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ARTICLE INFO ABSTRACT

Keywords:
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Lactobacillus delbrueckii CIDCA 133 is a promising health-promoting bacterium shown to alleviate intestinal
inflammation. However, the specific bacterial components responsible for these effects remain largely unknown.
Here, we demonstrated that consuming extractable proteins from the CIDCA 133 strain effectively relieved acute
ulcerative colitis in mice. This postbiotic protein fraction reduced the disease activity index and prevented colon
shortening in mice. Furthermore, histological analysis revealed colitis prevention with reduced inflammatory cell
infiltration into the colon mucosa. Postbiotic consumption also induced an immunomodulatory profile in colitic
mice, as evidenced by both mRNA transcript levels (Tlr2, Nfkb1, Nipr3, Tnf, and I16) and cytokines concentration
(IL1p, TGF, and IL10). Additionally, it enhanced the levels of secretory IgA, upregulated the transcript levels of
tight junction proteins (Hp and F11r), and improved paracellular intestinal permeability. More interestingly, the
consumption of postbiotic proteins modulated the gut microbiota (Bacteroides, Arkkemansia, Dorea, and Oscil-
lospira). Pearson correlation analysis indicated that IL10 and IL1f levels were positively associated with Bac-
teroides and Arkkemansia_Lactobacillus abundance. Our study reveals that CIDCA 133-derived proteins possess
anti-inflammatory properties in colonic inflammation.

1. Introduction

Ulcerative colitis (UC) is an inflammatory disease with a worldwide
increasing incidence, affecting colon tissues [1]. The etiology of UC
involves genetic predisposition, altered immunological responses,
disruption of epithelial barrier function, and intestinal dysbiosis [2,3],
resulting in symptoms such as diarrhea, rectal bleeding, abdominal
cramps, and weight loss. UC constitutes a serious risk factor for the
development of colorectal cancer [4]. Due to the limited efficacy of
available therapeutics agents (e.g., 5-aminosalicylic acid,
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corticosteroids, antibiotics, and immunomodulators) in treating or
alleviating UC [2,5], microbiota regulation-focused strategies have
emerged as potential therapies [6].

Traditionally, the consumption of probiotics has been considered a
promising therapeutic option for attenuating IBD due to their ability to
modulate inflammation and regulate the intestinal microbiota [7,8].
Emerging evidence suggests that health benefits for the host do not
intrinsically depend on the viability of probiotics. Instead, these benefits
may be mediated, at least in part, by the release of bioactive compounds
derived from health-promoting bacteria known as postbiotics (e.g.,
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cytoplasmic, secreted, or surface proteins, exopolysaccharides, pepti-
doglycans, short-chain fatty acids, peptides) [9].

Some postbiotic compounds can act as microbe-associated molecular
patterns (MAMP), triggering immunomodulatory effects of probiotic
microorganisms through interactions with host cell pattern recognition
receptors (PRRs), such as Toll-like receptors (TLRs) or NOD-like re-
ceptors (NLRs) [10,11] as well as G protein-coupled receptors (GPRs),
including GPR43 [12]. These interactions can result in the activation or
inhibition of inflammation-related signaling pathways, including the
nuclear factor kappa B (NF-kB) and mitogen-activated protein kinase
(MAPK) pathways [13]. The biological activity of postbiotic compounds,
including immunomodulation, has been reported in potentially benefi-
cial microorganisms, such as Propionibacterium freudenreichii [14], Lac-
ticaseibacillus  plantarum [15], Limosilactobacillus reuteri [16],
Faecalibacterium prausnitzii [17], among others.

Promising anti-inflammatory properties have been identified in the
potentially health-promoting strain Lactobacillus delbrueckii subsp. lactis
CIDCA 133, isolated from raw cow milk in the La Plata region
(Argentina) [18,19]. It has been reported that CIDCA 133 controls in-
testinal inflammation in a mouse model of 5-Fluorouracil (5-FU)-
induced mucositis by regulating the epithelial barrier and TLR2/4/
MYD88/NF-xB signaling pathway [20]. Furthermore, this strain was
able to maintain its anti-inflammatory effects even after being heat-
inactivated or through its secreted products (postbiotics preparation),
ameliorating histopathological damage and modulating the gene
expression of inflammatory markers, such as Tlr2, Nfkb1, Il1b, Il117a, Tnf
and 1110 in the context of mucositis [21]. These data suggest that the
anti-mucositis effects reported for this strain may be mediated by
MAMPs exposed on the surface of the bacteria (e.g., exopolysaccharides,
surface proteins, lipoteichoic acid) or secreted proteins, which can
activate human immune proteins involved in the inflammatory NF-xB
signaling pathway, as proposed by a previous probiogenomics study
[22].

Therefore, as the specific molecules of Lactobacillus delbrueckii CIDCA
133 responsible for its anti-inflammatory effects remain poorly charac-
terized, this work investigated whether extractable proteins from this
strain could mitigate intestinal inflammation and colonic epithelial
damage in a mouse model of ulcerative colitis-induced by dextran sul-
fate sodium (DSS).

2. Material and methods
2.1. Bacterial growth conditions

Lactobacillus delbrueckii subsp. lactis CIDCA 133 was obtained from
the culture collection of the CIDCA Center (Centro de Investigacién y
Desarrollo en Criotecnologia de Alimentos, Universidad Nacional de
LaPlata, Argentina). CIDCA 133 was grown in liquid MRS broth (Acu-
media, Lansing, USA) under microaerophilic conditions at 37 °C for 18 h
without agitation.

2.2. Proteins extraction

The extraction of CIDCA 133 proteins was performed using Guani-
dine Hydrochloride (GuHCI) following the method described by Le
Maréchal et al. [23], with some modifications. Specifically, 200 mL of
CIDCA 133 culture in the final exponential phase (O.Dgoonm 1.6; 10°
CFU/mL) were harvested by centrifugation (8000 xg for 10 min, 4 °C)
and washed twice with 20 mL of sterile phosphate-buffered saline (PBS)
0.1 M (pH 7.4). The pellet was then resuspended in 10 mL of 5 M
Guanidine Hydrochloride (Sigma-Aldrich, St. Louis, USA) and incubated
for 15 min at 50 °C. Subsequently, the suspension was centrifuged at
room temperature (21.000 xg for 20 min), and the supernatant (gua-
nidine extract) was collected and dialyzed against 2 L of PBS buffer (pH
7.4) at 4 °C with shaking, using the Slide-A-Lyzer™ Dialysis kit (10.000
MWCO) (Thermo Scientific, Rockford, USA). After 3 h of dialysis, the
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PBS buffer was refreshed once, and the dialysis process continued for an
additional 24 h.

Extractable proteins from CIDCA 133 (30 pL) were analyzed using
one-dimensional SDS-PAGE (12 %) (Fig. la), following dilution in
Laemmli sample buffer and denaturation for 10 min at 95 °C, according
to a standard protocol [24]. The proteins were then quantified using a
Qubit™ fluorometer (Invitrogen, Oregon, USA) and stored at —80 °C
until further use in mice administration and proteomics analysis.

2.3. Protein identification by LC-MS/MS

A standardized quantity of 10 pg of proteins was loaded into each
well of a homemade 12 % SDS-PAGE gel (Miniprotean II, Bio-Rad).
Additionally, one well was exclusively reserved for pre-stained molec-
ular mass markers (Precision Plus Protein™ Kaleidoscope™ Prestained
Protein Standards, Bio-Rad). Gel electrophoresis was conducted until
proteins migrated approximately 3 mm into the separating 12 % gel,
followed by fixation and Coomassie blue staining (Bio-Safe, Bio-Rad).
Gel strips containing all the protein samples were subsequently
excised and subjected to in-gel trypsinolysis, following established
procedures [25]. The resulting peptides were separated via nano-LC
using a nano RSLC Dionex U3000 system before MS/MS identification,
as detailed previously [26]. Nano-LC was fitted to a Q-Exactive mass
spectrometer with a nanoelectrospray ion source (Thermo Scientific,
San Jose, USA). Peptide spectra were recorded in full MS mode within a
mass range of 250-2000 m/z, with a resolution of 70,000 at m/z 200.
Peptide identification from the MS/MS spectra was done using X!Tan-
dem pipeline software [27]. The search was conducted against the
proteome of Lactobacillus delbrueckii subsp. lactis CIDCA 133 (down-
loaded from NCBI.nlm.nih.gov). The search parameters included trypsin
cleavage with peptide mass tolerance set at 10 ppm for MS and 0.05 Da
for MS/MS. Methionine oxidation was considered a variable modifica-
tion. Validation of peptide identification required an E-value lower than
0.05 for each peptide. A minimum of two peptides per protein was also
mandated, resulting in a false discovery rate (FDR) of 0.15 % for protein
identification. Proteins with a coverage threshold >20 % were selected.
The SurfG+ software was utilized to determine the subcellular locali-
zation of these proteins [28].

2.4. Mice handling and DSS-induced acute colitis model

Six-week-old C57BL/6 female mice, purchased from the Bioterism
Center (CEBIO-UFMG), were housed in sterile ventilated polycarbonate
cages under standard conditions (the temperature at 25 + 2 °C, with a
12-h light/dark cycle-controlled room) with ad libitum access to auto-
claved water and standard rodent chow for 24 h before experiments.
Before the start of the experiment, all mice were acclimatized for four-
teen days. The experimental procedures were approved by the Animal
Ethics Committee of the Federal University of Minas Gerais (protocol
number 116,/2023) and adhered to the guidelines outlined by the Bra-
zilian National Council for the Control of Animal Experimentation
(CONCEA).

Mice were randomly allocated into three groups (n = 6 animals per
group): Control (NC), Colitis (DSS), and Colitis treated with postbiotic
proteins from CIDCA 133 (PP).

To induce the acute colitis model, 2.5 % DSS (36-50 kDa, MP Bio-
medicals, Cat:160110, Lot: S5036) was dissolved in drinking water and
orally administrated by continuous feeding (ad libitum) to mice in the DSS
and PP groups for seven consecutive days [29]. The non-colitis group
(NC) received only sterile water. The bottles containing DSS or water
were changed every 24 h. Mice in the PP group were treated with 300 pL
of postbiotic proteins (100 pg) via gavage for seven consecutive days,
once daily. Control groups (NC and DSS) received a 0.1 M PBS solution
(300 pL) by the same route. On the 8™ experimental day, all mice were
anesthetized with a xylazine (16 mg/kg)/ketamine (80 mg/kg) mixture
(Syntec, Tamboré, Brazil) for blood collection (Fig. 1b). After
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Fig. 1. Postbiotic proteins from Lactobacillus delbrueckii CIDCA 133 ameliorate clinical colitis signs. (a) 12 % SDS-PAGE gel of CIDCA 133 proteins extracted with
sodium dodecyl sulfate (SDS) and guanidine hydrochloride (GuHCl); (b) Experimental scheme; (c-d) mice weight loss; (e-f) DAI score; (g-h) colon length. Asterisks
indicate statistically significant differences (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001) according to the two-way ANOVA plus Tukey’s post-test (c, e),
or ANOVA plus Tukey’s post-test (d, g). NC: negative control (healthy mice); DSS: dextran sodium sulfate (colitic mice); PP: postbiotic proteins (colitic mice

consuming postbiotic proteins).

euthanasia, stool and colon tissue samples were collected and stored for
subsequent analysis, including 16S rRNA sequencing, hematoxylin and
eosin (H&E) and Periodic Acid-Schiff (PAS) staining, measurement of
myeloperoxidase (MPO) and N-acetylglucosaminidase (NAG) activity,
assessment of colonic gene expression, and determination of cytokines
levels.

2.5. Disease activity index (DAD

The severity of colitis was macroscopically assessed using the DAI
score [30]. For this, mice were monitored daily, and the DAI score was
calculated by summing the scores for the following parameters: weight
loss (0:none; 1: 1-5 %; 2:6-10 %; 3: 11-18 %; 4:> 18 %); rectal
bleeding (0: negative hemoccult; 1: negative hemoccult; 2: positive
hemoccult; 3: visible blood traces in stool; 4: gross rectal bleeding); and
stool consistency (0: normal, 1: soft but still formed; 2: soft; 3: wet, very
soft; 4: diarrhea).

2.6. Intestinal permeability

On the euthanasia day, all mice were gavaged with 100 pL of
diethylenetriaminepentaacetic acid (DTPA) labeled with 18.5 Mbq of
technetium-99m (°°™Tc-DTPA) to assess the intestinal permeability.
After four hours, all mice were anesthetized, and blood (200 pL) samples
were collected from the axial plexus into pre-weighed acrylic test tubes.
Subsequently, according to the recommended manufacturer’s in-
structions, blood radioactivity was measured using an automatic gamma
radiation counter (ANSR-Abbott, Chicago, USA). The results were
expressed as a percentage of the administrated dose of *>™Tc-DTPA per
gram of blood (% ID/g) [31].

2.7. Colon histology

The distal colon tissue was collected, and its length was measured.
Afterward, the colon was washed with a 0.1 M PBS buffer and opened,
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followed by rolling for tissue fixation in 10 % buffered formalin (Synth,
Sao Paulo, Brazil) for 24 h. After fixation, the tissue samples were par-
affined and sectioned for H&E and PAS staining. A pathologist per-
formed a double-masked analysis of the colonic histological changes,
following the scoring system proposed by Wirtz et al. [29]. A count of
mucus-producing goblet cells was performed with ImageJ 1.51j.8
(https://imagej.nih.gov/ij/).

2.8. Myeloperoxidase (MPO) and N-acetyl-f-D-glucosaminidase (NAG)
activity measurement

The extension of the infiltrate cellular for neutrophils and macro-
phages in the colon tissue was performed by MPO and NAG enzyme
activities, respectively [32]. Briefly, small sections of the proximal colon
were processed and homogenized with a cold buffered solution (1 mL/
100 mg) containing NaHsPO4 0.02 M, NasEDTA 0.015 M, and NaCl 0.1
M (LabSynth, Diadema, Brazil) (pH 4.7), using metal beads in the Pre-
celys® 24 (6500 rpm, 15 s) (Bertin Technologies, Montigny Le Bre-
tonneux, France). The colon homogenates were centrifuged (9.500 xg at
4 °C for 10 min). After that, a hypotonic process [(cold 0.2 % NaCl (500
pL) for 30 s, followed by 500 pL of 1.6 % NaCl (LabSynth, Diadema,
Brazil) containing glucose 5 % (Vetec, Rio de Janeiro, Brazil)] was
performed. Then, the homogenate aliquots (750 pL each) were har-
vested for the MPO and NAG enzymatic activity essays.

For MPO, the homogenates were centrifuged (9.500 xg for 10 min at
4 °C). The supernatant was mixed with NaH;PO4 (0.05 M) solution (pH
5.4) (1 mL/100 mg) (LabSynth, Diadema, Brazil) containing 0.5 %
hexadecyltrimethylammonium bromide (HTAB) (Sigma-Aldrich, St.
Louis, USA). Afterward, the supernatant was subjected to three freeze-
thaw cycles in liquid nitrogen (lysis process), centrifuged (9500 xg at
4 °C for 15 min), and harvested for colorimetric enzymatic assay. For
this, 25 pL of supernatant was mixed with 25 pL of dimethyl sulfoxide
(Sigma-Aldrich, St. Louis, USA) containing 1.6 mM 3,3,5,5-Tetrame-
thylbenzidine (Sigma-Aldrich, St. Louis, USA). After incubation at 37 °C
for 5 min, followed by the addition of 100 pL H>05 0.002 % (Vetec, Rio
de Janeiro, Brazil) and a new incubation at 37 °C for 5 min, the reactions
were stopped with 50 pL of sulphuric acid 1 M (Vetec, Rio de Janeiro,
Brazil).

For NAG, the homogenates were centrifuged (9.500 xg at 4 °C for 10
min), and a NaCl 0.9 % (LabSynth, Diadema, Brazil) solution containing
Triton X-100 0.1 % (v/v) (1 mL/100 mg) (Vetec, Rio de Janeiro, Brazil)
was mixed to the supernatant. After centrifugation (850 xg for 10 min at
4 °C), the supernatant was harvested for colorimetric enzymatic assay.
Thus, 100 pL of supernatant was added to 100 pL of cold citrate/phos-
phate buffer (pH 4.5) [(NaaHPO4 0.1 M (LabSynth, Diadema, Brazil)
plus citric acid 0.1 M (Sigma-Aldrich, St. Louis, USA)] containing the
substrate p-nitrophenyl-N-acetyl-p-D-glucosamine 2.24 mM (Sigma-
Aldrich, St. Louis, USA). After incubation for 10 min at 37 °C, the re-
actions were stopped with 100 pL of glycine 0.2 M buffer [(glycine 0.8 M
(Sigma-Aldrich, St. Louis, USA), NaCl 0.8 M (LabSynth, Diadema,
Brazil), and NaOH 0.8 M (Vetec, Duque de Caxias, Brazil)] (pH 10.6).

The enzymatic assay absorbance (450 nm for MPO and 400 nm for
NAG) was measured on a microplate spectrophotometer (Epoch, BioTek
Instruments), and the results represented as arbitrary units of MPO or
NAG per milligram of tissue.

2.9. Enzyme-linked immunosorbent assay (ELISA)

The levels of cytokines were measured by ELISA assay. Briefly, small
sections of the proximal colon were harvested, weighed, and homoge-
nized (1 mL/100 mg) in a cold PBS 0.1 M buffer containing phenyl-
methylsulphonyl fluoride (PMSF) 0.1 mM (Sigma- Aldrich, St. Louis,
USA), EDTA 10 mM (Synth, Sao Paulo, Brazil), benzethonium chloride
0.1mM (Sigma-Aldrich, St. Louis, USA), 0.05 % Tween-20 (Sigma-
Aldrich, St. Louis, USA) and aprotinin A 20 KIU/mL (Sigma-Aldrich, St.
Louis, USA). The tissue lysis process was performed by metal beads using

International Journal of Biological Macromolecules 277 (2024) 134216

Precellys® 24 (1 cycle, 6500 rpm, 15 s) (Bertin Technologies, Montigny
Le Bretonneux, France). After that, the samples were centrifuged (3000
xg at 4 °C for 10 min), and the resulting supernatants were kept at
—80°C until use. Then, the concentration of cytokines (IFNy, IL1p, TGFp,
IL10, and IL17) was determined according to the ELISA MAX™ Set
(Biolegend®) or DuoSet® ELISA Kit (R&D Systems, Minneapolis, USA),
according to the recommended instructions.

2.10. Intestinal secretory IgA (sIgA) levels

Total sIgA levels were determined by ELISA, according to the method
described by Barroso et al. [33]. Briefly, the contents of the small in-
testine were collected, weighed, and suspense with PBS 0.1 M (pH 7.2)
(2 mL/500 mg) supplemented with an anti-protease cocktail (PMSF 1
mM; pepstatin 1 pM; aprotinin 1 pM; leupeptin 25 uM) (Sigma-Aldrich,
St. Louis, EUA). After that, they were centrifuged (380 xg at 4 °C for 30
min), and the supernatant was stored at —80 °C until immunoglobulin
dosage. The assay was directly performed on microplates (Nunc-
Immuno places, MaxiSorp) reversed with goat anti-mouse IgA antibody
(Sigma, St. Louis, USA), and the levels of sIgA were determined based on
IgA standard curve (Sigma-Aldrich, St. Louis, USA). O-phenylenedi-
amine (OPD) (1 mg/mL) (Sigma-Aldrich, St. Louis, USA) was used as an
enzymatic substrate for the reaction. The absorbance (492 nm) was
measured using a microplate reader (Epoch, BioTek Instruments), and
sIgA concentration was expressed in pg/mL of intestinal content.

2.11. Colonic gene expression by RT-gPCR

Total RNA isolation of the distal colon was performed with Pure
Link™ RNA Mini Kit (Invitrogen, Carlsbad, USA), following the rec-
ommended instructions. RNA integrity was performed in 1.5 % agarose
gel. 2 pg of RNA, previously determined by NanoDrop 2000 spectro-
photometer (Thermo Scientific, Waltham, USA), was converted to
complementary DNA using a High-Capacity cDNA Reverse Transcription
kit (ThermoFisher, Waltham, USA), following the manufacturer’s in-
structions. The PowerUp™ SYBR® Green Master Mix (ThermoFisher)
was used in quantitative PCR (qPCR) that was performed on the ABI
PRISM 7900HT Sequence Detection System (Applied Biosystems™)
(steps: 95 °C for 10 min; 40 cycles of 95 °C for 15 s, and 60 °C for 1 min).
Relative target gene expression was normalized based on the transcript
levels of Gapdh (glyceraldehyde 3-phosphate dehydrogenase) and Actb
(actin beta) genes, following the 272ACT method [34] (Table 1.

2.12. Gut microbiota profile

DNA extraction from mouse fecal samples was performed following
the method of Yu and Morrison [42], with some modifications. The 16S
rRNA sequencing and libraries were performed by Neoprospectra
Microbiome Technologies (https://www.neoprospecta.com/) using the
MiSeq Sequencing System (Illumina Inc., USA). The amplification was
performed with primers 341F (CCTACGGGRSGCAGCAG) and 806R
(GGACTACHVGGGTWTCTAAT) for region V3-V4 of the 16S rRNA gene.
Adapters were trimmed with Trimmomatic [43]. The sequences were
clustered into Operational Taxonomic Units (OTU) (97 % similarity) and
taxonomically assigned using UCHIME v. 4.2.40 [44] and VSEARCH v.
2.22.1 [45] pipelines. Alpha diversity (Shannon’s and Simpson’s index)
data were obtained using PAST 4.13 software [46].

2.13. Statistical analysis

The data were analyzed using “one way” or “two way” ANOVA plus
Tukey’s test or Kruskal-Wallis plus Dunn’s test. A Mann-Whitney or
Student t-test was performed when two groups were compared. Pear-
son’s correlation coefficient was used to explore the relationship be-
tween colonic microbiota and cytokines profile in the development of
DSS-induced colitis. GraphPad Prism (8.0.2) (GraphPad Software, San
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Table 1
Primer sequences used in qPCR.
Gene Primer sequence (5'....... 3) Reference
Acth F: GCTGAGAGGGAAATCGTGCGTG [35]
R: CCAGGGAGGAAGAGGATGCGG
Gapdh F: TCACCACCATGGAGAAGGC [36]
R: GCTAAGCAGTTGGTGGTGCA
TIr2 F: ACAATAGAGGGAGACGCCTTT [371
R: AGTGTCTGGTAAGGATTTCCCAT
Nfkb1 F: GTGGAGGCATGTTCGGTAGTG [38]
R: TCTTGGCACAATCTTTAGGGC
Tnf F: ACGTGGAACTGGCAGAAGAG [39]
R: CTCCTCCACTTGGTGGTTTG
16 F: GAGGATACCACTCCCAACAGACC [36]
R: AAGTGCATCATCGTTGTTCATACA
Nirp3 F: AGAGCCTACAGTTGGGTGAAATG [40]
R: CCACGCCTACCAGGAAATCTC
Cxels F: GTTCATCTCGCCATTCATGC [41]
R: GCGGCTATGACTGAGGAAGG
Ocin F: ACTCCTCCAATGGACAAGTG [35]
R: CCCCACCTGTCGTGTAGTCT
Hp F: CCACCTCTGTCCAGCTCTTC [35]
R: CACCGGAGTGATGGTTTTCT
Flir F: CACCTTCTCATCCAGTGGCATC [35]
R: CTCCACAGCATCCATGTGTGC
Cldn2 F: GTCATCGCCCATCAGAAGAT [35]
R: ACTGTTGGACAGGGAACCAG
Muc2 F: GATGGCACCTACCTCGTTT [35]

R: GTCCTGGCACTTGTTGGAAT

Note: F (Forward); R (Reverse); Actb (actin beta); Gapdh (glyceraldehyde 3-phos-
phate dehydrogenase); Tlr2 (Toll-like receptor 2); Nfkb1 (nuclear factor kappa B
subunit 1); Tnf (Tumor necrosis factor alpha); 116 (interleukin 6); Nlrp3 (Nod-like
receptor family pyrin domain containing 3); Cxcl5 (C-X-C motif chemokine 5);
Ocln (occludin); Hp (zonulin); F11r (junctional adhesion molecule A); Cldn2
(claudin 2); Muc2 (mucin 2).

Diego, USA) conducted all data analyses and created figures. The data
with statistical significance were represented as *p < 0.05; **p < 0.01;
®k p < 0.001; ****p < 0.0001.

3. Results

3.1. Proteome analysis of Lactobacillus delbrueckii CIDCA 133

SDS-PAGE analysis was performed on proteins extracted from L.
delbrueckii CIDCA 133 using 5 M Guanidine Hydrochloride (GuHCI). The
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results showed multiple distinct bands ranging from approximately 25
to 100 kDa. Compared to proteins from the SDS extract, 25 proteins were
detected in the guanidine extract by proteomic analysis (Table S1). Of
these, 23 proteins presented coverage of >20 % (Table 2), including
phosphopyruvate hydratase, D-2-hydroxy-acid dehydrogenase, elonga-
tion factor Tu, pyruvate kinase, ATP-dependent Clp protease, chaperone
DnaK, and C40 family peptidase. SurfG+ analysis of these proteins
revealed that all proteins are cytoplasmic, except for the C40 family
peptidase, which was classified as an extracellular protein. Chaperonin
GroEL (groL) (57 kDa), phosphoglycerate kinase (pgk) (42 kDa), and type
I glyceraldehyde-3-phosphate dehydrogenase (gap) (36 kDa) were the
most abundant proteins present in the guanidine extract (Fig. 1a). All
proteins identified by mass spectrometry are shown in Supplementary
Table S1.

3.2. Postbiotics proteins reduced the severity of DSS-induced colitis

The therapeutic efficacy of extractable postbiotic proteins derived
from Lactobacillus delbrueckii CIDCA 133 (100 pg/day, orally adminis-
trated) was assessed in a DSS-induced acute colitis mouse model
(Fig. 1b). Compared to the control group (NC), the severity of DSS-
induced colitis in mice (DSS group) was mainly characterized by sig-
nificant body weight loss (NC: 3.94 + 1.74 %; DSS: —7.81 + 2.48 %) (p
< 0.0001) (Fig. 1c, d), an elevated DAI score (Fig. le, f), and colon
shortening (NC: 8.00 + 0.28 cm; DSS: 6.70 + 0.53 cm) (Fig. 1g, h) (p =
0.0007), indicating successful establishment of the ulcerative colitis
model. Subsequently, the CIDCA 133 postbiotic proteins (PP group)
were evaluated concerning their ability to ameliorate these parameters.
Although no significant protective effect was observed on mice’s body
weight loss (p = 0.0540) (Fig. 1c, d), treatment with postbiotic proteins
reduced the DAI score (p = 0.0079) (Fig. le, f) and prevented colon
length shortening (7.54 &+ 0.33 cm) (p = 0.0154) (Fig. 1g, h), indicating
partial alleviation of colitis symptoms.

3.3. Postbiotic proteins alleviated colonic epithelial damage

After seven days of DSS administration, drastic changes in the
colonic mucosa architecture were observed in the DSS group compared
to the control group (NC), as illustrated in Fig. 2a. These alterations led
to an enhanced histopathological score (p < 0.001) (Fig. 2b), transmural
inflammatory cell infiltration by neutrophils (MPO activity; NC: 0.11 +
0.26 AU/mg; DSS: 1.20 + 0.32 AU/mg; p < 0.001) (Fig. 2¢), and

Table 2

Proteins present in the guanidine extract.
Accession Gene Description Cell localization Coverage emPAI
WP_002879985.1 gap type I glyceraldehyde-3-phosphate dehydrogenase Cytoplasm 78.40 % 371.7594
WP_002879986.1 pgk phosphoglycerate kinase Cytoplasm 78.16 % 35.74662
WP_002879863.1 eno phosphopyruvate hydratase Cytoplasm 74.12 % 99
WP_013439976.1 groL chaperonin GroEL Cytoplasm 73.93 % 30.62278
WP_013438907.1 ddh D-2-hydroxyacid dehydrogenase Cytoplasm 72.37 % 120.1528
WP_003617518.1 tuf elongation factor Tu Cytoplasm 68.94 % 243.8437
WP_013439390.1 pyk pyruvate kinase Cytoplasm 68.08 % 108.2601
WP_013440298.1 tag ATP-dependent Clp protease Cytoplasm 58.76 % 26.06652
WP_003611409.1 FAD-dependent oxidoreductase Cytoplasm 51.67 % 6.943282
WP_013440090.1 PTS sugar transporter subunit IIB Cytoplasm 51.16 % 25.82696
WP_003615406.1 dnaK chaperone DnaK Cytoplasm 46.42 % 6.196857
WP_013439226.1 ptsP phosphoenolpyruvate-protein phosphotransferase Cytoplasm 46.26 % 53.11695
WP_003617641.1 rpsA 308 ribosomal protein S1 Cytoplasm 45.39 % 17.4785
WP_013439025.1 tyrS tyrosine—tRNA ligase Cytoplasm 44.66 % 7.912509
WP_003611798.1 fabF beta-ketoacyl-ACP synthase II Cytoplasm 44.09 % 5.309573
WP_013440068.1 pfk 6-phosphofructokinase Cytoplasm 33.43 % 5.309573
WP_013438958.1 C40 family peptidase Extracellular 33.33% 22.71374
WP_013439895.1 glnA type I glutamate-ammonia ligase Cytoplasm 33.03 % 3.084239
WP_013439809.1 proS proline-tRNA ligase Cytoplasm 31.50 % 2.162278
WP_013440196.1 dhak dihydroxyacetone kinase subunit DhaK Cytoplasm 30.82 % 4.623413
WP_002879226.1 thrS threonine-tRNA ligase Cytoplasm 24.88 % 2.775053
WP_002879146.1 mreC rod shape-determining protein Cytoplasm 23.35% 2.511192
WP_013439310.1 atpC FOF1 ATP synthase subunit gamma Cytoplasm 21.25% 1.253934
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Fig. 2. Protective effect of postbiotic proteins from Lactobacillus delbrueckii CIDCA 133 on colonic mucosa architecture. (a) Representative images of H&E and PAS
staining of colon tissue; (b) histopathological score; (c) MPO and (d) NAG activity; (e) goblet cell count; and (f) mucin 2 gene expression. Asterisks indicate sta-

tistically significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001) according to ANOVA plus Tukey’s post-test (b, c, f) or Kruskal-Wallis plus Dunn’s post-test
(d). NC: negative control (healthy mice); DSS: dextran sodium sulfate (colitic mice); PP: postbiotic proteins (colitic mice consuming postbiotic proteins).

macrophages (NAG activity; NC: 1.20 + 0.18 AU/mg; DSS: 1.85 + 0.36
AU/mg; p = 0.0474) into the lamina propria (Fig. 2d), and depletion of
goblet cells (NC: 123.8 + 41.01 cell/field; DSS: 77.62 + 22.40 cell/field;
p = 0.0436) (Fig. 2e) with a subsequent reduction in the transcript levels
of mucin 2 (NC: 1.00 £ 0.01; DSS: 0.14 + 0.12; p = 0.0331) (Fig. 2f). In
contrast, the consumption of postbiotic proteins (PP group) ameliorated
the damage inflicted on the colonic mucosal architecture by the DSS
treatment. This was evidenced by the restoration of the inflammation-

related histological score (p < 0.05) (Fig. 2b), and the reduction in
DSS-associated recruitment of neutrophils (MPO: 0.58 + 0.20 AU/mg; p
= 0.0121) and macrophages (NAG: 0.61 + 0.32 AU/mg; p = 0.0006)
(Fig. 2¢, d). No beneficial effect was observed on goblet cell count (p =
0.4748) (Fig. 2e) and the relative mucin 2 gene expression (p = 0.2474)
(Fig. 2f) after postbiotic proteins administration.
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3.4. Postbiotic proteins regulated colonic inflammatory responses

To elucidate the underlying mechanism by which postbiotic proteins
from CIDCA 133 protect mice from the colonic mucosal damage caused
by DSS, we analyzed the gene expression of some inflammatory markers
(Ttr2, Nfkb1, Nlrp3, Cxcl5, Tnf, and Il6) by RT-qPCR.

Mice with colitis (DSS group) exhibited enhanced colonic gene
expression of Tlr2 (3.073 + 1.31), Nfkb1 (2.42 + 0.53), Nirp3 (3.73 +
0.79), Tnf (21.23 + 11.37) and Il6 (67.15 + 28.92) compared to the
expression levels in the control group (NC) (p < 0.05) (Fig. 3a). In
contrast, treatment with postbiotic proteins (PP group) reduced the
mRNA expression levels of these inflammatory markers: Tlr2 (1.33 +
0.52), Nfkb1 (1.08 + 0.76), Nipr3 (1.35 + 1.08), Tnf (1.77 + 1.75) and
116 (27.28 + 3.67) (p < 0.05) (Fig. 3a). DSS-induced acute colitis did not
affect the transcript levels of Cxcl5 (p = 0.1680) (Fig. 3a).

Further immunoregulatory profile of postbiotic protein fraction was

(a)
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evaluated by measuring cytokine levels (IFNy, IL17A, IL1f, TGFp, and
IL10) in colonic tissue homogenates.

Administration of DSS increased levels of the anti-inflammatory cy-
tokines TGFp (132.2 + 18.14 pg/mL) and IL10 (269.0 + 53.97 pg/mL)
(p < 0.05) (Fig. 3b, c), as well as the pro-inflammatory cytokines IL1§
(317.6 + 105.5 pg/mL) and IFNy (61.66 + 6.81 ng/mL) (p < 0.01)
(Fig. 3d, e) in the colonic mucosa of colitic mice. These cytokines levels
were reduced in colitic mice following administration of postbiotic
proteins (TGFf: 94.73 £+ 12.90 pg/mL; IL10: 159.3 + 36.76 pg/mL; and
IL1p: 75.26 + 73.37 pg/mL; p < 0.05) (Fig. 3b-d). DSS-induced acute
colitis did not affect IL17A concentration (p = 0.2748) (Fig. 3 f)
compared to the control group. Furthermore, treatment with postbiotic
proteins did not modulate the levels of IFNy (p = 0.7694) (Fig. 3e)
compared to the DSS group.
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Fig. 3. Postbiotic proteins from Lactobacillus delbrueckii CIDCA 133 modulate colonic inflammation in colitic mice. (a) Gene expression of Tlr2, Nfkb1, Nipr3, Tnf, 116

and Cxcl5. Levels of cytokines: (b) TGF (c) IL10 (d) IL1p, (e) IFNy, and (f) IL17A. Asterisks indicate statistically significant differences (* p < 0.05; **p < 0.01;

"p

< 0.001) according to ANOVA plus Tukey’s post-test. NC: negative control (healthy mice); DSS: dextran sodium sulfate (colitic mice); PP: postbiotic proteins (colitic

mice consuming postbiotic proteins).
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3.5. Postbiotic proteins protected the intestinal barrier function

DSS-induced acute colitis leads to several changes in mice, including
elevated levels of secretory IgA, enhanced intestinal permeability, and
concomitant downregulation of genetic markers associated with
epithelial barrier function.

Administration of DSS increased sIgA levels (344 + 22.84 pg/mL)
compared to the control group (280.6 + 21.60 pug/mL) (p = 0.0284).
Mice treated with postbiotic proteins (PP group) exhibited higher
secretory IgA levels (400.7 + 48.92 pg/mL) compared to those in the
DSS group (p = 0.0496) (Fig. 4a).

Furthermore, the DSS group exhibited significantly higher intestinal
permeability (0.83 & 0.07 % ID/g) than the control group (0.50 + 0.11
% ID/g) (p = 0.0004) (Fig. 4b), indicating an impact of DSS 2.5 % on
colonic barrier function. This group also displayed down-regulation of
transcript levels of the tight junction proteins junctional adhesion
molecule (F11r) (0.09 + 0.09) and claudin-2 (Cldn2) (0.73 + 0.12)
compared to the control group (NC) (p < 0.05) (Fig. 4c, €). In contrast,
treatment with postbiotic proteins (PP group) significantly reduced the
intestinal permeability (0.56 & 0.11 % ID/g) (p = 0.0020) (Fig. 4b) and
upregulated the mRNA expression levels of the tight junction protein
Fr11 (0.46 £+ 0.23) (p = 0.0209) (Fig. 4c) in colitic mice.

No effect on transcript levels of zonulin (Hp) and occludin (Ocln) was
observed after DSS administration (DSS group) compared to the control
group (p > 0.05) (Fig. 4d, f). In constrast, treatment with postbiotic
proteins upregulated the gene expression of Hp (3.21 + 1.71; p =
0.0296) while downregulating the transcript levels of Cldn2 (0.40 +
0.09; p = 0.0085) (Fig. 4d, e).

3.6. Postbiotic proteins regulate dysbiosis induced by DSS
We also explored the impact of postbiotic proteins from CIDCA 133

on gut microbiota using 16S rRNA gene sequencing analysis. The DSS
group exhibited a significant loss in bacterial diversity compared to the

(@) (b)

* k¥
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control group (p < 0.01) (Fig. 5a, b). Nevertheless, oral administration
of postbiotics proteins from CIDCA 133 (PP group) restored gut micro-
biota diversity (p < 0.05) (Fig. 5a, b). Further analysis at the phylum
level revealed that administration of DSS (DSS group) decreased Fir-
micutes and Verrucomicrobia abundance and increased the relative
abundance of Bacteroidetes (p < 0.05) (Fig. 5c, d). Additionally, a sig-
nificant correlation (r = 0.8713; p = 0.0204) between Bacteroidetes and
Firmicutes abundance was observed (Fig. 5e). The consumption of
postbiotic proteins modulated the profile of gut microbiota, reducing the
abundance of Bacteroidetes and increasing the abundance of Firmicutes.
No impact of postbiotic proteins was observed on the Verrucomicrobia
and Proteobacteria profile (Fig. 5d) (p > 0.05).

The impact of postbiotic proteins on the gut microbiota at the genus
level was also explored. The administration of DSS (DSS group)
increased the relative abundance of Bacteroides (Fig. 6a) and Dorea
(Fig. 6d) genera and decreased the abundance of Lactobacillus (Fig. 6b)
and Arkkemansia (Fig. 6¢) compared to the control group (p < 0.05).
This dysbiosis was partially countered by the consumption of postbiotic
proteins from CIDCA 133, which reduced the relative abundance of
Bacteroides (Fig. 6a) and Dorea (Fig. 6d) while increasing the abundance
of Arkkemansia (Fig. 6¢) (p < 0.05). A positive impact of postbiotic
proteins from CIDCA 133 was also observed in the relative abundance of
the Oscillospira genus (Fig. 6f) compared to the DSS group (p < 0.05). No
impact of DSS was observed on Helicobacter (Fig. 6e), and no impact of
postbiotic proteins was observed on the abundance of Lactobacillus (p >
0.05) (Fig. 6b).

Further analysis was performed to evaluate the correlation between
the abundance of Lactobacillus_Arkkemansia (average abundance of both
genera) and Bacteroides genera and the levels of cytokines IL1f and IL10,
respectively, in the progression of DSS-induced colitis. A positive cor-
relation was observed between the high levels of IL10 and the increased
abundance of Bacteroides in the DSS group (r = 0.9813; p = 0.0011)
(Fig. 6g). Furthermore, the reduction in the levels of the cytokine IL1f
after the consumption of postbiotic proteins (PP group) was correlated
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Fig. 4. Postbiotic proteins from Lactobacillus delbrueckii CIDCA 133 mitigate intestinal permeability in colitic mice. (a) Secretory IgA levels; (b) Intestinal perme-
ability; Gene expression of tight junction proteins: (c) junctional adhesion molecule, (d) zonulin, (e) claudin 2, and (f) occludin. Asterisks indicate statistically
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with increased abundance of health-promoting bacteria Lactobacillu-
s Arkkemansia (r = —0.8442; p = 0.0360) (Fig. 6h). No correlation was
observed between other microbiota components and the parameters
assessed in this study (data not shown).

4. Discussion

Understanding the specific components responsible for the anti-
inflammatory effects of probiotic bacteria is crucial for optimizing
their therapeutic efficacy. In this study, we demonstrated for the first
time that extractable proteins (postbiotics) from Lactobacillus delbrueckii
CIDCA 133 effectively mitigated inflammation in an acute colitis model
in mice.

We initially demonstrated that the consumption of postbiotic pro-
teins attenuated leukocyte invasion into the colonic mucosa, thereby
reducing the tissue damage caused by excessive recruitment or activa-
tion of these cells following DSS administration. Improvement of in-
flammatory bowel disease (IBD) through the reduction of leukocytic
cells has been reported for other postbiotic molecules, such as protein
extract from Limosilactobacillus fermentum MTCC 5689 [47] and the
soluble p40 protein derived from Lacticaseibacillus rhamnosus GG [48].

Activation or invasion of leukocytes into the colonic mucosa caused
by DSS administration results in excessive secretion of pro-inflammatory
cytokines, which have been directly implicated in the severity of colitis
[49]. In our study, the protective effect of postbiotic proteins from
CIDCA 133 on the colonic mucosa may be related to the immunological
response driven by these proteins, including the reduction in transcript
levels of pro-inflammatory markers Nfkb1, Nlrp3, Tnf, and I16, as well as
the local modulation in the levels of the cytokines IL1p, TGFf, and IL10,
which were altered by DSS administration.

The pro-inflammatory cytokines IL1p, IL6, and TNF exert various
pro-inflammatory functions in the inflamed mucosa in IBD, such as
activation of inflammatory pathways (e.g., NLRP3 inflammasome and

NF-kB pathways), induction of epithelial cell death, alteration of barrier
integrity, and production of other pro-inflammatory cytokines by mac-
rophages and T cells [49]. Therefore, immunomodulation of these cy-
tokines after consumption of postbiotic proteins evidences the anti-
inflammatory properties of these molecules in regulating the balance
between Th1, Th2, Th17, and Treg responses, confirming findings from
previous studies [16,21,47].

Our data also revealed that colitic mice had increased levels of the
anti-inflammatory cytokines IL10 and TGFp, which is consistent with
findings from previous preclinical [50,51] and clinical studies [52,53]
reporting elevated levels of these cytokines in UC patients and DSS-
induced colitis in mice. Both TGFp and IL10 act as mediators to sup-
press mucosal inflammation [54,55], suggesting that the high secretion
levels of these cytokines in our IBD model may represent a host mech-
anism to alleviate tissue damage and persistent inflammatory changes,
thereby restoring colonic homeostasis. Moreover, considering that
macrophages are one of the cell types responsible for producing high
levels of the immunoregulatory cytokine IL10 in the colon [56], we
hypothesize that the elevated levels of this cytokine following DSS
administration, and its subsequent reduction after consumption of
postbiotic protein, may be partly attributed to the observed decrease in
macrophage activation observed in our study, as indicated by NAG
enzyme activity. Another plausible explanation is that the postbiotic
proteins of CIDCA 133 may exert their entero-protective effects by
activating other anti-inflammatory molecules, such as IL4 and IL22.
However, further studies are needed to validate these hypotheses,
including those utilizing IL10 knockout mice.

Mechanistically, although postbiotic proteins from CIDCA 133 alle-
viated colitis, we observed that DSS increased the IFNy cytokine level in
the colonic mucosa, and its production was not altered after the
administration of postbiotic protein from CIDCA 133. IFNy is a pro-
inflammatory cytokine strongly expressed in most lymphocytes. This
cytokine has pleiotropic functions, including antiviral activity and the
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inhibition of intracellular microbes [57]. Additionally, IFNy can
contribute to mucosal inflammation by promoting the disruption of
adherens junction protein VE-cadherin, leading to the breakdown of the
vascular barrier [58]. It has also been shown that IFNy induces the loss
of mucus-containing goblet cells and the extrusion and death of anti-
microbial peptides-secreting Paneth cells [59,60]. This corroborates our
study’s findings, in which 2.5 % DSS induced the loss of mucus-
producing goblet cells and reduced the transcript levels of mucin 2.
However, the administration of postbiotics proteins from CIDCA 133 did
not improve these factors.

IFNy can also collaborate with or antagonize other pro-inflammatory
cytokines, such as TNF and IL17. For instance, IFNy in synergy with TNF
regulates epithelial cell proliferation, differentiation, and apoptosis
through modulation of the B-catenin signaling pathway, an essential
pathway for maintaining intestinal stem cells and epithelial regenera-
tion [61]. Regarding the IL17 cytokine, it has been shown that this in-
flammatory marker plays a vital role in regulating the host immune
response against pathogens [62]. For instance, IL17 can significantly
enhance the immunogenicity of a mucosal herpes simplex virus vaccine
by boosting the Thl response and subsequent IFNy production in the
female genital tract [63]. Another study reported that the protective

10

effect of IL17 against Francisella tularensis infection was mediated
through IFNy production in macrophages, improving bacterial killing
[64]. The cross-regulation of T-cell subsets has also been evaluated in
mucosal inflammation. It has been reported that [FNy antagonizes IL17
responses in a CD4 T cell-induced colitis model. The absence of IFNy
results in a predominant IL17-driven immune response sufficient to
induce colitis [65]. Thus, given that IFNy-deficient mice exhibited
increased IL17 levels and Th-17 responses and, similarly, IL17-deficient
mice displayed exacerbated Th1l responses [66,67], we suggest that low
levels of IL17 in our colitis model can be explained partially by the high
levels of IFNy.

It is important to recognize that Th1-type cytokine IFNy is one of the
key mediators in the IBD pathogenesis, but not the only contributing
factor. Thus, we propose that in our report, the intervention with post-
biotic proteins from CIDCA 133 against DSS may also operate through
mechanisms independent of direct IFNy modulation, thereby involving
other cytokines, such as TNF, IL1f, and IL6, which also contribute to the
pathogenesis of colitis [49,52]. This hypothesis is corroborated by
Brasseit et al. [65], who reported that CD4 T cell-induced colitis de-
velops without the participation of IFNy. A similar pattern was also
observed by Sandes et al. [68]. The authors showed that Weissella
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paramesenteroides WpK4 treatment mitigated colonic damage and
inflammation in 2.5 % DSS-induced colitis even though the immuno-
biotic does not affect IFNy levels, but reduces TNF, IL1$ and CXCL1
levels.

The observed anti-inflammatory effects in this study might be asso-
ciated with the predominant proteins identified through proteomic
analysis in the guanidine extract, such as chaperonin Hsp60 (groL),
phosphoglycerate kinase (pgk), type I glyceraldehyde-3-phosphate de-
hydrogenase (gap), phosphopyruvate hydratase (eno), and elongation
factor Tu (tuf), which are well-recognized as moonlighting (multifunc-
tional) proteins inducing immune responses [69]. For instance, the
Limosilactobacillus reuteri GroEL protein (a heat shock protein) decreased
the pro-inflammatory cytokine IFNy while increasing anti-inflammatory
cytokines IL10 and IL13, and the expression of M2-like macrophage
markers to promote mucosal healing in a mouse model of colitis [16].
Recombinant Mycobacterium Hsp65 also prevented DSS-induced colitis
by decreasing pro-inflammatory cytokines (IL6, IFNy, and TNFa) and
expanding CD4 + Foxp3+ and CD4 + LAP+ regulatory T cells in an
IL10- and TLR2-dependent manner in mice with DSS-induced colitis
[70]. Proteins in the glycolytic metabolic pathway also play a crucial
role in regulating or inducing immune responses. It has been shown that
GAP and PGK were some of the most immunoreactive or immunogenic
proteins isolated from Lacticaseibacillus rhamnosus or Lactobacillus john-
sonii strains [71]. The protein ENO was predicted as a candidate possibly
involved with the anti-inflammatory properties of P. freudenreichii [14].
Additionally, a proteinaceous extract from Lactiplantibacillus plantarum
MTCC 5690 and Limosilactobacillus fermentum MTCC 5689, containing
EF-Tu as one of the most abundant proteins, relieved acute colitis in
mice by enhancing the levels of IL10 and mitigating leukocyte infiltrate
and pro-inflammatory cytokines (TNFoa and IFNy) [47]. Altogether,
these data show that these proteins may be essential for directing anti-
inflammatory activity in probiotic bacteria.

The immunological changes promoted by DSS-induced -colitis
impaired the intestinal barrier function, consistent with the loss of the
colonic epithelial cells during the inflammatory processes [72,73]. In
our study, the administration of postbiotic proteins from CIDCA 133
strengthened the integrity of the intestinal epithelial barrier by reducing
intestinal paracellular permeability and upregulating the transcript
levels of the tight junction protein zonulin and junctional adhesion
molecule. These outcomes indicate that these bacterial proteins may
prevent the entry of harmful compounds and pathogenic microorgan-
isms into the mucosa, thereby reducing inflammation. Surprisingly, our
results revealed that DSS-induced colitis reduced the transcript levels of
claudin-2, which contrasts with findings from other studies [74,75]. This
reduction was further potentialized after postbiotic treatment. Other
studies have also observed downregulation of claudin-2 following DSS
exposure [76,77].

Leaky pore-forming claudin-2 is uniquely expressed by undifferen-
tiated and proliferative colonocytes at the crypt base [78], leading to
altered tight junction structure and pronounced barrier dysfunction,
thereby increasing intestinal paracellular permeability by forming
cation-selective and water channels on the intestinal epithelium
[79,80]. Elevated expression of claudin-2 during gut inflammation is
driven by immune signals, including IL13 and IL22 cytokines [81,82],
and may be involved in the early stages of IBD-associated carcinogenesis
[83]. Nevertheless, the precise role of claudin-2 in regulating colonic
homeostasis remains unclear, with controversial reports. For instance,
despite increased mucosal permeability, overexpression of claudin-2 has
been shown to protect the intestinal epithelium against DSS-induced
colitis in villin-claudin-2 transgenic mice [84]. Another study demon-
strated that elevated claudin-2 expression exacerbated the T cell
transfer-mediated colitis model, while claudin-2 knockout limited the
progression of immune-mediated colitis severity [85]. Furthermore,
other reports have shown that loss of claudin-2 exacerbated colitis
[78,86]. According to Ahmad et al. [78], the regulation of claudin-2
expression during colitis is biphasic, with its expression
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downregulated during DSS-induced acute colitis, but upregulated dur-
ing recovery from colitis and chronic colitis. Additionally, the authors
showed that claudin-2 expression decreased in a dose-dependent
manner in DSS-treated cells. In our study, we induced acute colitis
with 2.5 % of DSS for seven days. Thus, our data aligns with the findings
of Ahamad et al. [78], evidencing that the pronounced downregulation
of claudin-2 is associated with colitis severity. Nevertheless, it remains
unclear why this reduction was further potentialized after postbiotic
treatment. Therefore, further studies are needed to evaluate the influ-
ence of DSS and postbiotic proteins from CIDCA 133 on the colonic tight
junction profile.

Another important feature evaluated in our study was the levels of
secretory IgA. High levels of this class of antibodies were observed after
DSS administration, as its secretion was significantly higher after
treatment with postbiotic proteins from CIDCA 133. Secretory IgA serves
as the first line of defense in protecting mucosal surfaces from toxins and
commensal bacteria [87]. Thus, increased secretion of IgA in the intes-
tinal fluids after postbiotic treatment may serve as a mechanism to
stimulate the host’s innate immune system and control the dysbiosis that
occurs in DSS-induced IBD [88,89]. The high antigenic potential of the
proteins GAP, ENO, PGK, EF-TU, and GroEL has been previously re-
ported [71,90,91]. Additionally, in our study, the first evidence of
dysbiotic commensal microbiota may be associated with the upregula-
tion of TLR2 and NLRP3 gene expression after DSS administration and
its down-regulation after postbiotic protein treatment. These receptors
are important for recognizing microbial-associated molecules and
inducing immunological responses that may protect the host from
infection [92,93].

Gut microbiota dysbiosis is strongly associated with IBD develop-
ment [94]. In our study, 16S rRNA sequencing results revealed that
postbiotic proteins from CIDCA 133 mitigate gut microbiota dysbiosis
triggered by DSS administration. This postbiotic fraction increased both
the bacterial diversity and abundance of Oscillospira and Arkkemansia
genera while reducing the abundance of Bacteroides and Dorea, which
were increased by DSS administration.

Bacteroides are commensal gram-negative exclusive anaerobic mi-
croorganisms with conflicting data about their effect on IBD progression
[95,96]. Bacteroides is a producer of butyrate and acetate, both short-
chain fatty acids (SCFAs) known to have immunomodulatory effects
[97,98]. Additionally, this genus can activate IL10-producing FoxP3+
CD4+ regulatory T cells (Tregs) [99] and stimulate immunomodulatory
M2 macrophages [98] to alleviate inflammation. In our study, Bacter-
oides was the most abundant genus after DSS administration, showing a
positive correlation with IL10 cytokine levels. This suggests that in
colitic mice, this bacterial genus could help restore colon mucosa ho-
meostasis by inducing immunoregulatory IL10-producing cells.
Furthermore, the reduction in the abundance of this genus after the
administration of postbiotic proteins from CIDCA 133 was accompanied
by a decrease in IL10 levels. Similar outcomes were reported by De Jesus
etal. [100]. Therefore, this suggests that the anti-inflammatory effects of
this protein fraction may involve other anti-inflammatory markers.
However, further studies, including those utilizing IL10 knockout mice,
are needed to validate these hypotheses.

Administration of postbiotic proteins from CIDCA 133 also reduced
the abundance of the Dorea genus. Data about the relationship between
Dorea (Firmicutes phylum) and the pathogenesis of ulcerative colitis are
limited. However, a higher abundance of this genus has been reported in
the colitis mice model induced by DSS [101], and its positive correlation
with higher expression of pro-inflammatory cytokines IL1p in these mice
[102] corroborates our study’s results. In addition, it has been reported
that some species of Dorea can induce inflammation by stimulating IFNy
production and by degrading mucin, thus potentially increasing gut
permeability [103].

Oral administration of postbiotic proteins from CIDCA 133 also
restored the beneficial Arkkemansia genus, which DSS suppressed, as
well as increased the Oscillospira abundance. Oscillospira has been



A.S. Freitas et al.

pointed out as a candidate for next-generation probiotics [104], capable
of producing health-beneficial butyrate, a metabolite well-known for its
anti-inflammatory properties [105]. Therefore, the modulation of this
bacterial genus by postbiotic proteins from CIDCA 133 could also be
associated with their beneficial effects observed in colitic mice.
Furthermore, a positive correlation was observed between the average
abundance of beneficial bacterial Lactobacillus_Arkkemansia and the
reduced inflammatory cytokine IL1p. These results prove that postbiotic
proteins from CIDCA 133 modulate the gut microbiota to induce an anti-
inflammatory effect in colitic mice. These findings corroborated other
studies which demonstrated that both Lactobacillus and Arkkemansia
play a vital role in restoring and maintaining intestinal homeostasis
disrupted in colitis condition, either by stimulating the Treg cells
[106,107], producing tolerogenic DCs [108] and reducing pro-
inflammatory cytokines [8,20], or by reinforcing the epithelial barrier
through mucin 2, expression of tight junction proteins [20,109], and
increasing SCFA-producing bacteria [107,110].

It is crucial to emphasize that all the promising outcomes related to
postbiotic protein administration culminated in improved clinical signs
in mice, including better fecal consistency, reduction in rectal bleeding,
and colon shortening, which are prominent changes observed in DSS-
induced colitis [29,111].

Although our study provides exciting information about the anti-
inflammatory properties of postbiotic proteins extracted from L. del-
brueckii CIDCA 133, several limitations should be considered. One of the
key limitations of our study is the absence of immunolocalization
analysis of tight junction proteins, which would have offered a deeper
understanding of how these proteins are distributed within cells and
maintained under conditions following DSS exposure and postbiotic
treatment. Moreover, our investigation was restricted to a narrow se-
lection of tight junction proteins, potentially overlooking other impor-
tant contributors to barrier integrity. Furthermore, employing IL10
knockout (KO) mice could have provided valuable insights into the role
of IL10 in mediating the effects of DSS and the immunoregulatory
functions of postbiotic proteins from CIDCA 133. Moreover, the lack of
flow cytometry analyses to characterize immune cell populations,
including macrophages, regulatory T cells, and neutrophils, represents a
missed opportunity to comprehensively understand the dynamic shifts
in immune cell composition following postbiotic protein administration.
Thus, to address these gaps and gain a more thorough understanding of
our findings, we reinforce that further studies should be conducted.

Notwithstanding these limitations, our research has shown that oral
administration of Lactobacillus delbrueckii CIDCA 133-derived postbiotic
proteins ameliorated the DSS-induced colonic inflammation and,
therefore, can mediate host-probiotic interactions. This protective effect
was observed at the histological level, evidencing that these bacterial
components drive, at least partially, the anti-inflammatory effects of
Lactobacillus delbrueckii subsp. lactis CIDCA 133. This postbiotic fraction
opens a new avenue as an innovative therapeutic tool to be explored for
alleviating acute ulcerative colitis.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.134216.
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