection between Hp, Apoal,
and Ampb, the latter being detected in urine. Interest-
ingly, the 3 proteins were localized at the extracellular
space. Of note, Ambp was upregulated in urine samples
from UC patients®® and from women with postmenopause
migraine.® Our exploratory study supports the relevance of
urine as a potential niche for biomarkers.

Relevance for Patients With IBD

Patients who exhibit healing and reduced inflamma-
tion continue suffering pain, suggesting that other fac-
tors, besides the renowned inflammatory mediators,
might contribute to pain signaling. Identification of
these factors is relevant for objectively diagnosing vis-
ceral pain in IBD patients, and, mostly, prescribing effec-
tive treatment.

Our exploratory study has pointed to protein targets
with a variety of molecular functions beyond inflamma-
tion, and most of them have been related to different
classes of pain in previous preclinical and clinical studies.
The protein hits Hp, Pdlim3, and Apoa1 and can be postu-
lated as potential biomarkers, as they are released by the
colon after noxious chemical and/or mechanical stimuli.
On the other hand, it is noteworthy that Tpi1, Gpi1, Enof1,
and Tpm1 were downregulated when both inflammation
and distension occurred. Interestingly, these proteins have
not yet been described in the extracellular space, but they
might be also involved in signaling. Together, these
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results open the possibility of defining a pain footprint
and targeting new molecules for the treatment of CVP.

Limitations and Future Lines

It is becoming increasingly clear that robust differences
exist in the genetic, molecular, cellular, and systems-level
mechanisms of acute and chronic pain processing in male
and female rodents and humans; actually, most patients
with chronic pain are women.* On the other hand, DSS-
induced colitis is less aggressive in rodent females than in
males."” For all these reasons, in this exploratory study we
have focused only in 1 sex, females. Thus, the results
might not apply to male individuals.

We want also to stress that experiments were per-
formed 1 week after the colitis induction, which is an
early time point. Thus, it would be interesting to have a
time course of the levels of the biomarkers and analyze
other fluids, like serum.

Finally, to establish Hp and other hits identified in this
work as visceral pain biomarkers, a future study needs
to identify their cellular sources and targets, mechanism
of regulation, and specific role in nociception.

Conclusions

e This is the first time that proteomic analysis has been
achieved in exudates of an ex vivo preparation from
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