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Abstract

Background: Ulcerative colitis (UC) is a typical inflammatory bowel disease requir-
ing long-term management. Although fecal calprotectin (FC) is widely employed for
assessing disease activity, it is still considered insufficient as a standalone tool. New
biomarkers are needed to better predict risk and comprehensively reflect biological
pathways. This study aimed to identify potential fecal biomarkers to monitor disease
activity in UC.

Methods: C57BL/6J mice were exposed to dextran sulfate sodium (DSS) treatment for
7 days. Feces were collected and subjected to proteomic analysis and enzyme-linked
immunosorbent assay (ELISA). Mouse colon tissues were subjected to histopathologi-
cal and immunofluorescence analyses. The correlations between the selected fecal
proteins and disease severity were evaluated and compared with FC.

Results: Proteomic analysis revealed increases in fecal complement component 3 (C3)
and fibronectin (FN) in the DSS group. Next, we measured fecal C3 and FN levels in
mice using ELISA. Significant elevation in C3 and FN levels was observed as early as
day 1 after DSS treatment, preceding the increase in FC. Both fecal C3 and FN dem-
onstrated significant correlations with disease activity, with C3 exhibiting a stronger
correlation than FC. Using immunofluorescence, we observed distinct C3 and FN ex-
pressions in both the colonic tissues and the intestinal lumen.

Conclusion: These findings demonstrate that fecal C3 and FN are promising candi-
date biomarkers for monitoring UC disease activity, and their utility requires further

validation in other colitis models and human cohorts.
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1 | INTRODUCTION

Ulcerative colitis (UC) is a chronic inflammatory bowel disease
with an increasing global incidence in recent years. Its clinical
course is typically characterized by alternating active phases and
remission phases. Major symptoms, such as bloody stools, usu-
ally occur during the active phase.! Dynamic monitoring disease
activity is crucial for the clinical treatment and management of
ucC patients.2 Despite being the gold standard, endoscopy and
tissue biopsy are invasive, expensive, and limited for dynamic
evaluation.® Therefore, there is an immediate need to develop ef-
ficient and noninvasive tools for monitoring intestinal health in UC
patients.

Fecal calprotectin (FC) has proven invaluable in assessing disease
activity for UC patients.“'5 In contrast to common blood measure-
ments, FC measurement offers a convenient and noninvasive sam-
pling process, and provides a direct indication of gut inflammation.®
The onset and progression of UC involve multiple pathophysiologi-
cal processes, such as disruption of the mechanical barrier, immune
dysregulation, and gut microbiota imbalance.” However, FC mainly
focuses on reflecting the level of neutrophil-related inflammation
and is unable to fully reflect the extent of intestinal damage in UC.
Apart from FC (along with lactoferrin), there still remains a lack of
reliable fecal biomarkers that can reflect these pathophysiological
processes across multiple dimensions.®?

Currently, researchers have employed high-throughput pro-
teomic approaches to profile the fecal proteome of UC patients
or murine models.’® Several potential biomarkers have been suc-
cessfully identified.!* A few biomarkers, such as lipocalin 2 (LCN2),
have been preliminarily validated in clinical cohorts, yet their value
remains no better than FC.22*® Most candidates still lack rigorous
validation and require to be tested further.

Complement component 3 (C3) is the most abundant and core
component in the complement system, participating in the clearance
of immune complexes, release of inflammatory mediators, and elim-
ination of pathogens.14 C3 is primarily synthesized in the liver and
circulates in the bloodstream. Recent studies, however, have shown
that it can also be produced locally by cells in the intestinal tissue
(primarily by stromal cells).®® And its expression is significantly up-
regulated during enteric infections.*® Fibronectin (FN) is an essential
extracellular matrix (ECM) protein vital for maintaining the me-
chanical barrier. It directly contributes to functional reconstruction
during tissue repair (including intestinal injury).)” In clinical practice,
changes in the plasma concentrations of C3 and FN serve as import-
ant biomarkers for assessing systemic inflammation and tissue repair
status, respectively.?*!” However, the direct correlation between
their fecal levels and the extent of intestinal tissue damage or dis-
ease activity has been seldom reported.

In this study, a UC mouse model was established using dextran
sulfate sodium (DSS) treatment. Subsequent high-throughput pro-
teomic analysis of fecal samples revealed a significant enrichment
of complement C3 and FN in the DSS group. This elevation was fur-
ther validated using enzyme-linked immunosorbent assay (ELISA).

Results suggested that fecal C3 and FN levels were elevated early
after DSS treatment, preceding the increase in FC. Moreover, both
fecal C3 and FN demonstrated significant correlations with disease
activity, with C3 exhibiting a stronger correlation than FC. These
findings indicate that fecal C3 and FN are promising candidate bio-
markers for monitoring UC disease activity, and their utility requires

further validation in other colitis models and human cohorts.

2 | MATERIALS AND METHODS

2.1 | Establishment of the DSS-induced UC
mouse model

Specific pathogen-free (SPF)-grade 8-week-old female C57BL/6)J
mice were purchased from Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). A batch of 70 mice were first randomly di-
vided into seven cohorts (days 1-7, n=10 per cohort). Within each
cohort, mice were further randomly assigned to either a DSS or a
normal control (NC) subgroup (n=5 per subgroup). Therefore, across
all cohorts, 35 mice were in the DSS group and 35 in the NC group.
Mice were housed under SPF conditions with free access to food
and water. The experimental environment was maintained under a
temperature of 23+2°C and a relative humidity of 50%+10%. All
mice were acclimatized for 1 week to adapt to the experimental set-
tings. All mice were housed individually in cages. The mice in the
DSS group were allowed to freely drink a 3% DSS (0216011080, MP
Biomedicals LLC, San Antonio, CA, USA) aqueous solution, which
was replaced every 2days for 7 days. The mice in the NC group were
allowed to freely drink distilled water.

Throughout the modeling period, daily fecal samples from each
surviving mouse were collected and stored at -80°C for subsequent
analyses. The general condition of the mice, including mental status
and coat appearance, was systematically and continuously moni-
tored throughout the experiment. A blind design was adopted for
mouse body weight measurement, fecal occult blood testing, fecal
morphology grading, and disease activity index (DAI) calculation.
The DAI was calculated according to the commonly established cri-
teria (Table S1).

Another batch of C57BL/6J mice (N=12) were randomly as-
signed to the NC and DSS groups (six mice per group). Mice in the
DSS group received 3% DSS in drinking water, following the same
protocol as the first batch. On day 7, fecal samples from both groups

were collected for proteomic analysis.

2.2 |
staining

Hematoxylin-eosin and immunofluorescence

Mice from the day 1, day 3, day 5, and day 7 cohorts were euthanized
for colon tissue collection on days 1, 3, 5, and 7 of the experiment,
respectively, after clinical observation and fecal sample collection.
The collected tissues wereimmediately fixed in 4% paraformaldehyde
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for 24 h; the tissues were then subjected to gradient dehydration,
xylene clearing, and paraffin embedding to prepare paraffin blocks.
These blocks were sectioned into 5-pm-thick slices using a rotary
microtome; the sections were then mounted on slides and incubated
at 60°C for 2h.

The sections were stained with hematoxylin-eosin (HE). After
staining, the samples were observed under a light microscope.
Histopathological score (HS) was analyzed based on ulcer number,
epithelial cell morphological changes, and the degree of inflam-
matory cell infiltration; this was performed by Wuhan Servicebio
Technology Co., Ltd. (Wuhan, Hubei, China) in a blind manner.
Quantitative scoring was conducted according to the commonly em-
ployed criteria (Table S2).

A brief description of the immunofluorescence method for colon
tissue is as follows. After dewaxing and rehydration of the paraffin
sections, antigen retrieval was performed by heating the sections
in EDTA antigen retrieval buffer (pH9.0) at 100°C for 25min. After
the sections were cooled to room temperature, they were sequen-
tially treated with 3% hydrogen peroxide to block endogenous
peroxidase activity and 5% bovine serum albumin to block non-
specific binding sites. The sections were then incubated with three
specific antibodies—mucin-2 (MUC2, GB11344, Wuhan Servicebio
Technology Co., Ltd), FN (GB114491, Wuhan Servicebio Technology
Co., Ltd), and C3 (ab200999, Abcam plc, Cambridge, UK)—and with
a horseradish peroxidase-conjugated goat anti-rabbit 1gG sec-
ondary antibody. Nuclear counterstaining was performed using
4',6-diamidino-2-phenylindole, and nonspecific autofluorescence
was quenched using an autofluorescence quencher. Finally, the sec-
tions were mounted using an antifade mounting medium and cover-
slipped. Images were obtained and analyzed using a laser scanning

confocal microscope.

2.3 | Proteomic analysis of fecal samples

2.3.1 | Protein extraction and digestion

Fecal samples (six biological replicates for each group) were col-
lected, rapidly frozen in liquid nitrogen, and ground into a fine
powder. An appropriate amount of powder was transferred to a
1.5-mL centrifuge tube and mixed with lysis buffer for complete
lysis. After sonication onice for 5min, the mixture was centrifuged
at 150008 and 4°C for 10 min; the supernatant was collected, and
protein concentration was determined. A 100-pg aliquot of the
protein solution was adjusted to 200pL with 8 mol/L urea, sup-
plemented with DL-dithiothreitol (final concentration: 5mmol/L),
and incubated at 37°C for 45 min for reduction. Subsequently, io-
doacetamide (final concentration: 11 mmol/L) was added, and the
sample was incubated in the dark at room temperature for 15min
for alkylation. Next, 800 uL of 25mmol/L ammonium bicarbonate
solution and 2 pL of trypsin were added; the mixture was incubated
overnight at 37°C for peptide digestion. The digested peptides
were adjusted to pH2 using 20% trifluoroacetic acid and purified

using reversed-phase C18 column chromatography. Peptide con-
centration was quantified using the Pierce Quantitative Peptide
Assay Kit (23275, Thermo Fisher Scientific Inc., MA, USA).

2.3.2 | Liquid chromatography-tandem mass
spectrometry analysis

Peptide separation was performed on a Vanquish Neo UHPLC nano-
liquid chromatography system (Thermo Fisher Scientific Inc.) using a
trap-elute dual-column mode. The trap column was a PepMap Neo
Trap Cartridge (300 um x 5mm, 5pum), and the analytical column used
was an Easy-Spray PepMap Neo UHPLC column (150pmx15cm,
2um). Mobile phase A consisted of 0.1% formic acid in water, and
mobile phase B consisted of 0.1% formic acid in 100% acetonitrile.
The peptide sample (200 ng) was loaded and separated at a flow rate
of 2.5uL/min over an 8-min gradient.

Mass spectrometry (MS) analysis was conducted on an Orbitrap
Astral high-resolution mass spectrometer (Thermo Fisher Scientific
Inc.) in positive ion mode with data-independent acquisition (DIA).
Full MS scans were acquired over a range of 380-980m/z at a res-
olution of 240000 (at 200m/z), with a normalized automatic gain
control (AGC) target of 500% and a maximum injection time of 5ms.
DIA tandem mass spectrometry (MS/MS) employed 299 scanning
windows with an isolation window of 2 Th, a higher-energy C-trap
dissociation fragmentation at 25% energy, a normalized AGC target

of 50%, and a maximum injection time of 3ms.

2.3.3 | Data processing and analysis

Raw MS data were analyzed using DIA-NN software (version 1.8.1)
using a library-free approach to search the UniProt mouse data-
base. Peptide and protein identification was performed with the
false discovery rate (FDR) controlled at less than or equal to 1%
using the built-in target-decoy search approach. Differentially ex-
pressed proteins were selected based on a fold-change threshold
of 21.5 or <0.667 and an adjusted p-value of <0.05. FDR correction
was applied using the Benjamini-Hochberg method. Functional an-
notations, including Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways, were conducted for all
identified proteins and differentially expressed proteins. Enrichment
analysis was also performed on differentially expressed proteins to
determine their enrichment trends in specific functional categories

and clarify the associated physiological functions.

2.3.4 | Protein selection criteria

To select potential candidates from the differentially expressed
proteins, we applied both inclusion and exclusion criteria.
Inclusion criteria were (1) evidence of local intestinal synthesis and
involvement in inflammation or tissue repair, (2) involvement in
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pathways significantly enriched by KEGG or GO analyses, and (3)
evidence of transcriptional upregulation in the inflamed intestine.
Exclusion criteria were (1) proteins previously reported and
evaluated as biomarkers of intestinal inflammation and (2) proteins
without commercial detection kits.

2.4 | Quantification of selected proteins
using ELISA

Fecal samples tested using ELISA were obtained from each inde-
pendent cohort on its assigned sampling day: the day 1 cohort on
day 1, the day 2 cohort on day 2, and so on through the day 7 cohort
on day 7. Fecal sample (0.1g) was weighed and placed in a micro-
centrifuge tube; 1.5mL of precooled phosphate-buffered saline was
added, and the mixture was ground. All samples were subjected to
low-temperature centrifugation at 80008 and 4°C for 5min, and the
supernatants were collected. After appropriate dilution, the concen-
tration of candidate proteins in the supernatant was, respectively,
measured using a set of commercial ELISA kits, including the comple-
ment C3 ELISA Kit (EM0319, Wuhan Fine Biotech Co., Ltd., Wuhan,
Hubei, China), FN ELISA Kit (EM0079, Wuhan Fine Biotech Co., Ltd),
FC ELISA Kit (EM1620, Wuhan Fine Biotech Co., Ltd), Muc-2 ELISA
Kit (EK2156, Signalway Antibody LLC, MD, USA), and Reg 3y ELISA
Kit (SEE676Mu, Cloud-Clone Corp., Wuhan, Hubei, China). All meas-
urements were performed using the manufacturer's instructions.
We set the threshold for each protein using data from mice in all the
control groups (N=235), calculating it as the mean plus two standard
deviations (mean+2 SD). The effect size (Cohen's d) was calculated
using the formula:

g%
Spooled
where the pooled standard deviation (s .04 is defined as
(= 1)s12+ (ny — 1)s,2
Spooled = Ny +n, — 2

Here x; and X, represent the means of the two groups, s; and s, rep-
resent the standard deviations of the two groups, and n, and n, repre-
sent the sample sizes of the two groups.

2.5 | Statistical methods
Data analyses were conducted using GraphPad Prism, version 10.0
(San Diego, CA, USA). Prior to parametric testing, Shapiro-Wilk test
was used to verify data normality. For data conforming to a normal
distribution, unpaired Student's t-tests were used for two-group
comparisons. For nonnormally distributed data, the nonparametric
Mann-Whitney U-test was applied instead.

For comparisons of continuous variables across multiple groups,
one-way analysis of variance (ANOVA) was used; post hoc pairwise

comparisons were implemented using Dunnett's test, with signifi-
cance established at p<0.05. Two-way ANOVA was employed to
assess the effects of treatment and time on mouse body weight and
DAI scores; post hoc pairwise comparisons were performed using
Sidak's multiple comparison test, with a significance level set at
a=0.05.

Spearman's rank correlation analysis was performed to explore
potential associations between fecal protein levels and disease se-
verity (DAl score and HS) from the same individual. Differences
were considered statistically significant when p<0.05. Williams
test, along with Bonferroni correction, was employed to compare
two nonindependent Spearman's correlation coefficients. Sample
size was estimated using PASS 2021 software (NCSS, Kaysville, UT,
USA) for Spearman's correlation (p=0.5, power=0.8, a=0.05, 2000

simulations), yielding a required minimal sample size of 34.

3 | RESULTS

3.1 | Establishment and evaluation of the
DSS-induced UC mouse model

Figure 1A-E shows that mice in the DSS group exhibited significant
weight loss, colon shortening, and elevated disease activity com-
pared to the control group. Specifically, the DSS group exhibited a
significantly higher DAI value (p <0.0001) than the controls on the
third day with 3% DSS treatment. HE staining analysis revealed that
the HS of the DSS group increased significantly starting from day 5
(Figure 1F). Focal ulcers and epithelial sloughing appeared on day 5;
by day 7, the lesions had progressed to extensive ulcers with signifi-

cant loss of intestinal glands and inflammatory cell infiltration.

3.2 | Fecal proteomic analysis and differentially
expressed protein screening

Fecal proteins were extracted on day 7 from both the DSS and control
groups (n=6 per group) and analyzed using liquid chromatography-
MS/MS. A clear separation between the DSS and control groups was
observed in the principal component analysis (PCA) plot (Figure 2A),
showing distinct global protein expression profiles between the
groups. A total of 1142 differentially expressed proteins were selected
according to the predefined thresholds (fold change = 1.5 or <0.667,
and adjusted p-value <0.05) (Figure 2B). The complete dataset is
available in Data S1. Specifically, 977 proteins were significantly up-
regulated in the DSS group, among which a subset exhibited more sig-
nificant upregulation than FC. Among the most upregulated proteins,
we observed several key complement components, including com-
plement factor H (CFH), complement factor B (CFB), and C3. Other
highly elevated proteins included hemoglobin, apolipoprotein, LCN2,
serotransferrin, integrin, and FN (Figure 2C). Based on the predefined
selection criteria in the Materials and Methods section, fecal C3 and
FN were identified as candidate proteins for further validation.
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FIGURE 1 Establishment and assessment of the DSS (dextran sulfate sodium)-induced UC (ulcerative colitis) mouse model. (A, B)
Representative colon image and HE (hematoxylin-eosin)-stained colon tissue from NC (normal control) and DSS-treated mice on days 1, 3,
5,and 7. (C, D) Changes in body weight and DAI (disease activity index) scores of mice during modeling. This experiment began with n=35
mice per group. At each tissue sampling timepoint, five mice per group were euthanized. Data points represent measurements from all
surviving mice on each day. (E, F) Changes in colon length and histopathological score of mice on days 1, 3, 5, and 7. Data are presented as
mean +SD (standard deviation), with five mice per group per timepoint. **p<0.01, ***p <0.001, and ****p <0.0001.

Complement C3 was selected as a candidate due to its local
synthesis by intestinal epithelial cells and its established associa-
tion with intestinal inflammation.*>® Moreover, our KEGG pathway
analysis revealed significant enrichment of the complement activa-
tion cascade (Figure S1), indicating systemic activation of the com-
plement pathway rather than merely the enrichment of individual
complement components. This finding is consistent with previous
reports; transcriptional activation and upregulation of the comple-
ment system in intestinal tissue have been demonstrated in both
DSS-induced colitis models and UC patients.®

FN is a major component of the intestinal ECM and contributes
to tissue integrity and repair.t’ Previous studies have shown that
intestinal FN transcription could be upregulated during colitis.*’
Particularly, FN has been observed to shed from the intestinal tis-
sue under inflammatory conditions.2° This observation is consistent
with our GO analysis, which identified a significant enrichment of
extracellular and collagen-containing ECM proteins in the feces of
UC mice (Figure S1).

3.3 | Quantification of selected fecal proteins
using ELISA

From proteomic analysis, we selected fecal C3 and FN as two potential
candidates. In addition, we included MUC2, a major structural
component of the intestinal mucus Iayer,21 and regenerating islet-
derived protein 3y (Reg 3y), an antimicrobial peptide present in the
mucus layer,?? as two further candidates. To analyze stage-specific
changes in fecal protein levels during UC progression, we used a multi-
timepoint independent cohort design and quantified the proteins
using ELISA. In DSS-treated mice, fecal C3 levels were significantly
elevated compared to controls from day 1 onward and exceeded the
predefined threshold, while FC levels did not surpass the threshold
until the day 3 cohort (Figure 3A,B). An early increase in FN was also
observed, despite considerable interindividual variability among the
DSS-treated mice (Figure 3C). MUC2 significantly increased in the
DSS-treated mice of day 1 and day 2 cohorts compared to controls
but returned to a level comparable to controls in later cohorts
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(Figure 3D). Reg 3y levels showed no significant changes in response
to DSS treatment in any cohort (Figure 3E). Collectively, these results
suggest that the elevations in fecal C3 and FN occurred earlier than
the increase in FC after DSS treatment.

In the DSS group, the peak concentrations of fecal FN and C3
were ~500- and ~30-fold higher than the controls, respectively
(Figure 3F). In contrast, the peak concentration of FC increased
only threefold, exhibiting a much lower response intensity than ei-
ther FN or C3. The effect sizes (Cohen's d) for FN (d=1.680) and C3
(d=1.670) were larger than those for FC (d=0.491), also suggesting
that they are more responsive to DSS challenge.

3.4 | Correlations of the selected fecal proteins
with UC disease severity

We further analyzed the correlation between disease severity
(DAI and HS) and the levels of fecal C3, FN, and FC, respectively.

Spearman's rank correlation analysis revealed that fecal C3 exhibited
the strongest positive correlation with DAI (r=0.6635, p<0.0001),
followed by FC(r=0.4016,p=0.0168)and FN (r=0.3638,p=0.0317)
(Figure 4A-C). Subsequently, pairwise comparisons were conducted
among these three correlation coefficients. The result indicated
that the correlation between fecal C3 and DAI was significantly
stronger than that between FC and DAl (corrected p=0.0300). In
contrast, no statistically significant difference was found between
the strength of correlation for FN and DAI versus that for FC and
DAl (corrected p>0.05). These results demonstrate that, among the
biomarkers tested, fecal C3 exhibits the strongest association with
disease activity.

In assessing correlations with histological severity, we found that
fecal C3 exhibited the highest correlation with the HS (r=0.6492,
p=0.002), followed by FC (r=0.5375, p=0.0145) and FN (r=0.3771,
p=0.1012) (Figure 4D-F). However, the correlation of C3 with the
HS was not significantly stronger than that of FC (p>0.05) using the
Williams' test.
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*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

3.5 | Distribution and expression of the selected
proteins in colon tissue

Distribution of complement C3, FN, and MUC2 in mouse colon tissue
was observed via immunofluorescence (Figure 5A). In controls, clear
FN and MUC2 fluorescence was observed along the colon structure,
whereas C3 expression was relatively weak. Unlike their early eleva-
tion in feces, a delayed significant increase (p<0.05) in tissue C3
and FN levels was observed from days 5 to 7 post-DSS treatment
(Figure 5B,C). Meanwhile, MUC2 fluorescence gradually decreased
over time (Figure 5D), exhibiting a strong negative correlation with
DAl (r=-0.7638, p<0.0001) (Figure S2). Importantly, on day 7, sub-
stantial C3 and FN signals were observed within the intestinal lumen,

providing direct evidence for their measurement in fecal samples.

4 | DISCUSSION

In recent years, extensive research has focused on discovering
efficient biomarkers for UC. Among these, FC has emerged as the
most clinically valuable. However, more candidates are needed to
better predict disease risk and reflect the underlying biology. In
this study, we established a UC mouse model and identified two

promising experimental candidates, namely fecal C3 and FN. Our
results suggest that fecal C3 and FN respond earlier than FC after
DSS treatment. They also exhibited a greater magnitude of increase
and a larger effect size. Moreover, fecal C3 exhibited a stronger
correlation with disease activity than FC. These results highlight
their potential as fecal biomarkers to monitor UC disease activity.

The complement system is an important part of the innate im-
mune system, participating in host immune defense and inflammatory
responses. Recent studies have revealed the presence of an endog-
enous complement system in the gut.® Specifically, stromal cells
within intestinal lymphoid follicles are a major source of luminal C3,
and its concentration is significantly elevated during enteric infection
in mice.X In this study, we also observed elevated C3 levels in colonic
tissues and feces; differently, this was identified in DSS-induced UC
mice. Therefore, we propose that the complement system is activated
not only in enteric infection but also in UC and other noninfectious
intestinal inflammation. Activated complement components could be
secreted into the mucous layer and diffuse into the intestinal lumen, as
observed in our immunofluorescence results. Moreover, in addition to
complement C3, we observed significant enrichment of multiple other
complement components (CFH, CFB, C4b, etc.) in the DSS group.
KEGG analysis also revealed that a number of differential proteins
were clustered within the complement activation pathway.
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Using a multi-timepoint independent cohort design, we analyzed
changes in fecal C3 levels across different stages of UC progression.
In the DSS group, fecal C3 was significantly elevated compared to
controls, starting as early as day 1. This finding suggests that the com-
plement system may be activated at a very early stage of intestinal in-
flammation. Biologically, this observation is highly reasonable because
complement activation constitutes an early event in the inflammatory
cascade.?® Upon exposure to stimuli like tissue damage or infection,
the complement system is rapidly activated. This activation produces
effector molecules, including the anaphylatoxins C3a and C5a, which
are potent guides for neutrophil migration to inflammation sites.?*2°

FN also exhibited a significant increase after DSS treatment on
day 1. It is a core component of the ECM and contributes to intesti-
nal barrier function by maintaining the integrity of the ECM.%In a
recent study, researchers established a Salmonella enterica infection
model in mice to study tissue-layer-specific ECM changes during in-
flammation.?® They observed that FN fibers exhibited tension loss
and progressive relaxation in both the intestinal smooth muscles and
mucosa of infected mice. In our study, immunofluorescence revealed
substantial FN signals in the intestinal lumen contents of UC mice,
and this finding is consistent with the previous finding. The elevated
fecal FN may be attributed to two possible mechanisms during ac-
tive inflammation. On one hand, mucosal barrier disruption leads to
passive leakage of FN. On the other hand, the host actively upregu-
lates FN synthesis as an important component of the wound healing
response. Additionally, researchers found that FN participates in the

migration and adhesion of inflammatory cells (e.g., neutrophils and
lymphocytes) to the site of inflammation via binding to integrin re-
ceptors on the cell surface.?”28 In our proteomic analysis results, we
observed a significant enrichment of both FN and integrins in the
DSS group, which may be attributed to this mechanism.

We measured MUC2 levels in mouse feces. The results suggest
only a transient increase in the DSS-treated mice in the early stage.
We propose that during early UC, goblet cells not only remained in-
tact but also mounted a compensatory upregulation of mucin produc-
tion in response to inflammatory stress. However, after prolonged
DSS exposure, they sustained severe damage; their subsequent de-
cline in number caused a significant reduction in mucin production.
Consequently, the early increase in fecal MUC2 was only transient.

This study has several limitations. First, our findings are based
on a mouse model of acute colitis induced by a single concentration
(3%) of DSS. Whether a lower DSS concentration would still elicit
an early response of fecal C3 and FN remains to be investigated.
Second, housing mice individually throughout the experiment may
have induced additional stress, which could potentially affect dis-
ease progression. Third, previous studies using DSS-induced coli-
tis models have reported that male mice often exhibit more severe
histological damage compared to females, suggesting a biological
impact of sex in this model, although results are conflicting across
studies.?’” We chose female mice for their attenuated colitis phe-
notype, facilitating the identification of biomarkers that are sen-
sitive to subtle fluctuations in disease activity. Future validation in
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FIGURE 5 Immunofluorescence of the candidate proteins in colon tissue. (A) Distribution of C3 (component 3), FN (fibronectin), and MUC2
(mucin-2) in colon tissues from control and DSS (dextran sulfate sodium)-treated mice on days 1, 3, 5, and 7. (B-D) Proportion of the fluorescent-
positive area of C3, FN, and MUC2 relative to the total colon area in mouse colon tissue. Blue indicates the NC (normal control) group, and
orange denotes the DSS group on days 1, 3, 5, and 7. Each point denotes an individual mouse. **p<0.01, ***p<0.001, and ****p<0.0001.

human cohorts, accounting for sex as a biological variable, is essen-
tial. Fourth, although we performed initial validation of the ELISA
kits used for C3 and FN quantifications, their accurate reliability for
fecal samples necessitates more systematic evaluation. Fifth, fecal
C3 and FN may lack disease specificity, a limitation shared by FC.®
Finally, the translational potential of these proteins awaits valida-

tion in other types of colitis and, crucially, in human cohorts.

5 | CONCLUSION

In summary, this study demonstrated elevated levels of fecal C3 and
FN in a DSS-induced UC mouse model. Importantly, fecal C3 exhib-
ited a stronger correlation with disease activity than the clinically
used FC. These results highlight the potential of fecal C3 and FN as
promising biomarkers for monitoring UC disease activity, which re-

quires further validation in other colitis models and human cohorts.
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