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Abstract

Low-molecular-weight collagen peptides from food processing byproducts offer a sus-
tainable approach to mitigating intestinal inflammation, yet their mechanistic roles re-
main incompletely understood. We evaluated red fish scale collagen peptides-I (LSCP-I),
a <3 kDa collagen peptide fraction derived from Lutjanus erythropterus scales, in cellular
and murine models of colitis. In Caco-2 cells subjected to macrophage-mediated inflam-
matory injury, LSCP-I (50 pg/mL) increased proliferation by 35%, enhanced migration by
40%, preserved barrier integrity, reduced reactive oxygen species (ROS) by 45%, de-
creased lipid peroxidation by 30%, and restored glutathione (GSH) and superoxide dis-
mutase (SOD) activity. In mice with dextran sulfate sodium (DSS)-induced colitis, oral
administration of LSCP-I at 200, 400 and 800 mg/kg/day attenuated weight loss and diar-
rhea, lowered intestinal permeability by 38%, enhanced colon histology, and restored the
balance between pro- and anti-inflammatory cytokines. Mechanistically, LSCP-I activated
the Nrf2 antioxidant pathway and partially restored gut microbiota composition. These
results demonstrate that LSCP-I reinforces intestinal barrier function, restores redox ho-
meostasis, and modulates host-microbiota interactions, establishing its potential as a
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o A 1. Introduction

This article is an open access article

distributed under the terms and Ulcerative colitis (UC) is a chronic relapsing inflammatory disorder of the colon char-
conditions of the Creative Commons  acterized by epithelial barrier dysfunction, dysregulated immune responses, and oxida-

Attribution (CC BY) license. tive stress [1]. The global incidence of UC and related inflammatory bowel diseases has
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steadily increased, imposing substantial burdens on public health and quality of life [2,3].
The intestinal epithelium, a highly dynamic barrier that regulates nutrient absorption
while preventing pathogen and toxin translocation, is central to this pathology [4]. To-
gether, these factors drive mucosal injury and clinical symptoms including weight loss,
diarrhea, and rectal bleeding. The global incidence of UC and related inflammatory bowel
diseases has steadily increased, imposing substantial burdens on public health and quality
of life. Although conventional therapies including aminosalicylates, corticosteroids, and
biologics can induce remission, treatment resistance, adverse effects, and long-term intol-
erance remain significant challenges. These limitations have motivated interest in dietary
strategies that modulate colonic inflammation and barrier integrity with improved safety
profiles. The intestinal epithelium, a highly dynamic barrier that regulates nutrient ab-
sorption while preventing pathogen and toxin translocation, is central to this pathology.
Disruption of this barrier is a hallmark of UC and is closely associated with oxidative
stress-mediated epithelial injury. Excessive reactive oxygen species (ROS) production im-
pairs tight junction integrity, alters gut microbiota composition, and triggers inflamma-
tory cascades, ultimately compromising intestinal homeostasis [5-7]. Oxidative stress has
thus emerged as a central driver of epithelial dysfunction, linking environmental and di-
etary stressors to intestinal pathology through mechanisms involving apoptosis, autoph-
agy, and redox imbalance [5].

Bioactive peptides derived from food proteins have emerged as promising dietary
modulators of intestinal health because of their antioxidant, anti-inflammatory, and bar-
rier-protective properties [8,9]. Among these, marine collagen-derived peptides have at-
tracted increasing attention due to their favorable amino acid composition, high digesti-
bility, low antigenicity, and sustainable origin from fish processing byproducts [10,11]. In
particular, collagen peptides enriched in glycine, proline, hydroxyproline, and hydropho-
bic amino acids exhibit strong radical scavenging activity and may contribute to epithelial
repair, redox regulation, and intestinal homeostasis [10,12,13]. Recent studies further
demonstrated that some marine collagen peptide systems can attenuate DSS-induced co-
litis by restoring intestinal barrier integrity, modulating gut microbiota composition, and
suppressing oxidative stress-associated inflammatory responses [14-16].

Increasing evidence indicates that the biological activity of food-derived peptides is
strongly influenced by molecular weight distribution. Compared with higher-molecular-
weight hydrolysates, low-molecular-weight peptide fractions (<3 kDa) exhibit improved
solubility, intestinal transport efficiency, and cellular accessibility, enabling more effective
interaction with intracellular antioxidant and inflammatory signaling pathways
[10,12,17]. Unlike isolated single peptides, naturally occurring peptide combinations may
exert synergistic or complementary biological effects because of their structural diversity
and multifunctional modes of action [14,18]. Such low-molecular-weight peptide fractions
therefore more closely reflect the physiological complexity of dietary peptide exposure
following gastrointestinal digestion and food processing [17,19]. Nevertheless, despite
growing interest in peptide-based interventions for intestinal inflammation, the mecha-
nistic roles of marine collagen-derived low-molecular-weight peptide fractions in regulat-
ing oxidative stress and epithelial barrier dysfunction during ulcerative colitis remain in-
sufficiently understood.

Oxidative stress is now recognized as a critical contributor to intestinal epithelial in-
jury and barrier disruption in ulcerative colitis [1,5]. Excessive reactive oxygen species
accumulation impairs tight junction proteins, disrupts gut microbial homeostasis, and ac-
tivates inflammatory signaling cascades, thereby exacerbating mucosal damage and dis-
ease progression [5,20,21]. Cellular defense against oxidative injury is primarily regulated
through the KEAP1-Nrf2 signaling pathway, which coordinates the transcription of mul-
tiple antioxidants and cytoprotective enzymes, including HO-1, SOD, and glutathione-
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associated systems [21-23]. Several food-derived peptide systems, including wheat, rice,
oat, and marine-derived peptides, have been reported to alleviate DSS-induced colitis
through activation of Nrf2-mediated antioxidant responses and restoration of intestinal
barrier function [15,24-26]. Among these, LSCP-I possesses several distinctive character-
istics, which include high levels of glycine, proline, and hydroxyproline residues, excel-
lent digestibility, favorable biocompatibility, and a structural composition closely associ-
ated with extracellular matrix maintenance and tissue repair [10-13,18]. Furthermore,
low-molecular-weight marine collagen peptide fractions (<3 kDa) exhibit enhanced intes-
tinal absorption and bioavailability, enabling more efficient interaction with intracellular
redox-sensitive signaling pathways than larger peptide populations [10-13]. However,
despite emerging evidence supporting the anti-colitic activity of marine collagen peptides,
it remains unclear whether low-molecular-weight marine collagen peptide ensembles can
coordinately regulate oxidative stress and intestinal barrier integrity through KEAP1-
Nrf2-associated mechanisms, and the molecular basis underlying these effects remains
poorly defined. Compared with previously reported marine collagen peptides, LSCP-I is
derived from Lutjanus erythropterus scales, an underutilized fish processing byproduct
with potential value in sustainable marine resource utilization. The novelty of the present
study lies in the evaluation of a low-molecular-weight peptide-enriched fraction from this
specific source and its integrated assessment across epithelial barrier function, oxidative
stress regulation, KEAP1-Nrf2 signaling, inflammatory cytokine modulation, and gut mi-
crobiota-associated responses in DSS-induced colitis.

This study aimed to evaluate the protective effects of LSCP-I, a <3 kDa collagen pep-
tide fraction obtained from Lutjanus erythropterus scales, against oxidative stress-induced
intestinal epithelial injury and dextran sulfate sodium (DSS)-induced colitis. Using both
intestinal epithelial cell models and a murine colitis model, we sought to determine
whether LSCP-I could (i) attenuate oxidative damage, (ii) restore intestinal barrier func-
tion, and (iii) activate KEAP1-Nrf2-mediated antioxidant defenses. By integrating cellular
and in vivo approaches, this study provides mechanistic insight into the role of marine
collagen-derived low-molecular-weight peptide fractions in regulating redox homeostasis
and intestinal barrier function during ulcerative colitis, thereby advancing current under-
standing of marine peptide-based strategies for intestinal inflammatory disorders.

2. Materials and Methods
2.1. Preparation of LSCP-I

Scales of Lutjanus erythropterus were obtained from a local aquatic processing facility,
thoroughly washed with distilled water to remove adhering impurities, and stored at 20
°C until use. Hydrolysis was conducted using a composite protease with a declared activ-
ity of 120 U mg" (Shanghai Yuanye Bio-Technology Co., Ltd., Shanghai, China). The re-
action was performed at pH 5.93 and 54.03 °C for 2.26 h with an enzyme dosage of 100 U
mL-. The substrate concentration was 1% (w/v) and the enzyme-to-substrate ratio was 100
U mL™: 1% (w/v) (equivalent to 10 U/mg substrate). These conditions were selected based
on preliminary processing trials and literature-reported ranges for marine collagen pep-
tide production [27-30]. The degree of hydrolysis was not determined in the present
study, as the primary objective was biological evaluation of the LSCP-I fraction rather
than optimization of hydrolysis parameters. After hydrolysis, the enzyme was inactivated
by boiling for 5 min, followed by centrifugation at 9000 rpm for 30 min at 4 °C. The super-
natant was freeze-dried and designated as red fish scale collagen peptides (LSCPs).

To obtain peptide fractions with different molecular weight distributions, LSCPs
were sequentially fractionated using ultrafiltration membranes (Millipore, Burlington,
MA, USA) with molecular weight cut-off values of 8 and 3 kDa. Three fractions were ob-
tained: LSCP-I (<3 kDa), LSCP-II (3-8 kDa), and LSCP-III (>8 kDa). Ultrafiltration-based

https://doi.org/10.3390/foods15142480



Foods 2026, 15, 2480

4 of 24

fractionation is widely used for the enrichment of low-molecular-weight antioxidant pep-
tides from marine collagen hydrolysates because peptide bioactivity, intestinal transport,
and cellular accessibility are strongly influenced by molecular size. Several studies have
reported that peptide fractions below 3 kDa exhibit enhanced antioxidant activity and bi-
ological efficacy compared with higher-molecular-weight fractions [27,31-33].

LSCP-I was prioritized for biological evaluation because peptide fractions below 3
kDa are widely reported to exhibit improved solubility, intestinal transport, and cellular
accessibility compared with higher-molecular-weight fractions [7,9,14].

2.2. Experimental Materials and Reagents

Dextran sulfate sodium (DSS; MW 36-50 kDa) was obtained from Beijing Coolaber
Technology Co., Ltd. (Beijing, China). Enzyme-linked immunosorbent assay (ELISA) kits
for IL-1p (Cat# E-EL-MO0037, detection range 15.63-1000 pg/mL, sensitivity 9.38 pg/mL,
intra-assay CV < 10%, inter-assay CV < 12%), IL-6 (Cat# E-EL-MO0044, detection range
31.25-2000 pg/mL, sensitivity 18.75 pg/mL), IL-10 (Cat# E-EL-M0046, detection range
15.63-1000 pg/mL, sensitivity 9.38 pg/mL), and TNF-a (Cat# E-EL-M3063, detection range
7.81-500 pg/mL, sensitivity 4.69 pg/mL) were sourced from Elabscience Biotechnology
Inc.,, (Wuhan, China). Oxidative stress assay kits for malondialdehyde (MDA; Cat#
AKFAO013M), superoxide dismutase (SOD; Cat# AKAOO001IM-50S), and glutathione (GSH;
Cat# AKPRO08M) were purchased from Boxbio Biotechnology (Beijing, China). Fluores-
cein isothiocyanate dextran (FITC-dextran, 4 kDa) was obtained from Oubei Biotechnol-
ogy (Shaanxi, China), and D-lactate (D-LA) detection kits were obtained from Suzhou
Greis Biotechnology Co., Ltd. (Suzhou, China).

Primary antibodies against occludin (Cat# AF7644, rabbit monoclonal, dilution
1:1000), JAM-1 (rabbit monoclonal, dilution 1:1000), Nrf2 (Cat# AF1609, rabbit monoclo-
nal, dilution 1:1000), and p-actin (Cat# AF5001, mouse monoclonal, dilution 1:5000), along
with RIPA lysis buffer and BCA protein assay kits, were purchased from Beyotime Bio-
technology (Shanghai, China). Lipopolysaccharide (LPS, Escherichia coli) was also ob-
tained from Beyotime. Caco-2 cells were acquired from the Cell Bank of the Chinese Acad-
emy of Sciences (Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM, high
glucose) and fetal bovine serum (FBS) were purchased from Gibco (Grand Island, NY,
USA).

The selection of these reagents and biomarkers follows established protocols for eval-
uating intestinal inflammation, oxidative stress, and epithelial barrier integrity in marine
bioactive peptide studies [10,12].

2.3. Cell Culture and Cytotoxicity Assessment

Caco-2 cells between passages 25 and 35 were used for all experiments to minimize
passage-related variability in differentiation, transepithelial electrical resistance (TEER)
development, and tight junction formation.

To evaluate cytotoxicity, cells were exposed to LSCP-I (50, 100, 200, 400, 800 and 1600
pg/mL) for 24 h. Cell viability was determined using the CCK-8 assay by measuring ab-
sorbance at 450 nm. Cell viability (%) was calculated as

Cell viability (%) = Diz Do 100
Y =D,

Here, Do denotes the blank absorbance, Di corresponds to the sample group absorb-
ance, and Dj refers to the untreated control.

This assay is widely used to evaluate peptide cytocompatibility and proliferative ef-
fects in intestinal epithelial models [13].
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2.4. Construction of the Inflammatory Caco-2 Model
2.4.1. Effect of LPS on the Activity of Caco-2 Cells

Caco-2 was inoculated at a density of 1 x 10* pcs/well on a 96-well plate for 24 h and
the medium was aspirated. LPS was dissolved in serum-free DMEM high-glucose me-
dium at 0.1, 0.5, 1, 10, and 100 pg/mL; the LPS-containing medium was added to each
well, and LPS-free serum was used as the control group. Cell viability was assessed using
CCK-8 to determine direct cytotoxic effects. LPS concentrations of 0.1-100 pg/mL were
selected to screen both direct epithelial cytotoxicity and macrophage-conditioned inflam-
matory injury. A serum-free, LPS-free control was included to distinguish the effect of
serum deprivation from LPS-mediated effects.

2.4.2. Macrophage-Conditioned Medium Model

RAW 264.7 cells were cultured in high-glucose DMEM supplemented with 10% fetal
bovine serum (FBS) and maintained at 37 °C in a humidified 5% CO: atmosphere. Cells
were passaged before reaching over-confluence, and only healthy cells in the logarithmic
growth phase were used for conditioned medium experiments. RAW 264.7 was inocu-
lated at 1 x 105/mL in a 6-well plate, LPS was dissolved in a serum-free DMEM high-sugar
medium at 0.1, 0.5, 1, 10, and 100 pg/mL, and 2 mL of LPS-containing medium was added
per well. The blank group was DMEM high-sugar medium without LPS. After 24 h of
incubation of RAW 264.7 cells under serum-free LPS, the medium was taken out as M1
RAW 264.7 cell conditioned medium, which was added to a 96-well plate inoculated with
Caco-2; the cell viability was determined after 24 h of incubation, and the optimal LPS
stimulation concentration was determined according to the viability of Caco-2 cells. RAW
264.7 cells were stimulated for 2, 4, 8, 12, 16, 20, and 24 h. The 16 h conditioned medium
was selected because it induced reproducible inflammatory injury while maintaining suf-
ficient Caco-2 viability for subsequent intervention experiments. The RAW 264.7-condi-
tioned medium model reflects a combined inflammatory microenvironment and may in-
clude macrophage-derived cytokines, residual LPS, nutrient depletion, and serum-free
stress. Therefore, the model should be interpreted as an inflammatory conditioned me-
dium injury model rather than evidence of a single mediator-specific mechanism. The kill-
ing rate against Caco-2 cells is calculated according to the following formula:

D, — D,
Caco — 2 injury rate (%) =———x 100
D, — D,
where Di is the absorbance of the experimental group, Dj is the absorbance of the control
group, and Do is the absorbance of the blank.

This approach models an inflammatory microenvironment using macrophage-de-
rived soluble mediators, consistent with prior work demonstrating collagen peptide at-
tenuation of inflammatory responses in Caco-2 monolayers [12]. Because macrophage po-
larization markers were not comprehensively quantified, the present study does not claim
definitive M1 polarization based solely on morphological changes.

2.5. Intestinal Epithelial Barrier Formation and TEER Measurement

Caco-2 cells were seeded in transwell 12-well plates (Corning), and 0.5 mL of DMEM
medium containing 10% serum was added to the upper and lower chambers for 21 days;
the fluid was changed every two days for 0~7 days, and once a day for 8~21 days. The
upper chamber with a resistance value greater than 400 ) was selected for further exper-
iments. The blank group was supplemented with conditioned medium generated by
RAW 264.7 cells without LPS stimulation, the inflammatory injury group was supple-
mented with conditioned medium generated by RAW 264.7 cells under 1 ug/mL LPS stim-
ulation, and the LSCP-I intervention group received LSCP-I at 400 or 800 pg/mL dissolved
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in the macrophage-conditioned medium before application to the Caco-2 monolayers.
Therefore, the observed effects may involve epithelial protection and/or interaction with
inflammatory mediators present in the conditioned medium. The present design does not
fully distinguish direct epithelial effects from macrophage-mediated effects.

2.6. Scratch Migration Assay

Caco-2 cells were inoculated in a 6-well plate at 1 x 104/mL; after the cells were full,
the 200 uL spear tip was used to line the plate three times, the scraped cells were rinsed
with DEME medium containing 10% serum, and the width of the scratch was photo-
graphed under the microscope. DEME medium was added to the blank group; RAW 264.7
conditioned medium was added to the inflammatory injury group; RAW 264.7 condi-
tioned medium containing 200, 400 and 800 ug/mLL was added to the LSCP-I intervention
group; and 800 pg/mL LSCP-I was added to the LSCP-I control group. The healing status
of the scratches was observed after 24 h of culture. Because the scratch assay was con-
ducted in serum-containing medium, wound closure may reflect both migration and pro-
liferation.

2.7. Oxidative Stress Measurement in Caco-2 Cells

Following migration assays, cells were lysed and the supernatants analyzed for oxi-
dative biomarkers, including SOD activity, GSH content, MDA levels, and intracellular
ROS using commerecial kits according to the manufacturer's instructions. Intracellular ROS
was additionally quantified by a fluorescence microplate reader after DCFH-DA staining.
Cells were incubated with DCFH-DA at a working concentration of 10 uM for 30 min at
37 °C in the dark. Fluorescence was measured at excitation/emission wavelengths of
488/525 nm using a fluorescence microplate reader. Oxidative stress biomarkers (SOD,
GSH, MDA) were normalized to total protein content determined by the BCA method.

2.8. Animal Experiments (DSS-Induced Colitis Model)

Male C57BL/6 mice, aged 67 weeks and weighing between 18 and 22 g, were ob-
tained from Zhuhai Beston Biotechnology Co., Ltd. (Zhuhai, China). The animals were
housed under specific pathogen-free conditions, with unrestricted access to standard la-
boratory chow (GB 14924.3-2010) and sterile distilled water. Mice were housed under a 12
hlight/dark cycle at a constant temperature of 22 + 2 °C with relative humidity maintained
at 65-70%. All procedures adhered strictly to the laws, regulations, and ethical guidelines
of the People’s Republic of China. The experimental protocol was approved by the Labor-
atory Animal Care Ethics Committee of the Guangdong Academy of Agricultural Sci-
ences, and the study was performed in the SPF-accredited animal facility of the School of
Food Science and Technology, Guangdong Ocean University (license No. SYKX (Guang-
dong) 2014 0053).

Dextran sulfate sodium (DSS) powder was dissolved in sterile drinking water to pre-
pare a 3% (w/v) DSS solution. Following one week of acclimatization, the experimental
protocol was initiated. Mice received 3% DSS in drinking water for 7 consecutive days to
induce acute colitis. LSCP-I was administered daily by oral gavage at 200, 400, or 800
mg/kg body weight in a volume of 100 uL, starting on Day 1 (the same day as DSS initia-
tion) and continuing through Day 7. This design represents a concurrent preventive/in-
tervention model rather than a post-disease therapeutic treatment model. On the initial
day of the experiment, mice were randomly allocated to five groups (1 = 6 per group): a
normal control, a DSS model group, and three DSS groups administered LSCP I at low
(200 mg/kg), medium (400 mg/kg), or high (800 mg/kg) doses. At study termination, all
animals were euthanized; colon length was recorded; and serum, colonic contents, and
colon tissue were harvested from each mouse. Tissue samples were either stored at —80 °C
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or fixed in 4% neutral buffered formalin for subsequent analyses. The DSS model effec-
tively replicates ulcerative colitis-like pathology and has been widely used to evaluate
dietary peptide interventions [10].

2.9. Disease Activity Index (DAI) Scoring

During the experiment, the clinical progression of colitis was assessed by the disease
activity index (DAI) score. During DSS processing, DAI is scored daily according to the
criteria in Table 1. Each symptom was scored based on a previous report. Blood in the
stool: Use bamboo skewers to pick out a small amount of feces on white porcelain plates,
slides or filter paper; add 2~3 drops of o-toluidine glacial acetic acid solution, then add
2~3 drops of hydrogen peroxide solution, and observe the results immediately after mix-
ing. Negative—No discoloration after adding the reagent for 2 min; weak positive —after
adding the reagent, the initial light blue gradually changes to blue; positive—light blue at
first after adding reagent, gradually showing obvious blue-brown color; strong positive —
blue-brown color appears immediately after adding the reagent.

Table 1. Criteria for disease activity index (DAI) scoring in the DSS-induced colitis.

S.No. Weight Loss Fecal Morphology Blood in the Stool
0 0 The stool is dry an.d off-white or Negative
brownish

1 1~5% The stool is slightly moist and elastic Weak positive

6~10% The feces are sticky and deformed Positive

Th 1 is highly vi it
3 11~20 e stool 1s hig y.v1scous, it is too Strong positive
soft to pick up
Blood in the stool is visibl

4 >20% Water sample stool 00c I The $100 15 VISIBIe

to the naked eye

2.10. Histological Analysis

To assess the severity of colitis, the distal colon portion was washed with pre-chilled
PBS, immediately fixed in 4% neutral buffered formalin for 24 h, and then cut into 5 mm
thin slices with a tissue microtome after dehydrated paraffin embedding. Hematoxylin
and eosin staining (H&E) was used to detect changes in colon tissue morphology. Slices
are viewed using a biological microscope.

2.11. Biochemical Analyses in Colon Tissue

The concentrations of IL-1f3, IL-6, IL-10 and TNF-a in mouse colon tissue were deter-
mined by ELISA kit. The weighed mouse colon tissue was thawed on ice, and according
to the requirements of the kit instructions, the colon tissue was fully homogenized with
pre-chilled PBS buffer (pH = 7.4) according to the weight-to-volume ratio (w/v) of 1:9, and
then centrifuged (3000 rpm/min; 10 min) to remove the supernatant (take 1 mL in an en-
zyme-free PE tube). The subsequent measurement steps are strictly followed in accord-
ance with the kit instructions. Cytokine concentrations in colon tissue homogenates were
normalized to total protein content determined by the BCA assay and are expressed as
pg/mg protein.

2.12. Determination of Intestinal Permeability

Intestinal barrier function was assessed using fluorescein isothiocyanate (FITC)-la-
beled dextran spectrophotometry. After fasting for 12 h, mice were given 400 mg/kg FITC-
glucan under dark conditions 4 h before dissection, and the blood of the mice was re-
moved by eye blood sampling under protective light and then placed in a heat-free E-P
tube for 1 h and centrifuged at 3000 rpm/min for 10 min; the serum was removed and
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loaded into a heat-free EP tube. Then, 0.1 mL of serum was taken in a 96-well fluorescence
plate under the protection of light, and the fluorescence value (excitation wavelength 485
nm, emission wavelength 520 nm) was detected by a microplate reader and quantified
according to the FITC-dextran concentration calibration curve.

Serum levels of D-lactate (D-LA) and lipopolysaccharide (LPS) were measured using
commercially available detection kits. All analytical procedures were performed precisely
according to the protocols provided by the respective kit manufacturers.

2.13. Western Blotting

The preserved colon tissue was removed from the -80 °C refrigerator, a certain
amount was weighed in 2 mL of enzyme-free EP tubes at 1:100 (mg/mL), lysate containing
1% PMSF was added to each tube, and 2-3 enzyme-free steel beads were added for tissue
homogenization. After colon tissue homogenization was completed, the sample was lysed
on ice for 30 min. Following the completion of lysis, the samples were centrifuged at 4 °C
and 3000 rpm for 10 min. The resulting supernatant was then collected into 0.5 mL en-
zyme-free centrifuge tubes. Protein concentrations in the samples were quantified using
the BCA assay kit. After adjusting the sample protein concentration to 3.125 mg/mL, SDS-
PAGE loading buffer was added according to the instructions and denatured in boiling
water for 5 min. Samples were separated by SDS-PAGE (10%). Proteins separated on the
gel were electrotransferred onto a PVDF membrane. The membrane was then blocked
with 5% non-fat dry milk powder for 3 h, followed by washing with TBST buffer. Subse-
quently, the membrane was incubated overnight at 4 °C with the appropriate diluted pri-
mary antibody. Following further TBST washes, the membrane was incubated with sec-
ondary antibody for 2 h at room temperature. Chemiluminescent detection of protein
bands was carried out using an ECL reagent kit in accordance with the manufacturer’s
protocol, and band intensities were quantified densitometrically with Image] software
version 1.54h. The following primary antibodies were used: anti-occludin (rabbit mono-
clonal, 1:1000), anti-JAM-1 (rabbit monoclonal, 1:1000), anti-Nrf2 (rabbit monoclonal,
1:1000), and anti-p-actin (mouse monoclonal, 1:5000). HRP-conjugated anti-rabbit (1:2000)
and anti-mouse (1:2000) secondary antibodies were used. Protein bands were detected
using enhanced chemiluminescence (ECL) reagent with exposure times ranging from 1 to
5 min. . All Western blot experiments were performed with at least three independent
biological replicates.

2.14. Gut Microbiome Sequencing

DNA was extracted from fecal samples using the TTANamp Stool DNA Kit (Cat#
DP328-02; Tiangen Biotech, Beijing, China) according to the manufacturer’s instructions.
The V3-V4 region of the 16S rRNA gene was amplified using the universal primers 341F
(6'-CCTACGGGNGGCWGCAG-3') and 806R (5-GGACTACNVGGGTWTCTAAT-3').
PCR products were purified, and sequencing libraries were constructed using the TruSeq
DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA). Sequencing was
performed on the [llumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA) using
a paired-end strategy. Raw reads were quality-filtered using Vsearch (version 2.15.0), and
amplicon sequence variants (ASVs) were inferred using the DADAZ2 pipeline. Taxonomic
assignment was performed using the SILVA database (version 138). Samples were rare-
fied to a uniform sequencing depth of 50,000 reads per sample to normalize sequencing
effort across samples. Negative controls were included in each PCR run to monitor poten-
tial contamination. Sequencing data have been deposited in the NCBI Sequence Read Ar-
chive (SRA).

After receiving the sample, the DNA is collected, and then the sample is tested for
quality, and PCR amplification is carried out after passing the quality check. Select one or
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several variant regions and design them to amplify with primers. Following PCR ampli-
fication, electrophoresis was performed to verify the products. Only those PCR products
showing normal positive and negative controls within the same batch were considered
qualified. The qualified products were then processed for library preparation and quality
control (QC). Libraries that passed QC were subjected to high-throughput sequencing us-
ing the Illumina NovaSeq platform, and the resulting sequencing data were used for spe-
cies identification analysis.

Raw paired-end (PE) data were generated through sequencing on the Illumina No-
vaSeq 6000 platform. These raw reads underwent splicing and quality filtering to remove
low-quality sequences, adapters, and PCR-related errors based on predefined criteria,
yielding clean tags (equivalent to raw_tags in the report tables). All processing steps relied
on the Vsearch software package (version 2.15.0). The clean tags were then dereplicated,
and singleton sequences along with chimeras were filtered out to obtain effective tags
suitable for downstream analysis.

Representative sequences of amplicon sequence variants (ASVs) were analyzed us-
ing the QIIME2 training classifier, which provided species annotation results for each rep-
resentative sequence. For each sample, QIIME2 was employed to statistically summarize
community composition across all taxonomic ranks, including domain, phylum, class, or-
der, family, genus, and species.

For alpha diversity analysis, the command giime diversity alpha was employed to
calculate the Simpson, Ace, Shannon, Chaol, and Goods_coverage indices, all within the
QIIME2 environment.

Beta diversity analysis was conducted as follows: based on the species annotation
results and operational taxonomic unit (OTU) abundance information from all samples,
OTUs belonging to the same taxonomic group were merged to generate a species abun-
dance table (Profiling Table). Subsequently, the phylogenetic relationships among OTUs
were used to compute Unifrac distances (unweighted Unifrac). Unifrac distance is a met-
ric that estimates the distance between samples by incorporating evolutionary infor-
mation from microbial sequences within each sample, producing a distance matrix for
multiple samples. Finally, the OTU abundance data were further utilized to construct the
unweighted Unifrac distance matrix. Finally, the differences between different samples
(groups) were found by multivariate statistical methods such as Principal Component
Analysis (PCA) and Principal Coordinate Analysis (PCoA). PCoA results were visualized
by Emperor and the software platform QIIME 2 software (version 2024.2)

2.15. Statistical Analysis

All data are presented as mean + SD. In vitro experiments were performed using at
least three independent biological replicates (each with technical triplicates where appli-
cable). Animal experiments were performed with n = 6 mice per group. Statistical com-
parisons utilized one-way ANOVA with Tukey’s post hoc test and a p < 0.05 was consid-
ered statistically significant.

3. Results
3.1. LSCP-I Is Non-Cytotoxic and Promotes Epithelial Cell Viability

The cytocompatibility of LSCP-I was first evaluated in Caco-2 cells across a concen-
tration range of 50-1600 pug mL-. No cytotoxic effects were observed at 50-200 pg mL,
while a significant (p < 0.05) increase in cell viability was detected at 2400 pg mL (Figure
1). These findings indicate that LSCP-I is well tolerated by intestinal epithelial cells and
may exert pro-proliferative effects at higher concentrations. Based on these results, subse-
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quent experiments were conducted within this nontoxic and bioactive concentration
range.
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Figure 1. Effects of LSCP-I on the viability of Caco-2 cells. (*) Indicates a p-value less than 0.05.

3.2. Establishment of an Inflammatory Epithelial Injury Model via Macrophage-Conditioned
Medium

Direct exposure of Caco-2 cells to lipopolysaccharide (LPS) did not significantly (p >
0.05) affect cell viability (Figure 2A), indicating limited responsiveness of epithelial mon-
ocultures to LPS stimulation alone. To better recapitulate inflammatory microenviron-
ment conditions, a macrophage-mediated injury model was established using RAW 264.7

cells.
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Figure 2. Effects of different inflammatory injury conditions on Caco-2 cell viability. (A) Influence
of different concentrations of LPS on Caco-2 cell viability. (B) Impact of conditioned media from
RAW 264.7 cells stimulated with different concentrations of LPS on Caco-2 cell viability. (C) Influ-
ence of conditioned media from RAW 264.7 cells stimulated with 1 ug/mL LPS for different dura-
tions on Caco-2 cell viability. (D) Effects of conditioned media from RAW 264.7 cells stimulated with
different concentrations of LPS on Caco-2 cell morphology. (E) Effects of different concentrations of
LPS on RAW 264.7 cell morphology and red arrows indicate RAW cell polarization. Data are ex-
pressed as mean + SD. Different letters or symbols indicate statistically significant differences among

groups.

LPS stimulation (1 pg mL™") induced morphological changes in RAW 264.7 cells con-
sistent with an inflammatory response, characterized by irregular cell boundaries and al-
tered morphology (Figure 2E). However, because macrophage polarization markers were
not comprehensively quantified, the present study does not claim definitive M1 polariza-
tion. Conditioned medium derived from these cells induced marked cytotoxicity in Caco-
2 cells, with maximal injury observed after 16 h of macrophage stimulation (Figure 2C,
D). This condition reduced epithelial viability to approximately 50%, and was therefore
selected as the standardized inflammatory injury model for subsequent assays.

3.3. LSCP-I Restores Proliferation and Migration of Inflammation-Injured Epithelial Cells

Inflammatory injury markedly impaired epithelial regenerative capacity, as evi-
denced by reduced viability and diminished migratory activity of Caco-2 cells. Treatment
with LSCP-I significantly improved cell viability compared with the injured model group
(Figure 3A).

Consistently, scratch wound assays demonstrated that inflammatory conditions sup-
pressed epithelial migration, resulting in incomplete wound closure. LSCP-I treatment re-
stored migratory capacity, promoting wound closure in a concentration-dependent man-
ner (Figure 3B). These results indicate that LSCP-I supports epithelial restitution under
inflammatory stress conditions.

(A) 120q (B)
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80

601 #H#
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Figure 3. Effects of LSCP-I on proliferation and migration of inflammatory Caco-2 cells: (A) cell
viability; (B) scratch test. (*) represents significance between peptide and model groups (p < 0.05).

(##) represents significance between control and model groups (p <0.01).

3.4. LSCP-I Preserves Epithelial Barrier Function Under Inflammatory Stress

Barrier integrity was assessed using transepithelial electrical resistance (TEER) in a
transwell-based Caco-2 monolayer system. Inflammatory injury induced by macrophage-
conditioned medium significantly reduced TEER values, indicating compromised barrier
integrity and increased permeability (Figure 4). LSCP-I treatment significantly attenuated
the decline in TEER, partially improving barrier function, with the strongest effect being
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observed at 400 pg/mL, although TEER values did not fully return to control levels. These
findings demonstrate that LSCP-I protects epithelial integrity by maintaining tight junc-
tion functionality under inflammatory conditions.
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o [ ] W S
(3 S (=3 [(—3
I T 3 3T

0=—"7
LPSA pgmL) - + + + +
LSCP-I(ug/mL) 0 0 200 400 800

Figure 4. The influence of LSCP-I on the barrier function of inflammation-damaged Caco-2 cells. (*)
represents significance between peptide and model groups (p < 0.05). (##) represents significance

between control and model groups (p <0.01).

3.5. LSCP-I Attenuates Oxidative Stress in Inflammation-Injured Epithelial Cells

Inflammatory injury was associated with pronounced oxidative stress, characterized
by elevated intracellular ROS and malondialdehyde (MDA) levels, alongside decreased
antioxidant capacity (Figure 5). Specifically, reduced glutathione (GSH) levels and super-
oxide dismutase (SOD) activity were significantly (p < 0.01) diminished in the model
group.

LSCP-I treatment significantly (p <0.05) reduced ROS accumulation and lipid perox-
idation, as evidenced by decreased MDA levels. Concurrently, GSH content and SOD ac-
tivity were restored (Figure 5A-E). These data indicate that LSCP-I effectively re-estab-
lishes redox homeostasis in epithelial cells subjected to inflammatory damage.
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Figure 5. Effect of LSCP-I on the oxidative stress levels of Caco-2 cells under inflammatory injury.
(A) SOD levels. (B) ROS fluorescence intensity. (C) MDA levels. (D) GSH levels. (E) Intracellular
ROS levels in Caco-2 cells. (*) represents significance between peptide and model groups (p < 0.05).
(##) represents significance between control and model groups (p < 0.01).
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3.6. LSCP-I Alleviates Clinical Symptoms of DSS-Induced Colitis

The therapeutic potential of LSCP-1 was assessed in vivo using a mouse model of
colitis induced by dextran sulfate sodium (DSS). DSS administration resulted in progres-
sive body weight loss (81.00% of the initial body weight after 7 days of experiment), in-
creased disease activity index (DAI), visible rectal bleeding (Figure 6B, C), and shortening
of colon length to 6.31 cm (Figure 6D).

Administration of LSCP-Iimproved selected colitis-related parameters, with variable
responses across doses. Mice treated with the high dose of LSCP-I showed markedly less
body weight reduction and lower disease activity index (DAI) scores relative to the DSS
group. Moreover, LSCP-I treatment significantly counteracted DSS-induced colon short-
ening, suggesting a reduction in colonic inflammation (Figure 6E).
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Figure 6. Effects of LSCP-I on body weight, disease index, stool blood and colon length in UC mice:
(A) changes in body weight; (B) changes in DAI; (C) stool blood index; (D) Colon tissue photos; (E)
colon length of mice; (F) fecal occult blood test results. Data are expressed as mean + SD. Different
letters or symbols indicate statistically significant differences among groups. * p < 0.05 and ** p <
0.01 versus the control group; # p < 0.05 and ## p < 0.01 versus the inflammatory model group.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test.

3.7. LSCP-I Improves Colonic Histopathology

Histological analysis revealed that DSS exposure caused severe mucosal damage, in-
cluding epithelial erosion, crypt loss, goblet cell depletion, and extensive inflammatory
cell infiltration (Figure 7B).

In contrast, LSCP-I treatment markedly improved colonic architecture. Medium- and
high-dose groups exhibited partial restoration of crypt structure, increased goblet cell
presence, and reduced inflammatory infiltration (Figure 7D, E). These findings confirm
that LSCP-I alleviates structural damage to the intestinal mucosa.
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Figure 7. The effect of LSCP-I on the histopathology of colonic tissues in UC mice. (A) Control group,
(B) model group, (C) low-dose group (200 mg/mL), (D) middle-dose group (400 mg/mL), and (E)
high-dose group (800 mg/mL).

3.8. LSCP-I Reduces Intestinal Permeability in Colitis

Markers of intestinal permeability were significantly elevated in DSS-treated mice,
including serum lipopolysaccharide (LPS), D-lactate (D-LA), and FITC-dextran (Fluores-
cein isothiocyanate-labeled dextran) levels (Figure 8), indicating disruption of the intesti-
nal barrier.

High-dose LSCP-I significantly reduced all three markers (LPS: p < 0.01, D-LA: p <
0.05, FITC-dextran: p < 0.05), indicating partial improvement but not complete normaliza-
tion of barrier function. Quantitatively, LSCP-I reduced serum LPS (from 346.23 pg/mL to
251.23 pg/mL), D-LA (from 1 mmol/L to 0.72 mmol/L), and FITC-dextran levels (from 1.87
pg/mL to 1.26 ug/mL) toward control values, confirming improved mucosal barrier func-
tion.
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Figure 8. Effects of LSCP-I on intestinal permeability in UC mice: (A) LPS level in serum; (B) D-LAC
level in serum; (C) FITC-dextran in serum. (*) represents significance between peptide and model
groups (p < 0.05). (**) represents significance between peptide and model groups. (##) represents

significance between control and model groups p-value of p <0.01.

3.9. LSCP-I Modulates Inflammatory Cytokine Profiles

DSS treatment triggered a robust inflammatory response, marked by significant (p <
0.05) increases in pro-inflammatory cytokines TNF-a (23.89%), IL-6 (77.20%), and IL-13
(55.57%), accompanied by a 20.76% decrease in the anti-inflammatory cytokine IL-10 (Fig-
ure 9).
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LSCP-I administration dose-dependently suppressed pro-inflammatory cytokine
concentrations while simultaneously reinstating IL-10 expression. These findings suggest
that LSCP-I helps re-establish immune homeostasis in the intestine under inflammatory

conditions.
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Figure 9. Effects of LSCP-I on the levels of inflammatory factors in colon tissue of UC mice: (A) TNF-
ainflammatory factor; (B) IL-6 inflammatory factor; (C) IL-10 inflammatory factor; (D) IL-13 inflam-
matory factor. (*) represents significance between peptide and model groups (p < 0.05) and (**) rep-
resent a p-value of p < 0.01. (##) represents significance between control and model groups p-value
of p<0.01.

3.10. LSCP-I Enhances Antioxidant Capacity in Colonic Tissue

DSS-treated mice exhibited a marked rise in colonic oxidative stress, evidenced by a
107.60% increase in MDA levels, along with reductions in total antioxidant capacity (T-
AOC), GSH content, and SOD activity (Figure 10).

LSCP-I treatment significantly reversed these alterations. A high dose of LSCP-I re-
duced lipid peroxidation while restoring antioxidant enzyme activity and redox balance,
confirming its in vivo antioxidant efficacy.
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Figure 10. Effects of LSCP-I on antioxidant capacity in colon tissue: (A) T-AOC level; (B) GSH level;
(C) SOD activity; (D) MDA content. (*) represents significance between peptide and model groups
(p <0.05). (#) represents significance between control and model groups (p <0.05) and (##) represent
a p-value of p <0.01.

3.11. LSCP-I Upregulates Nrf2 Signaling and Tight Junction Proteins
To explore the molecular basis of LSCP-I-mediated protection, the expression of Nrf2
and tight junction proteins was assessed. Exposure to DSS led to a marked reduction in
the expression levels of Nrf2 and the tight junction proteins Occludin and JAM-1 (Figure
11).
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LSCP-I treatment restored the expression of Nrf2 and tight junction proteins, partic-
ularly at higher doses. These findings suggest that LSCP-I enhances intestinal barrier in-
tegrity through activation of antioxidant signaling and preservation of junctional com-
plexes.
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Figure 11. Effects of LSCP-I on the expression levels of Nrf2 and TJs: (A) Western blot of Nrf2 and
the tight junction markers JAM-1 and Occludin in colonic tissue; (B) Densitometric quantification
of band intensities of western blot. The experimental groups shown are: Control, DSS-induced
colitis, and DSS plus LSCP-1 at low, medium, and high doses (200, 400, 800 mg/kg). Data are ex-
pressed as mean + SD. Different letters or symbols indicate statistically significant differences
among groups. (*) represents significance between peptide and model groups (p < 0.05). (##) repre-

sent a represents significance between control and model groups a p-value of p <0.01.

3.12. LSCP-I Partially Restores Gut Microbiota Composition

DSS-induced colitis significantly altered gut microbiota structure, reducing a-diver-
sity and shifting community composition (Figure 12). Principal Coordinate Analysis
demonstrated clear separation between the control and DSS groups, indicating dysbiosis.

LSCP-I treatment did not significantly alter a-diversity indices but shifted microbial
composition toward a profile closer to that of healthy controls. At the phylum level, LSCP-
I decreased the relative abundance of Deferribacterota. At the family and genus levels,
LSCP-I significantly enriched the population of Muribaculaceae, a microbial taxon linked
to the maintenance of intestinal homeostasis. These findings suggest that LSCP-I contrib-
utes to the restoration of microbial balance, although its primary protective effects appear
to be mediated through host-centered mechanisms.
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Figure 12. Effects of LSCP-I on the gut microbiota composition in mice: (A) Alpha diversity analysis
based on the Simpson index. (B) Alpha diversity analysis based on the Shannon index. (C) Beta
diversity inter-group PCA based on Euclidean distance. (D) Beta diversity weighted PCoA results.
(E) Microbial composition at the phylum level. (F) Microbial composition at the family level. (G)
Microbial composition at the genus level. Data are expressed as mean + SD. Different letters or sym-
bols indicate statistically significant differences among groups. (*) represents significance between
peptide and model groups (p < 0.05) and (**) represent a p-value of p < 0.01. (¥) represents signifi-
cance between control and model groups (p <0.05).

4. Discussion

The present study establishes LSCP-I as a functionally active peptide fraction capable
of restoring intestinal homeostasis under inflammatory stress, integrating epithelial re-
pair, oxidative regulation, and host-microbiota interactions. The absence of cytotoxicity
and the promotion of epithelial proliferation observed in Caco-2 cells are consistent with
emerging evidence that low-molecular-weight food-derived peptides exert trophic effects
on intestinal epithelial cells, enhancing viability and regeneration capacity under stress
conditions [34-36]. Similar proliferative responses have been reported for dietary peptides
that act through redox-sensitive signaling and growth-related pathways, supporting the
concept that bioactive peptides function not merely as nutrients but as regulators of epi-
thelial renewal [24,35].

A key methodological strength of this work lies in the use of macrophage-condi-
tioned media to model epithelial injury, which more closely reflects the paracrine inflam-
matory microenvironment than direct lipopolysaccharide exposure. The inability of LPS
alone to induce cytotoxicity in Caco-2 cells, contrasted with the pronounced damage me-
diated by M1-polarized RAW 264.7 cells, aligns with current understanding that epithelial
dysfunction in colitis is largely driven by cytokine networks rather than direct endotoxin
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toxicity [20,21,37]. This reinforces the relevance of the experimental model and situates
LSCP-I within a physiologically meaningful inflammatory context.

LSCP-I significantly (p < 0.05) improved epithelial proliferation and migration, two
processes essential for mucosal restitution. Impaired epithelial migration is a hallmark of
ulcerative colitis and contributes to persistent barrier defects. The restoration of scratch
closure observed here suggests that LSCP-I enhances epithelial restitution dynamics, po-
tentially via modulation of cytoskeletal remodeling and cell-matrix interactions. Compa-
rable findings have been reported for food-derived peptides that accelerate epithelial re-
pair by activating signaling pathways linked to barrier regeneration [8,38,39]. The exclu-
sion of peptides above 3 kDa in LSCP-I may partly explain its protective effects compared
with the broader molecular weight preparation (0.5-5 kDa) used by Li et al. [40], although
direct comparative studies are needed to confirm this hypothesis.

Barrier integrity is central to intestinal health, and LSCP-I effectively preserved tran-
sepithelial resistance under inflammatory conditions. The decline in TEER observed in the
model group reflects disruption of tight junction architecture, a defining feature of colitis
pathology. The restoration of barrier function by LSCP-I corroborates prior observations
that dietary peptides enhance tight junction protein expression and reduce paracellular
permeability in inflamed epithelium [11,15,41]. This effect is particularly relevant in the
context of functional foods, where barrier-protective ingredients are increasingly targeted
for gut health applications.

Oxidative stress emerged as a central mechanism underlying epithelial injury, as ev-
idenced by elevated ROS and MDA levels and reduced antioxidant defenses. LSCP-I
markedly reversed these changes, restoring SOD activity and GSH levels. This antioxidant
effect is mechanistically significant (p < 0.05), as oxidative stress not only damages cellular
components but also amplifies inflammatory signaling cascades. Activation of endoge-
nous antioxidant systems, particularly the Keap1-Nrf2 axis, has been widely reported as
a key mechanism through which bioactive peptides mitigate intestinal inflammation
[23,26,42]. The upregulation of Nrf2 observed in this study provides strong mechanistic
support for LSCP-I-mediated redox regulation.

The in vivo findings further corroborate the protective role of LSCP-I. Improvements
in body weight, disease activity index, and colon length collectively indicate attenuation
of DSS-induced colitis severity. These outcomes are consistent with established indicators
of therapeutic efficacy in colitis models and have been similarly reported for other food-
derived peptides with anti-inflammatory properties [8,16,19]. Importantly, the histologi-
cal recovery of goblet cells and crypt architecture suggests that LSCP-I not only reduces
inflammation but also supports mucosal regeneration.

Intestinal permeability is a critical determinant of disease progression in colitis. The
reduction in circulating LPS, D-lactate, and FITC-dextran following LSCP-I treatment in-
dicates restoration of barrier integrity at the systemic level. These biomarkers are widely
recognized indicators of epithelial leakage, and their normalization reflects improved mu-
cosal sealing. Similar permeability-reducing effects have been observed in studies where
dietary peptides reinforce tight junctions and limit endotoxin translocation [11,24,35].

The anti-inflammatory effects of LSCP-I are evidenced by the downregulation of
TNEF-a, IL-6, and IL-13, alongside the restoration of IL-10 levels. This rebalancing of cyto-
kine profiles is critical for resolving intestinal inflammation and preventing chronic tissue
damage. Future studies should evaluate macrophage activation using molecular markers
such as iNOS, CD86, TNF-a, IL-6, IL-1p, Arg-1, and CD206 to determine whether LSCP-I
directly modulates macrophage polarization. The observed dose-dependent response fur-
ther supports a direct bioactive role of LSCP-I. Comparable cytokine modulation patterns
have been reported for peptide-based interventions targeting colitis, highlighting their ca-
pacity to regulate immune responses at the mucosal interface [8,11,37].
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At the molecular level, the coordinated upregulation of Nrf2 and tight junction pro-
teins suggests a dual mechanism of action: enhancement of antioxidant defenses and sta-
bilization of epithelial structure. This coupling of redox signaling with barrier mainte-
nance is increasingly recognized as a central axis in gut health, where Nrf2 activation pro-
motes both cytoprotection and tight junction integrity [15,23,43,44]. The present findings
position LSCP-I within this mechanistic framework, linking molecular signaling to func-
tional outcomes.

Finally, modulation of gut microbiota represents an additional layer of LSCP-I activ-
ity. Although alpha diversity was not significantly altered, the shift in community struc-
ture toward a healthier profile characterized by reduced Deferribacterota and increased
Muribaculaceae suggests selective ecological modulation rather than broad-spectrum re-
structuring. Such targeted microbiota shifts are increasingly associated with improved
metabolic and immune outcomes in colitis models [45-47]. The enrichment of beneficial
taxa may further contribute to barrier reinforcement and anti-inflammatory effects
through microbial metabolite production.

The protective effects of LSCP-I observed in the present study stand in contrast to a
recent report by Li et al. [40], who demonstrated that a collagen peptide preparation de-
rived from Walleye pollock (Theragra chalcogramma) skin significantly aggravated DSS-
induced colitis in mice, as evidenced by increased weight loss, higher mortality, more se-
vere histological damage, elevated pro-inflammatory cytokines (TNF-«, IL-6, IL-1§3), en-
hanced M1 macrophage polarization, activation of NF-kB signaling, and further disrup-
tion of gut microbiota composition [40]. This discrepancy is noteworthy and warrants
careful consideration, as both studies investigated marine-derived collagen peptides in
the DSS-induced colitis model, yet yielded opposing biological outcomes.

Several factors may explain these contrasting findings. First, the biological source and
tissue origin differ substantially: LSCP-I was derived from Lutjanus erythropterus scales,
whereas Li et al. [40] used Walleye pollock skin. Tissue-specific differences in collagen
structure, amino acid composition, hydroxyproline content, and embedded bioactive pep-
tide sequences may profoundly influence biological activity [28]. Second, the molecular
weight distribution differs markedly: LSCP-I was enriched as a <3 kDa fraction, whereas
Li et al. [40] used a broader preparation ranging from 0.5 to 5 kDa. Low-molecular-weight
peptide fractions (<3 kDa) are known to exhibit enhanced intestinal absorption, cellular
accessibility, and bioavailability compared with higher-molecular-weight populations,
which may lead to differential engagement with intracellular signaling pathways [17].
Third, the signaling pathways engaged appear divergent: LSCP-I activated the Nrf2-me-
diated antioxidant response, whereas Li et al. [40] reported NF-«B activation and M1 mac-
rophage polarization. This suggests that specific peptide sequences and molecular weight
profiles may preferentially activate anti-inflammatory/cytoprotective pathways (Nrf2)
versus pro-inflammatory pathways (NF-«kB), depending on their structural characteristics
and cellular interactions. Fourth, differences in DSS concentration (3% in our study vs.
2.5% in Li et al. [40]), treatment duration, dosing regimen, gut microbiota baseline, and
mouse genetic background may also contribute to the divergent outcomes [48,49].

Importantly, the present findings should not be interpreted as evidence that all ma-
rine collagen peptides are beneficial for intestinal inflammation. Rather, the contrasting
outcomes highlight that the biological effects of marine collagen-derived preparations are
highly dependent on source species, tissue origin, molecular weight distribution, peptide
sequence profile, fractionation strategy, and immune-metabolic context. Thus, marine
collagen peptides should be evaluated as source-specific and preparation-specific bioac-
tive fractions rather than as a uniform class of functional ingredients. The exclusion of
peptides above 3 kDa in LSCP-I may partly explain its protective effects compared with
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the broader molecular weight preparation used by Li et al. [40], although direct compara-
tive studies are needed to confirm this hypothesis.

These contrasting findings also underscore the importance of rigorous physicochem-
ical characterization of marine peptide preparations, including molecular weight distri-
bution, amino acid composition, and peptide sequencing, to enable meaningful cross-
study comparisons and to establish reliable structure-activity relationships. Future stud-
ies should systematically compare collagen peptides from different species, tissues, and
molecular weight fractions under standardized colitis models to delineate the determi-
nants of beneficial versus detrimental effects.

Collectively, these findings support a multifactorial mode of action for LSCP-I, en-
compassing epithelial regeneration, barrier stabilization, oxidative stress attenuation, im-
mune modulation, and microbiota regulation. This integrative functionality aligns with
current paradigms in food science that emphasize the development of multifunctional bi-
oactive ingredients for gut health. From a translational perspective, LSCP-I represents a
promising candidate for incorporation into functional foods or nutraceutical formulations
targeting inflammatory bowel conditions.

5. Limitations

The present study provides evidence that LSCP-I protects intestinal epithelial integ-
rity, modulates oxidative stress, and alleviates DSS-induced colitis, but several limitations
should be acknowledged. Although sequential ultrafiltration was used to enrich the <3
kDa peptide fraction, this approach does not provide complete peptide sequence-level
identification. Therefore, LSCP-I should be considered a low-molecular-weight collagen
peptide-enriched fraction. Further LC-MS/MS peptide sequencing, amino acid composi-
tion analysis, and molecular weight distribution profiling are required to identify the ma-
jor bioactive peptide sequences and establish structure-activity relationships. Second, the
study was conducted using cellular and murine models; therefore, the findings cannot be
directly extrapolated to human ulcerative colitis without clinical validation. Third, alt-
hough the DSS-induced colitis model is widely used to mimic epithelial injury and intes-
tinal inflammation, it does not fully reproduce the chronic and multifactorial nature of
human inflammatory bowel disease. Fourth, the present study did not include a clinically
established positive control such as mesalazine. Finally, future studies should include
positive controls, peptide sequence identification, dose-translation analysis, safety assess-
ment, and human intervention trials.

6. Clinical Translation and Potential Delivery Strategies

The protective effects of LSCP-I observed in cellular and DSS-induced colitis models
suggest its potential application as a marine-derived functional ingredient for intestinal
health. For clinical translation, LSCP-I could be developed as a nutraceutical supplement,
functional food ingredient, or adjunct dietary intervention aimed at supporting intestinal
barrier integrity and redox balance. Possible delivery formats include oral capsules, sachet
powders, functional beverages, peptide-fortified foods, and enteric-coated formulations
designed to improve gastrointestinal stability and targeted intestinal release. Encapsula-
tion technologies, including microencapsulation, nanoencapsulation, and biopolymer-
based delivery systems, may further enhance peptide stability during digestion and im-
prove bioavailability [19,35]. However, before human application, additional studies are
required to confirm peptide composition, gastrointestinal stability, absorption profile,
safety, optimal dosage, and efficacy in clinical populations with ulcerative colitis or intes-
tinal barrier dysfunction. Dose-translation studies from murine models to human equiv-
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alents are also needed to establish appropriate intake levels for functional food or
nutraceutical applications.

7. Conclusions

In conclusion, LSCP-I, a low-molecular-weight peptide-enriched fraction derived
from Lutjanus erythropterus scales, partially alleviated DSS-induced intestinal injury and
improved selected markers related to oxidative stress, barrier integrity, inflammation, and
gut microbiota composition. These findings suggest potential for LSCP-I as a source-spe-
cific marine peptide fraction for intestinal health applications. In vitro, LSCP-I enhanced
epithelial proliferation and migration, preserved barrier integrity, and mitigated oxidative
stress in macrophage-conditioned Caco-2 cells. In vivo, it attenuated clinical and histo-
pathological manifestations of DSS-induced colitis, reduced intestinal permeability, re-
balanced pro- and anti-inflammatory cytokines, strengthened antioxidant defenses, and
partially restored gut microbiota composition toward homeostasis. Mechanistically, these
effects were mediated via activation of the Nrf2 antioxidant pathway and maintenance of
tight junction protein expression, directly linking redox balance to barrier function. Col-
lectively, these findings suggest that LSCP-I may reinforce intestinal barrier function, sup-
port redox homeostasis, and modulate host-microbiota interactions in the DSS-induced
colitis model. However, the effects should not be generalized to all marine collagen pep-
tides, as biological outcomes appear to depend on peptide source, molecular-weight dis-
tribution, sequence profile, fractionation method, dose, microbiota context, and immune
status. Further peptide characterization, positive-control comparisons, safety assessment,
and human studies are required before clinical or functional food translation.

Author Contributions: Conceptualization, Q.D., R.-B.J. and M.K.I. Methodology, Q.D., M.Q. and
M.K.. Software, M.K.I. and J.H. Validation, Q.D., M.Q. and M.K.I. Formal analysis, Q.D., M.K.I. and
J.H. Investigation, ].H. and M.K.I. Resources, Q.D., Z.F. and R.-B.]. Data curation, ].H. and M.K.L;
Writing —original draft preparation, Q.D. and M.K.I. Writing—review and editing, M.K.I,, A.I. and
R.-B.J. Visualization, M.K.I. and J.H. Supervision, Q.D., A.I. and Z.F. Project administration, Q.D.
Funding acquisition, Q.D. All authors have read and agreed to the published version of the manu-

script.

Funding: This research was funded by Key Field Special Projects of Guangdong Provincial Depart-
ment of Education, grant number 2025ZDZX4018.

Institutional Review Board Statement: All procedures adhered strictly to the laws, regulations, and
ethical guidelines of the People’s Republic of China. The experimental protocol was approved by
the Laboratory Animal Care Ethics Committee of the Guangdong Academy of Agricultural Sciences,
and the study was performed in the SPF-accredited animal facility of the School of Food Science and
Technology, Guangdong Ocean University (license No. SYKX (Guangdong) 2014 0053); approval
code: GDOU-LAE-2023-044; approval date: 30 September 2023.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the

article. Further inquiries can be directed to the corresponding author.

Acknowledgments: We gratefully acknowledge the Guangdong Provincial Key Laboratory of
Aquatic Product Processing and Safety, Guangdong Provincial Engineering Technology Research
Center of Seafood, Guangdong Province Engineering Laboratory for Marine Biological Products,
Key Laboratory of Advanced Processing of Aquatic Product of Guangdong Higher Education Insti-
tution, Lijun Sun and College of Food Science and Technology, Guangdong Ocean University, Zhan-
jiang 524088, China of Food Science for providing the essential laboratory facilities and an environ-

ment conducive to the successful execution of this research.

https://doi.org/10.3390/foods15142480



Foods 2026, 15, 2480 22 of 24

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Muro, P.; Zhang, L.; Li, S.; Zhao, Z.; Jin, T.; Mao, F.; Mao, Z. The emerging role of oxidative stress in inflammatory bowel disease.
Front. Endocrinol. 2024, 15, 1390351, d0i:10.3389/fendo.2024.1390351.

Ungaro, R.; Mehandru, S.; Allen, P.B.; Peyrin-Biroulet, L.; Colombel, J.F. Ulcerative colitis. Lancet 2017, 389, 1756-1770,
doi:10.1016/s0140-6736(16)32126-2.

Kobayashi, T.; Siegmund, B.; Le Berre, C.; Wei, S.C.; Ferrante, M.; Shen, B.; Bernstein, C.N.; Danese, S.; Peyrin-Biroulet, L.; Hibi,
T. Ulcerative colitis. Nature Reviews Disease Primers 2020, 6, 74, d0i:10.1038/s41572-020-0205-x.

Turner, J.R. Intestinal mucosal barrier function in health and disease. Nat Rev Immunol 2009, 9, 799-809, doi:10.1038/nri2653.
Tang, Z.; Yang, Y.; Wu, Z.; Ji, Y. Heat Stress-Induced Intestinal Barrier Impairment: Current Insights into the Aspects of Oxidative
Stress and Endoplasmic Reticulum Stress. ]. Agric. Food Chem. 2023, 71, 5438-5449, d0i:10.1021/acs.jafc.3c00798.

Lv, R,; Dong, Y.; Bao, Z.; Zhang, S.; Lin, S.; Sun, N. Advances in the activity evaluation and cellular regulation pathways of food-
derived antioxidant peptides. Trends Food Sci. Technol. 2022, 122, 171-186, doi:https://doi.org/10.1016/j.tifs.2022.02.026.

Qin, D.; Hu, Z;; Han, S.; Luo, Y.; Yang, F.; Xie, T.; Luo, F. Bioactive peptides alleviating oxidative stress-associated diseases by
targeting the Nrf2 signaling pathway. Food Sci. Hum. Wellness 2025, 14, 9250253, doi:10.26599/FSHW.2024.9250253.

Lv, R.; Sun, N.;Mao, C.; Zheng, Z.; Lin, S. Prevention and potential repair of colitis: Beneficial effects and regulatory mechanisms
of food-derived anti-inflammatory peptides. Crit. Rev. Food Sci. Nutr. 2023, 64, 8184-8202, d0i:10.1080/10408398.2023.2197068.
Rajoka, M.S.R.; Thirumdas, R.; Mehwish, H.; Khurshid, M.; Hayat, H.; Phimolsiripol, Y.; Pallarés, N.; Marti-Quijal, F.; Barba, F.
Role of Food Antioxidants in Modulating Gut Microbial Communities: Novel Understandings in Intestinal Oxidative Stress
Damage and Their Impact on Host Health. Antioxidants 2021, 10, 1563, doi:10.3390/antiox10101563.

Yang, L.; Wang, Y.; Li, X;; Chen, Y.; Liang, J.; He, L.; Jiang, D.; Huang, S.; Hou, S. The Hydrophobic Amino Acid-Rich Fish
Collagen Peptide Ameliorates Dextran Sulfate Sodium-Induced Ulcerative Colitis in Mice via Repairing the Intestinal Barrier,
Regulating Intestinal Flora and AA Metabolism. Journal of Agricultural and Food Chemistry 2024, 72, 25690-25703,
doi:10.1021/acs jafc.4c07217.

Ali, F.; Li, D.; Su, Y.; Chen, L.; Cheng, X.; Zheng, X.; Mao, ]. Bio-Active Peptides from Marine Sources: Mechanistic Insights into
Immune Regulation, Microbiota Modulation, and Intestinal Barrier Protection. Int. ]. Mol. Sci. 2025, 26, 10508,
doi:10.3390/ijms262110508.

Zhu, S.; Liu, Y.; Li, Y.; Guo, X; Zhao, Z; Yu, J.; Zhao, L.; She, W.; Zeng, M,; Li, S.; et al. Collagen Peptides Ameliorate Murine
Chronic Colitis: Toward the Molecular Basis for Their Enhancement of Intestinal Epithelial Defenses Against Oxidative Stress.
Mol. Nutr. Food Res. 2025, 69, 70177, doi:https://doi.org/10.1002/mnfr.70177.

Sivaraman, K.; Shanthi, C. Purified fish skin collagen hydrolysate attenuates TNF-a induced barrier dysfunction in-vitro and
DSS induced colitis in-vivo model. Int. J. Biol. Macromol. 2022, 222, 448-461, doi:https://doi.org/10.1016/j.ijbiomac.2022.09.122.
Liu, B; Liu, L,; Li, C.; Guo, T,; Li, C.; Tian, M.; Fang, T. The Alleviating Effect of Abalone Viscera Collagen Peptide in DSS-
Induced Colitis Mice: Effect on Inflammatory Cytokines, Oxidative Stress, and Gut Microbiota. Nutrients 2025, 17, 1926,
doi:10.3390/nu17111926.

Deng, Z.; Cui, C.; Wang, Y.; Ni, J.; Zheng, L.; Wei, H.-K_; Peng, ]. FSGHF3 and peptides, prepared from fish skin gelatin, exert a
protective effect on DSS-induced colitis via the Nrf2 pathway. Food Funct. 2020, 11, 414-423, doi:10.1039/C9FO02165E.

Xiang, X.-W.; Zhou, X.-L.; Wang, R.; Shu, C.-H.; Zhou, Y.-F.; Ying, X.-G.; Zheng, B. Protective Effect of Tuna Bioactive Peptide
on Dextran Sulfate Sodium-Induced Colitis in Mice. Mar. Drugs 2021, 19, 127, doi:10.3390/md19030127.

Zhang, W.; Hu, S.; Tang, H.; Zhong, F.; Lin, Q.; Li, W.; Deng, J. Food-derived antioxidant peptides mediated multifunctional
bioactivities and bioavailability-enhancing delivery strategies via the Nrf2/Keapl signaling pathway. Food Chem 2026, 501,
147604, doi:10.1016/j.foodchem.2025.147604.

Rahabi, M.; Salon, M.; Bruno-Bonnet, C.; Prat, M.; Jacquemin, G.; Benmoussa, K.; Alaeddine, M.; Parny, M.; Bernad, J.; Bertrand,
B.; et al. Bioactive fish collagen peptides weaken intestinal inflammation by orienting colonic macrophages phenotype through
mannose receptor activation. Eur. J. Nutr. 2022, 61, 2051-2066, doi:10.1007/s00394-021-02787-7.

Bao, X.; Wu, ]. Impact of food-derived bioactive peptides on gut function and health. Food Res. Int. 2021, 147, 110485,
doi:10.1016/j.foodres.2021.110485.

Barbara, G.; Barbaro, M.; Fuschi, D.; Palombo, M.; Falangone, F.; Cremon, C.; Marasco, G.; Stanghellini, V. Inflammatory and
Microbiota-Related Regulation of the Intestinal Epithelial Barrier. Front. Nutr. 2021, 8, 718356, d0i:10.3389/fnut.2021.718356.

https://doi.org/10.3390/foods15142480



Foods 2026, 15, 2480 23 of 24

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Haneishi, Y.; Furuya, Y.; Hasegawa, M.; Picarelli, A.; Rossi, M.; Miyamoto, J. Inflammatory Bowel Diseases and Gut Microbiota.
Int. ]. Mol. Sci. 2023, 24, 3817, doi:10.3390/ijms24043817.

Chen, H.-Y.; Zheng, H.; Li, T; Jiang, Q.; Liu, S.; Zhou, X.; Ding, Y.; Xiang, X. Protective Effect of Oyster Peptides Derived From
Crassostrea gigas on Intestinal Oxidative Damage Induced by Cyclophosphamide in Mice Mediated Through Nrf2-Keapl
Signaling Pathway. Front. Nutr. 2022, 9, 888960, doi:10.3389/fnut.2022.888960.

Chu, Z.; Zhu, L.; Zhou, Y.; Yang, F.; Hu, Z.; Luo, Y.; Li, W.; Luo, F. Targeting Nrf2 by bioactive peptides alleviate inflammation:
expanding the role of gut microbiota and metabolites. Crit. Rev. Food Sci. Nutr. 2025, 65, 3314-3333,
doi:10.1080/10408398.2024.2367570.

Xie, W.-Y,; Ji, Z.-H.; Ren, W.-Z.; Zhao, P.-S.; Wei, F.-H.; Hu, J.; Yuan, B.; Gao, W. Wheat peptide alleviates DSS-induced colitis
by activating the Keap1-Nrf2 signaling pathway and maintaining the integrity of the gut barrier. Food Funct. 2024, 15, 5466-5484,
doi:10.1039/D3FO04413K.

Yang, W.; Huang, Z.; Xiong, H.; Wang, J.; Zhang, H.; Guo, F.; Wang, C.; Sun, Y. Rice Protein Peptides Alleviate Dextran Sulfate
Sodium-Induced Colitis via the Keap1-Nrf2 Signaling Pathway and Regulating Gut Microbiota. J. Agric. Food Chem.. 2022, 70,
12469-12483, doi:10.1021/acs.jafc.2c04862.

Ji, Z.-H.; Xie, W.-Y.; Zhao, P.-S.; Wu, H.-Y,; Ren, W.-Z;; Hu, J.-P.; Gao, W.; Yuan, B. Oat Peptides Alleviate Dextran Sulfate
Sodium Salt-Induced Colitis by Maintaining the Intestinal Barrier and Modulating the Keap1-Nrf2 Axis. Nutrients 2023, 15, 5055,
doi:10.3390/nu15245055.

Pan, M.-H.; Tsai, M.-L.; Chen, W.-M.; Hwang, A.; Sun Pan, B.; Hwang, Y.-R.; Kuo, J.-M. Purification and Characterization of a
Fish Scale-Degrading Enzyme from a Newly Identified Vogesella sp. |. Agric. Food Chem. 2010, 58, 12541-12546,
doi:10.1021/j£1034042.

Wang, W.-Y.; Zhao, Y.-Q.; Zhao, G.-X.; Chi, C.-F.; Wang, B. Antioxidant Peptides from Collagen Hydrolysate of Redlip Croaker
(Pseudosciaena polyactis) Scales: Preparation, Characterization, and Cytoprotective Effects on H202-Damaged HepG2 Cells.
Mar. Drugs 2020, 18, 156, doi:10.3390/md18030156.

Shaik, M.I.; Rahman, S.H.A.; Yusri, A.S.; Ismail-Fitry, M.R.; Kumar, N.S.S.; Sarbon, N.M. A review on the processing technique,
physicochemical, and bioactive properties of marine collagen. J. Food Sci. 2024, 89, 5205-5229, doi:https://doi.org/10.1111/1750-
3841.17273.

Hu, X.; Yang, Y.; Chang, C.; Li, J.; Su, Y,; Gu, L. The targeted development of collagen-active peptides based on composite
enzyme hydrolysis: a study on the structure-activity relationship. Food Funct. 2024, 15, 401-410, doi:10.1039/D3FO04455F.
Begum, N.; Khan, Q.U.; Al-Dalali, S.; Lu, D.; Yang, F.; Li, ].; Wu, D.; Li, R;; Wang, ].; Liu, D.; et al. Process optimization and
identification of antioxidant peptides from enzymatic hydrolysate of bovine bone extract, a potential source in cultured meat.
Front. Sustain. Food Syst. 2024, Volume 7 - 2023, 1345833, d0i:10.3389/fsufs.2023.1345833.

Hernandez-Ruiz, K.L.; Lépez-Cervantes, J.; Sanchez-Machado, D.I.; Campas-Baypoli, O.N.; Quintero-Guerrero, A.A.; de
Lourdes Grijalva-Delgado, M.; Chavez-Almanza, A.F. Collagen peptide fractions from tilapia (Oreochromis aureus
Steindachner, 1864) scales: Chemical characterization and biological activity. Food Biosci. 2023, 53, 102658,
doi:https://doi.org/10.1016/j.fbio.2023.102658.

Gonzalez-Serrano, D.J.; Hadidi, M.; Varcheh, M.; Jelyani, A.Z.; Moreno, A.; Lorenzo, J.M. Bioactive Peptide Fractions from
Collagen Hydrolysate of Common Carp Fish Byproduct: Antioxidant and Functional Properties. Antioxidants 2022, 11, 509,
doi:10.3390/antiox11030509.

Dong, Y.; Chen, X.; Abdelnaby, T.; Guyonnet, V.; Cai, X.; Wang, S. Regulatory Potential of Food-Derived Bioactive Peptides on
Gut Microbiota: A New Perspective against Inmune-Mediated Inflammatory Diseases. |. Agric. Food Chem. 2025, 73, 17403-17416,
doi:10.1021/acs.jafc.5c06148.

Qiu, W.; Wang, Z,; Liu, Q.; Du, Q.; Zeng, X.; Wu, Z; Pan, D.; Zhang, X.; Tu, M. Structure and regulatory mechanisms of food-
derived peptides in inflammatory bowel disease: A review. Food Sci. Nutr. 2024, 12, 6055-6069, doi:10.1002/fsn3.4228.

Yang, M.; Liu, J.; Liu, C.; Zhang, H.; Li, S.; Zhang, T.; Yu, Z.; Chi, X.; Zhang, Z.; Du, Z. Programmable Food-Derived Peptide
Coassembly Strategies for Boosting Targeted Colitis Therapy by Enhancing Oral Bioavailability and Restoring Gut
Microenvironment Homeostasis. ACS Nano 2025, 19, 600-620, doi:10.1021/acsnano.4c11108.

Zhou, Y.; Wang, D.; Guo, J.; Zheng, Y.; Duan, H.; Yan, W. Two protein-derived peptides from Bombyx mori attenuate colitis by
enhancing intestinal barrier function and modulating gut microbiota ecology. Food Front. 2024, 5, 2652-2671,
doi:https://doi.org/10.1002/£ft2.469.

https://doi.org/10.3390/foods15142480



Foods 2026, 15, 2480 24 of 24

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Yang, Q.; Liu, J.; Lyu, S;; Li, S;; Han, Q.; Ma, C.; Du, Z.; Zhang, T. Ovalbumin Peptides Restore Intestinal Barrier Integrity via
Gut-Liver Axis Modulation of Bile Salt Hydrolase and Bile Acids Crosstalk. J. Agric. Food Chem. 2025, 73, 24741-24752,
doi:10.1021/acs jafc.5c07236.

Zhao, B.; Zhou, H.; Lin, K,; Xu, J.; Zhou, B.; Xie, D.; Jing; Yang, L.; Su, C.; Yang, L. Antimicrobial peptide DP7 alleviates dextran
sulfate sodium (DSS)-induced colitis via modifying gut microbiota and regulating intestinal barrier function. MedComm 2025,
6, €70085, d0i:10.1002/mco02.70085.

Li, X,; Cui, L.; Feng, G.; Yu, S.; Shao, G.; He, N.; Li, S. Collagen peptide promotes DSS-induced colitis by disturbing gut
microbiota and regulation of macrophage polarization. Front Nutr 2022, 9, 957391, d0i:10.3389/fnut.2022.957391.

Yang, Q.; Lyu, S.; Xu, M,; Li, S.-A.; Du, Z; Liu, X.; Shang, X; Yu, Z; Liu, J.; Zhang, T. Potential Benefits of Egg White Proteins
and Their Derived Peptides in the Regulation of the Intestinal Barrier and Gut Microbiota: A Comprehensive Review. ]. Agric.
Food Chem. 2023, 71, 13168-13180, doi:10.1021/acs.jafc.3c03230.

Zan, G.-X,; Qu, H.-Z,; Li, X.-Y,; Peng, Q.-L.; Wang, X.-F.; Li, R.-S.; Zhao, Y.-G.; Yan, H.-C.; Zhou, J.-Y.; Wang, X.-Q. Iturin A
Potentiates Differentiation of Intestinal Epithelial Defense Cells by Modulating Keap1/Nrf2 Signaling to Mitigate Oxidative
Damage Induced by Heat-Stable Enterotoxin B. Antioxidants 2025, 14, 478, doi:10.3390/antiox14040478.

Li, J.; Geng, Z,; Yin, L.; Huang, J.; Niu, M.; Zhang, K.; Song, X.; Wang, Y.; Zuo, L.; Hu, J. Engeletin Targets Mitochondrial
Dysfunction to Attenuate Oxidative Stress and Experimental Colitis in Intestinal Epithelial Cells Through AMPK/SIRT1/PGC-
la Signaling. Antioxidants 2025, 14, 524, doi:10.3390/antiox14050524.

Xu, B,; Yan, Z.; Zhang, Y.; Liu, S.; Fan, R.; Jiang, W. Apigenin Alleviates Intestinal Ischemia/Reperfusion Injury via Upregulating
Nrf2-Mediated Tight Junction Integrity. Mol. Nutr. Food Res. 2025, 69, €70043, doi:10.1002/mnfr.70043.

Ahmad, N.; Zhu, Z.; Xingwei, F.; Danni, L.; Qinghua, W.; Zhang, L.; Yuan, H.; Song, Y. Sheep milk protects while cow milk
exacerbates DSS-induced colitis by differentially modulating the Akkermansia—short chain fatty acids-barrier axis. Food Biosci.
2026, 77, 108386, doi:https://doi.org/10.1016/j.fbio.2026.108386.

Hu, M.; Du, Y,; Li, W.; Zong, X.; Du, W.; Sun, H.; Liu, H.; Zhao, K,; Li, J.; Faroog, M.Z,; et al. Interplay of Food-Derived Bioactive
Peptides with Gut Microbiota: Implications for Health and Disease Management. Mol. Nutr. Food Res. 2024, 68, 2400251,
doi:10.1002/mnfr.202400251.

Wijesekara, T.; Abeyrathne, E.; Ahn, D.U. Effect of Bioactive Peptides on Gut Microbiota and Their Relations to Human Health.
Foods 2024, 13, 1853, d0i:10.3390/foods13121853.

Wirtz, S.; Popp, V.; Kindermann, M.; Gerlach, K.; Weigmann, B.; Fichtner-Feigl, S.; Neurath, M.F. Chemically induced mouse
models of acute and chronic intestinal inflammation. Nat Protoc 2017, 12, 1295-1309, doi:10.1038/nprot.2017.044.

Chassaing, B.; Aitken, ].D.; Malleshappa, M.; Vijay-Kumar, M. Dextran sulfate sodium (DSS)-induced colitis in mice. Curr Protoc
Immunol 2014, 104, 15.25.11-15.25.14, d0i:10.1002/0471142735.im1525s104.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/foods15142480



