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ABSTRACT

Celiac disease (CD) is an immune-mediated systemic disorder triggered by gluten peptides present in the diets of genetically
susceptible individuals, leading to a range of intestinal and extra-intestinal manifestations. Although managed by a gluten-free
diet (GFD), symptoms persist in 30%-50% of treated individuals despite apparent dietary compliance. Accordingly, the present
review explores how bifidobacteria may mediate cytotoxic and proinflammatory responses induced by gluten-derived peptides,
contributing to the modulation of CD symptoms. Experimental in vitro studies, primarily using Caco-2 cells and immune cell
models, have shown that strains such as Bifidobacterium longum IATA-ES], Bifidobacterium lactis, Bifidobacterium bifidum IATA-
ES2, and B. lactis Natren Life Start super strain (NLS-SS) can induce COX-1 expression and reduce COX-2, inhibit zonulin release,
degrade gliadin-derived peptides, and suppress CXCR3 mRNA expression and inflammatory mediators (e.g., TNF-a, IFN-y, NF-xB,
and IL-13). Animal studies have provided evidence of immunomodulatory effects and improved mucosal responses, while human
clinical trials have reported improvements in gastrointestinal symptoms and inflammatory markers with probiotic interventions.
These findings support the potential of Bifidobacterium spp. as adjunctive agents in CD management. However, further clinical
research is needed to clarify strain-specific effects and confirm the translational relevance of these mechanisms.

1 | Introduction glutelins [1]. Celiac disease (CD) is a chronic immune-mediated

enteropathy triggered by gluten ingestion in genetically predis-
Gluten is a complex of storage proteins found in cereals such posed individuals [2]. Genetic predisposition to CD is primarily
as wheat, barley, and rye, mainly composed of prolamins and associated with the human leukocyte antigen (HLA-DQ) system,

Abbreviations: Caco-2 cells, intestinal cell model; CCRS5, C-C motif chemokine receptor 5; CD, celiac disease; CD4/CD28/CD40/CD80/CD86/CD152, costimulatory and regulatory molecules on T cells
and antigen-presenting cells; CFU, colony-forming unit; COXs, cyclooxygenases; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; CXCR3, C-X-C motif chemokine receptor 3; EGFR, epidermal
growth factor receptor; GALT, gut-associated lymphoid tissue; GFD, gluten-free diet; GSRS, Gastrointestinal Symptom Rating Scale; HLA-DQ2/HLA-DQ8, human leukocyte antigen types DQ2 and
DQ8; IBS-SSS, irritable bowel syndrome severity scoring system; IFN-y, interferon gamma; IgA DGP, immunoglobulin A against deamidated gliadin peptide; IgA tTg, immunoglobulin A against tissue
transglutaminase; IL-18/IL-10/IL-12/IL-15, interleukins; JAMs, junctional adhesion molecules; MHC II, major histocompatibility complex class II; MIP-1$3, chemokine agonist; Mrna, messenger
ribonucleic acid; NF-xB, nuclear factor kappa B; NK, natural killer cells; PBMCs, peripheral blood mononuclear cells; PKC-a, protein kinase C alpha; PT-BSA, peptic-tryptic digest of bovine serum
albumin; T cells, T lymphocytes; TNF-a, tumor necrosis factor alpha.
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specifically the HLA-DQ2 and HLA-DQS8 variants, which have
an affinity for gliadin peptides and promote immune activation
and autoimmunity [3]. In CD, gluten is incompletely digested
due to inefficient intestinal proteases, increasing the presence
of immunogenic peptides. These peptides cross the permeable
intestinal barrier, are deaminated by tissue transglutaminase
(tTG), and are presented to CD4+ T cells via HLA-DQ2/DQS8,
triggering Th1/Thl7 responses. This leads to inflammation,
epithelial damage, villous atrophy, and dysbiosis, worsening the
disease [4, 5]. Although the gluten-free diet (GFD) remains the
only established treatment for CD [6, 7], a wealth of scientific
evidence has investigated the role of gut microbiota in disease
modulation. In this context, probiotics have been studied as
adjunctive approaches that may support mucosal healing and
reduce residual inflammation in patients adhering to a GFD [8].

In vitro and animal model studies have demonstrated the ben-
eficial effects of Lactobacillus and Bifidobacterium strains on
gliadin peptide digestion, intestinal barrier integrity mainte-
nance, and immune response modulation, as these two gen-
era are natural inhabitants of the digestive tract and can
act synergistically [9]. The probiotic effect of these groups
is efficient, although strain-dependent. For instance, Lactica-
seibacillus rhamnosus GG was able to reduce alterations in
intercellular junction proteins and attenuate gliadin-induced
enteropathy in sensitized rats [10], while Bifidobacterium longum
CECT 7347 demonstrated a similar effect by protecting the
intestinal mucosa in animals exposed to gliadin [11]. Simi-
larly, B. longum CECT 7347 and Lacticaseibacillus casei ATCC
9595 exhibited comparable effects in reducing intestinal inflam-
mation, decreasing TNF-a levels, and promoting mucosal
repair [12, 13] contributing to improved intestinal barrier func-
tion.

Although direct comparisons between the mechanisms of action
of Lactobacillus and Bifidobacterium in CD remain limited,
studies suggest that bifidobacteria may exert effects equivalent
or even superior to lactobacilli, particularly regarding anti-
inflammatory responses [5, 14-16]. Thus, Bifidobacterium spp.
stands out as Gram-positive, anaerobic, non-sporulating, non-
motile, and catalase-negative bacilli [17]. These bacteria are
widely used as probiotics due to their functional efficacy and
safety, supported by their history of human consumption and
their natural presence in the human intestine. This safety is
recognized by regulatory bodies such as the FDA and EFSA,
reflected in the GRAS (Generally Recognized as Safe) and
QPS (Qualified Presumption of Safety) statuses [18]. Although
there are rare reports of infection [19], studies demonstrate that
these bacteria do not pose a health risk to healthy individuals
[20-26].

This genus has shown particular promise in the management of
CD due to its ability to modulate immune responses and degrade
immunogenic gluten peptides. Strains such as Bifidobacterium
bifidum IATES2, B. longum ATCC 15707, Bifidobacterium lactis,
and B. longum IATA-ESI have demonstrated potential to reduce
inflammation, decrease gluten immunogenicity, restore intestinal
microbiota, and alleviate persistent symptoms even in patients on
restrictive diets [18-20]. Considering that 30%-50% of patients still
present residual symptoms and that inadvertent gluten exposure
is frequent [8, 27], Bifidobacterium spp. emerges as a relevant

complementary strategy to the GFD [28]. Therefore, this review
focuses on the potential of this probiotic group to modulate the
cytotoxic and pro-inflammatory responses associated with CD,
highlighting its implications for disease management.

2 | Method

A narrative synthesis of the literature was conducted to investi-
gate the research question: What mechanisms of action does the
Bifidobacterium spp. genus exhibits on the proteins that trigger
celiac disease (CD)?3 To identify relevant studies, a systematic
search was conducted in the following databases: Elsevier’s
Scopus (SCOPUS), Embase Indexing and Emtree (EMBASE),
Web of Science, and the Latin American and Caribbean Health
Sciences Literature (LILACS). The search strategy was devel-
oped using DeCS (Health Sciences Descriptors) and MeSH
(Medical Subject Headings), applying the following keywords
and Boolean operators: ((Celiac Disease) OR (Gluten)) AND
(Bifidobacterium).

The eligibility criteria included experimental studies conducted
in vitro or in vivo (in both animals and humans), published
between January 2008 and March 2025, written in English, Por-
tuguese, or Spanish, and without geographic restrictions. Studies
were considered only if the full text was accessible or available
upon request from the author. To enhance the reliability of the
findings, the methodological quality of the included studies was
evaluated. For in vivo and clinical trials, we considered elements
of the Cochrane risk of bias tool, including randomization,
blinding, and outcome reporting. For in vitro studies, although
no formal tool is universally adopted, criteria such as cell model
relevance, experimental replication, and reporting of quantitative
outcomes were assessed. However, a formal GRADE assessment
was not applied due to the heterogeneity and predominantly
preclinical nature of the included studies.

Exclusion criteria encompassed studies involving non-adult indi-
viduals or non-adult animals (such as neonates, children, or
elderly subjects), research focusing on non-celiac individuals, and
articles exploring Bifidobacterium spp., mechanisms in diseases
unrelated to CD.

All cited clinical studies involving human participants were
conducted in accordance with the principles of ethical research.
The original publications reported having obtained institutional
ethics approval and informed consent, ensuring compliance
with international research ethics standards. Additionally, all in
vivo studies using animal models also reported prior approval
by institutional animal ethics committees, in accordance with
guidelines for animal research.

3 | Result

Figure 1 shows a flowchart of the article selection process.
Initially, 2071 scientific productions were retrieved. These results
were imported into the Mendeley reference manager, and sub-
sequent steps—including the exclusion of 42 duplicate articles—
were conducted using this platform. Upon reviewing titles,
abstracts, and keywords, 2027 documents were excluded due
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FIGURE 1 | Flowchart of the article selection process.

to non-compliance with inclusion criteria or alignment with
exclusion criteria. Another seven studies were eliminated as they
were out of scope, and two because they involved non-adult
subjects. Additionally, two studies lacked full access to their
complete documents, despite their relevance to the topic. Finally,
12 studies were included in this review.

4 | Discussion

4.1 | Immunological and Physiological
Mechanisms of CD

A singular layer of epithelial cells in the human intestine forms
the primary interface between the host and its environment.
The complex arrangement of the intestinal mucosa emphasizes
sophisticated communication between the epithelial cells and the
underlying immune system, which is crucial for the coordinated
surveillance of luminal contents. This mucosa plays a vital role
in balancing nutrient absorption, fluid secretion, and protection
against microorganisms, toxins, and food antigens. The cohe-
sion of epithelial cells is ensured by tight junctions, adherens
junctions, and desmosomes [29].

As outlined by Otani and Furuse [30], tight junctions, situated
apically between neighboring epithelial and endothelial cells,
constitute a permeability barrier that controls macromolecule
diffusion through the intercellular space (gate function). They
also segregate apical and basolateral plasma membrane domains
(fence function) [31]. Comprising transmembrane proteins such
as claudins, tight junctions play a crucial role in regulating
paracellular permeability. Claudins, occludins (tight junction
proteins), junctional adhesion molecules (JAMs), tricellulin, and
angulins form these tight junctions. These proteins interact
through both homophilic and heterophilic interactions, linking
with intracellular scaffold proteins, such as occludins, which are
anchored to the actin cytoskeleton. Their cooperation maintains
tight junction integrity and governs macromolecule passage [32,
33].

Fasano [34] and Sturgeon and Fasano [35] described the role of
zonulin in regulating intestinal permeability and its association

with chronic inflammatory disorders, including CD. After gluten
ingestion, gliadin activates zonulin signaling in CD patients,
altering tight junctions and increasing intestinal permeability.
As a result, gluten-derived peptides can reach the lamina pro-
pria (mucosa) via transcellular or paracellular pathways. There,
tTG modifies these peptides, enhancing their affinity for major
histocompatibility complex (MHC II) molecules and making
them toxic and immunogenic in HLA-DQ2 or DQ8-positive
patients [36]. Proline residues make gluten-derived peptides
preferred substrates for tTG, whose modifications occur through
deamidation or transamidation [37].

Peptides presented by HLA-DQ2/DQ8 protein subunits on den-
dritic cell surfaces to gluten-reactive T cells induce innate and
adaptive responses. This involves IFN-y and IL-15 production,
culminating in the CD pathogenic process. This sequence triggers
immune-mediated enteropathy, leading to intestinal inflamma-
tion, villous atrophy, crypt hyperplasia, intraepithelial lympho-
cyte infiltration, chronic diarrhea, and weight loss. The cross-link
between gliadin and tTG generates new epitopes that activate
the innate immune response, yielding autoantibodies against tTG
[38]. Probiotics have been identified for their ability to enhance
the human digestive system via diverse mechanisms, such as
inhibiting pathogen growth, competing for nutrients, modulating
the immune system, and protecting epithelial cells against toxic
gliadin peptides [39].

Moreover, a key immunological mechanism involved in CD is
the activation of the nuclear factor kappa B (NF-xB) signaling
pathway. Gluten-derived peptides can trigger NF-xB activation
in intestinal epithelial cells and antigen-presenting cells, such
as monocytes and dendritic cells, promoting the transcription
of pro-inflammatory cytokines, including tumor necrosis TNF-
a, interleukin-18 (IL-18), and chemokines [13, 40, 41]. This
contributes to the recruitment of inflammatory cells to the
intestinal mucosa and the perpetuation of tissue inflammation.
NF-xB activation has been recognized as a central element
mediating the inflammatory cascade characteristic of CD,
correlating with increased intestinal permeability and epithelial
barrier dysfunction [40, 41].

4.2 | Action Mechanisms of Bifidobacterium spp.
on CD

The potential mechanisms of action of Bifidobacterium spp. have
been elucidated from the pathogenic process of CD. A summary of
the mechanisms by which probiotics of the Bifidobacterium genus
act based on the studies included in the review can be found in
Table 1. Figure 2 illustrates the sites of action of this genus, which
were addressed in the selected studies.

4.2.1 | Induction of COX-1 Expression in Caco-2 Cells
and Reduction of COX-2 Expression

Cyclooxygenases (COXs) are conserved enzymes with two pri-
mary forms, COX-1 and COX-2, resulting from distinct gene cod-
ing. These enzymes jointly generate an unstable prostaglandin
endoperoxide, PGH2, from arachidonic acid [42]. COX-1 produces
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TABLE 1 | Summary of the mechanisms by which Bifidobacterium acts against CD.

Administered Duration of
Type of study Strains evaluated dosage intervention Action mechanism Reference
In vitro experimental Bifidobacterium lactis ~ 107 CFU/mL N.A Induction of COX-1 Lindfors et al. [5]

model using human
caco-2 cells

and L. fermentum

In vitro experimental  Bifidobacterium longum ~10% CFU/mL
model using human  IATA-ESI, Bifidobacterium
caco-2 cells bifidum IATA-ES2 and B.

animalis IATA-A2

In vitro experimental ~10° CFU/mL
model (PBMCs +

Caco-2 cells)

B. bifidum IATA-ES2, B.
longum ATCC15707

In vitro experimental  B. bifidum, B. longum, B. ~10° CFU/mL
model using human breve and B. animalis

caco-2 cells

In vitro experimental L. paracasei 101/37 LMG ~ 10" CFU/mL
model using human  P-17504, L. plantarum 14 D
caco-2 cells CECT 4528, B. animalis
subsp. lactis Bil LMG
P-17502, B. breve Bbr8 LMG
P-17501 and B. breve BL10

LMG P-17500

In vitro experimental B. longum (ATCC 15708), L.
model using human acidophilus (ATCC 4356) e L.
caco-2 cells plantarum (ATCC 8014)

~10° CFU/mL

Animal model using ~10° CFU/mL
newborn female

Wistar rats

B. longum CECT 7347

expression in Caco-2

cells and reduction of
COX-2 expression.

Decreased activation

of zonulin.
N.A Hydrolysis of Laparra and Sanz
gliadins-derived [41]

peptides. Reduced
production of TNF-a,

INF-y, NF-kB, and

IL-18. Inhibition of

CXCR3 mRNA
expression.
N.A Decreased production De Palma et al.
of TNF-a, INF-y, [28]
NF-kB, and IL-15.
N.A Decreased production  De Almeida
of TNF-a, INF-y, et al. [60]

NF-kB, and IL-1f.
N.A Hydrolysis of
gliadin-derived
peptides.

Giorgi et al. [47]

N.A Hydrolysis of gliadin Ramedani et al.
peptides and [67]
suppression of
gliadin-induced
inflammatory
responses in Caco-2
cells.

10 days Hydrolysis of Laparra et al. [13]
gliadins-derived
peptides. Reduced
production of TNF-«,
INF-y, NF-kB, and

IL-18.

Animal model using B. longum CCFM1216 ~10° CFU/mL 10 weeks  Reduction in zonulin Wang et al. [68]
male mice B. longum JCM1217 release; Decrease in
B. logum CCFM1218 IL-15 levels in the
duodenum

Randomized, B. infantis NLS ~10° CFU/mL (t.i.d) 3 weeks Alteration of Smecuol

double-blind, Super Strain inflammatory factors et al. [61]

placebo-controlled such as MIB-1B and

study in 22 adults CCs.

with CD

(Continues)
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TABLE 1 | (Continued)

Administered Duration of
Type of study Strains evaluated dosage intervention Action mechanism Reference
Randomized, B. infantis NLS ~10° CFU/mL (t.i.d) 3 weeks Changes in gut Smecuol et al.
Crossover, Super Strain microbiome. [63]
double-blind,
placebo-controlled
study in 12 adults
with CD (GFD
>2 years) and
persistent symptoms
Randomized, B. longum, B. infantis, ~ 10" CFU/mL (b.i.d) 12 weeks Changesin gut  Harnett et al. [62]
double-blind, B. breve, L. plantarum, microbiome.
placebo-controlled L. paracasei, L. acidophilus,
trial in 45 adults with L. delbrueckii subsp.
CD (GFD >12 bulgaricus and
months) and S. thermophilus,
persistent symptoms
Multicenter, L. casei LMG 101/37 P-17504, ~10.60 6 weeks Changes in gut Francavilla et al.
randomized, L. plantarum CECT 4528, B. microbiome. [64]

double-blind, animalis subsp. lactis Bil
placebo-controlled LMG P-17502, B. breve Bbr8
trial conducted in 109 LMG P-17501, B. breve Bl110
adults with CD on LMG P-17500

GFD (>2 years)

presenting IBS-type

symptoms

Abbreviations: b.i.d, twice a day (bis in die, Latin); t.i.d, three times a day (ter in die, Latin); N.A., Not applied.

prostaglandins crucial for sustaining regular mucosal integrity,
while COX-2 is linked to states of inflammation [43].

Lindfors et al. [5] in an experimental study using an in vitro
model system with human intestinal epithelial cell line Caco-
2, associated the B. lactis potential to counter gliadin-induced
damage by inducing COX-1 expression in Caco-2 cells and
concurrently suppressing pro-inflammatory COX-2 expression.
This action hints at an improved prognosis for CD. How-
ever, this proposed mechanism was observed exclusively in
vitro, and its relevance in in vivo settings remains to be con-
firmed. Thus, while promising, the effect of B. lactis on COX
expression is not yet well established in the broader litera-
ture. Further investigations are imperative to establish a more
precise understanding of B. lactis’ impact on these enzymes.
Subsequent studies could shed light on the intricacies of this
interaction using animal models and human clinical trials
to clarify the therapeutic potential and mechanistic pathways
through which B. lactis may exert protective effects in coeliac
disease.

4.2.2 | Reduction in Zonulin Activation

As previously discussed, zonulin plays a central role in regulating
intercellular junctions in the intestine, with its exacerbated
activation being a determining factor in the increased intestinal
permeability observed in individuals susceptible to CD.

Gliadin acts as a trigger for zonulin release. In individuals
susceptible to it, particular non-digestible gliadin peptides can
attach to the CXCR3 receptor located on the apical surfaces
of enterocytes. Subsequent MyD88-dependent zonulin release
activates the epidermal growth factor receptor (EGFR) through
protease-activated receptor 2 (PAR2). This prompts protein kinase
C (PKC-a)-dependent tight junction degradation, enhancing
intestinal permeability. Consequently, non-self antigens pass
paracellularly to the lamina propria, engaging with the immune
system (Figure 3) [35].

The study conducted by Lindfors et al. [5] highlighted the
potential of the Bifidobacterium genus in modulating this pro-
cess, demonstrating its ability to reduce zonulin release and
preserve cytoskeletal organization and intestinal permeability in
in vitro models. The research used the human intestinal epithelial
cell line Caco-2 to evaluate the protective effects of Limosi-
lactobacillus fermentum and B. lactis against gliadin peptide-
induced cellular damage. The evaluation included transepithelial
resistance, actin cytoskeleton configuration (quantified by the
degree of membrane ruffling), and zonulin protein expres-
sion.

Lindfors et al. [5] showed that B. lactis was able to attenuate the
increase in epithelial permeability triggered by gliadin. At the
concentration of 10° CFU/mL, B. lactis provided partial protec-
tion, while at the highest concentration tested (10’ CFU/mL),
full protection against changes in transepithelial resistance was
achieved. In addition, the strain inhibited the formation of mem-
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FIGURE 2 | Possible pathways of Bifidobacterium spp. action in CD, including the mechanisms of action. (1) induction of COX-1 expression in

Caco-2 cells and reduction of COX-2 expression, ensuring intestinal mucosa integrity, (2) decreased zonulin activation and inhibition of CXCR3 mRNA

expression, preventing tight junction breakdown, (3) hydrolysis of gliadin-derived peptides, preventing excess gluten peptides in the intestinal lumen, (4)

and (5) control of the Thl response and reduction of TNF-a, IFN-y, NF-kB, and IL-18 production, (6) alteration of the dysregulated intestinal microbiota

in CD.

brane ruffling in Caco-2 cells caused by gliadin administration.
When supplemented with 107 CFU/mL of B. lactis, the cultures
exhibited a percentage of membrane ruffling comparable to
the control (PT-BSA). The modulatory effect on zonulin was
particularly relevant: B. lactis contributed to normalizing the
expression of this protein, counteracting the deleterious effects
of gliadin. Although these results are promising, the use of the in
vitro model limits direct extrapolation to in vivo conditions. The
complexity of the human gastrointestinal environment, including
microbial diversity and immune factors, may interfere with the
observed effects. Thus, although the role of probiotic dosage
in achieving the desired effects was evident, additional studies,
including long-term clinical trials, are necessary to validate the
practical applicability and safety of using Bifidobacterium strains
as adjunctive therapy in CD.

Among the articles analyzed in this review, the study by Lindfors
et al. [5] was the only one to present a direct comparison between
a representative of the Lactobacillus group (L. fermentum) and
a Bifidobacterium strain (B. lactis). Among the strains evalu-

ated, B. lactis demonstrated superior performance. Although
both strains exhibited protective effects against gliadin-induced
epithelial damage, B. lactis was notably more effective in restoring
transepithelial resistance, inhibiting membrane ruffling, and
normalizing zonulin expression. Particularly at the concentration
of 10’ CFU/mL, B. lactis achieved full protection against barrier
dysfunction, whereas L. fermentum provided only partial pro-
tection under similar conditions. These findings suggest that B.
lactis may represent a more promising candidate for therapeutic
strategies aimed at preserving intestinal barrier integrity in CD.

4.2.3 | Probiotic-Assisted Hydrolysis of Gluten Peptides

When considering the main dietary proteins, gluten is the only
one that contains 15% proline residues and 35% glutamine. The
high concentration of glutamine, especially proline, prevents
complete degradation by human gastric and pancreatic enzymes,
resulting in oligopeptides in the small intestine that are resistant
to further proteolysis and toxic to individuals with CD [44, 45].
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FIGURE 3 | Zonulin release mechanism from gluten ingestion: (1) Specific gliadin peptides, (2) CXCR3, (3) PKC-a, (4) non-self antigens.

Within this framework, several investigations have examined the
potential of probiotics, including Bifidobacterium species, as an
alternative for hydrolyzing gluten peptides that are not degraded
in individuals with CD [13, 41, 46, 47].

Gliadin-derived peptides with specific amino acid sequences
stimulate proinflammatory cellular responses in enterocytes and
immunocompetent cells through the CXCR3 receptor-associated
chemokine receptor signaling pathways [48]. Experimental mod-
els have shown that gliadin-derived peptides perpetuate inflam-
matory signaling, contributing to the release of cytokines like
TNF-a and IL-183 [37, 49].

Giorgi et al. [47] conducted an in vitro study assessing a blend
containing Lacticaseibacillus paracasei 101/37 LMG P-17504, Lac-
tiplantibacillus plantarum 14 D CECT 4528, B. animalis subsp.
lactis Bil, Bifidobacterium breve Bbr8, and B. breve BL10 to
hydrolyze immunogenic gliadin peptides. Through the applica-
tion of techniques such as sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), high-performance liquid chro-
matography (HPLC) measurements, and molecular fractionation
experiments, the research demonstrated a noteworthy reduction
in the molecular size of PT-gliadin fragments upon treatment
with probiotic bacteria. A specific ELISA assay estimated that a
greater quantity of peptides with molecular weight below three
Kilodalton (kDa) was observed in PT-gliadin when inoculated
with the probiotic mixture, compared to isolated PT-gliadin.
Therefore, the probiotic strains applied in Giorgi et al. [47]
decrease the presence of the immunotoxic 33-mer peptide when it
is the exclusive amino acid source. This affirms the existence of a
distinct transport system within the selected bacteria for assim-
ilating immunogenic oligopeptides, aligning with observations
made for other bacterial strains [50].

A combination of different strains was necessary for gluten
peptide hydrolysis, and it was found that the probiotic mixture
exhibited characteristics of a combination of different peptidases,
contributing to the hydrolysis of the 33-mer peptide [47]. De

Angelis et al. [44] and De Angelis et al. [51] asserted that no
single bacterial strain has all the essential peptidases required
for the complete hydrolysis of immunogenic gluten epitopes.
According to De Angelis [44] at least three peptidases (PepN,
PepX, and PepO) are required to hydrolyze the 33-mer epitope
without generating immunogenic-derived peptides. The research
identified a combination of 10 strains that collectively furnished
the essential peptidases for the comprehensive degradation
of immunogenic gluten peptides, encompassing the 33-mer
associated with CD. Thus, the authors recommended that
two lactobacilli strains and three bifidobacteria strains were
complementary for the effective hydrolysis of immunogenic
epitopes. The low-molecular-weight fragments produced follow-
ing bacterial treatment act to safeguard tight junction proteins,
demonstrate antioxidative and anti-inflammatory properties, and
effectively counteract the adverse effects induced by untreated
PT-gliadin.

During the digestion of gliadin in vitro, the inclusion of spe-
cific Bifidobacterium strains (B. bifidum IATA-ES2, B. longum
IATA-ESI1, and B. animalis IATA-A2) produced distinct fragment
sequences with lower molecular mass compared to untreated
samples, as observed by Laparra and Sanz [41]. This investigation
identified peptides resulting from the digestion of non-inoculated
gliadin, including amino acid sequences such as a/f-Gliadin
(122-141) and «/B-Gliadin (158-164). As confirmed by Lammers
et al. [48] sequences similar to these interact with the CXCR3
receptor, which has implications for cytoskeletal rearrangement,
as mentioned earlier. The amino acid sequences identified in
the study by Laparra and Sanz [41] were not detected in gliadin
digestions inoculated with bifidobacteria (Figure 4). Notably,
gliadin digestions inoculated with B. bifidum, B. longum, and
B. animalis did not elevate CXCR3 mRNA expression compared
to other digested gliadin samples, suggesting a potential role
in preserving intestinal barrier integrity. However, inoculated
and non-inoculated gliadin digestions with B. bifidum and B.
animalis exhibited cytotoxic effects on intestinal epithelial cells.
In contrast, B. longum showed no cytotoxicity, prompting a
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FIGURE 4 | Gliadins-derived peptides after gastrointestinal digestion with Bifidobacterium spp. Adapted from Laparra and Sanz laparra.[41]

subsequent investigation [13] that evaluated a specific strain B.
longum CECT 7347.

Laparra and Sanz [41] evaluated how bifidobacteria mitigate the
inflammatory response induced by gliadin peptides. Notably, B.
longum was the most effective strain in reducing TNF-a pro-
duction in Caco-2 cells, potentially supporting intestinal barrier
integrity by limiting cytokine-mediated tight junction disrup-
tion. Additionally, gliadin-derived peptides activate enterocytes
through the CXCR3 chemokine receptor linked to transmem-
brane G protein, participating in cytoskeletal rearrangement
in inflamed tissues and zonulin release [52]. The potential
implications of these effects on intestinal barrier function,
especially concerning TNF-a-induced tight junction-dependent
permeability, are emphasized. However, it is essential to acknowl-
edge the complexity of these interactions within the context of
the intricate gastrointestinal environment. The involvement of
gliadin-derived peptides in stimulating enterocytes through the
CXCR3 chemokine receptor and its association with cytoskeletal
rearrangement and zonulin release adds another layer of com-
plexity to understanding the mechanisms at play. The variation in
inhibitory effects produced by bifidobacteria on proinflammatory
responses to gliadins in Caco-2 cells, dependent on the strain
considered [41], raises important questions about the speci-
ficity and generalizability of these effects. Although B. longum
exhibited strong inhibitory effects on NF-kB activation and TNF-
a production triggered by gliadin-derived peptides additional
investigation is needed to ascertain the generalizability of these
findings across various strains and under in vivo conditions.

Lastly, Laparra and Sanz [41] suggested that gliadin digestion,
when inoculated with B. bifidum and B. longum, did not elevate
CXCR3 mRNA expression in contrast to other digested gliadin
samples, potentially aiding in the maintenance of intestinal
barrier integrity. Moreover, the decreased TNF-a production
through gliadin digestion inoculated with B. longum holds signif-
icant physiological implications for CD. TNF-a and IL-13 play a

crucial role in activating nitric oxide synthase (NOS), considered
by Zhao et al. [53] as a mediating enzyme in the interaction
between intraepithelial lymphocytes and intestinal epithelial
cells, promoting tissue inflammation. Additionally, TNF-& pos-
itively influenced IL-8 production, a key chemokine attracting
inflammatory cells such as neutrophils. Prolonged neutrophil
infiltration sustains inflammatory responses, contributing to
cellular damage and epithelial barrier dysfunction. The reported
findings broaden the spectrum of beneficial effects that probiotic
bacteria may confer on intestinal epithelial cell function in CD,
warranting further evaluation in individuals with the condition.

Another study focusing on strains of B. bifidum and B. longum
was carried out by De Palma et al. [28] which evaluated the
potential immunomodulatory effects of B. bifidum IATA-ES2 and
B. longum ATCC15707 in comparison to those of intestinal Gram-
negative bacteria (Bacteroides fragilis DSM2451, Escherichia coli
CBL2, and Shigella CBDS8) in an in vitro model involving
peripheral blood mononuclear cells (PBMCs) exposed to gliadin
and/or IFN-y. This simulation aimed to replicate the conditions
of CD in an experimental model. PBMCs served as an in vitro
model since blood monocytes continuously replenish mucosal
monocytes. Additionally, mucosal dendritic cells accumulate
in celiac lesion areas, crucial for activating gluten-sensitive
intestinal T cells recruited from blood monocytes [54]. De Palma
et al. [28] observed that B. bifidum IATA-ES2 and B. longum
ATCC15707 induced a reduced production of Thil-type cytokines
(IFN-y and/or IL-12) while promoting the production of the
anti-inflammatory cytokine IL-10. This modulation may assist
in controlling the Thl-biased immune response characteristic of
CD. Stimulation with B. bifidum IATA-ES2 resulted in diminished
TNF-a production, a factor known, along with IFN-y, to increase
intestinal epithelial permeability, potentially facilitating the entry
of larger antigen loads into the submucosa in CD [54]. The
observed effects on TNF-a production and intestinal epithelial
permeability hint at possible implications for the disease. How-
ever, translating these in vitro results to CD’s complex in vivo
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environment necessitates caution. Additionally, the multifaceted
nature of the immune response in CD involves various factors
that may not be entirely mirrored in the simplified in vitro model.
Although the study provides a foundation for understanding the
immunomodulatory potential of B. bifidum IATA-ES2 and B.
longum ATCCI15707, its applicability to the broader spectrum of
CD and its potential therapeutic implications warrants further
exploration.

Furthermore, the study focuses on a specific set of strains [28],
and the variation in response among different strains of bifi-
dobacteria may not be fully captured. Individual strains exhibited
distinct immunomodulatory effects on dendritic cells, and the
most pronounced anti-inflammatory effects were produced by
bifidobacteria, which increased IL-10 production, decreased the
expression of co-stimulatory molecules CD80 and CD40, and
decreased IFN-y production by T cells. CD40 signaling increases
IL-12 production by dendritic cells, contributing to the Thl-biased
DC phenotype. The upregulation of co-stimulatory molecules
CD80 and CD86 on dendritic cells enhances binding to CD28
and CDI152 (CTLA4) on T cells, thereby influencing the type of
T cell response and contributing to the Thl response [55, 56].
Notably, the presence of gliadin did not appear to affect the
effects of bacteria on cell surface markers. However, the presence
of Shigella CBDS8 and IFN-y heightened the induction of CD40
expression.

As mentioned earlier, the study by Laparra et al. [13] used only
the B. longum CECT 7347 strain. Unlike previous studies, this
research was conducted in an animal model. Intestinal gliadin
digestion, including B. longum CECT 7347, led to the produc-
tion of distinct peptide sequences, mitigating their toxic and
inflammatory impact on intestinal epithelial cells, as described
by Laparra and Sanz [41]. Laparra et al. [13] study marked the
initial exploration of the impact of administering a bifidobacterial
strain (B. longum CECT 7347) during early postnatal life on
the intestinal mucosal structure and indicators of both innate
and adaptive immunity within an experimental animal model
of gliadin-induced enteropathy. Animal sensitization with IFN-
y was required, as this inflammatory cytokine appears necessary
for causing mucosal damage and immune alterations similar to
those observed in human CD [57]. However, sensitization with
IFN-y alone did not result in histological changes in the study.
Hence, the animal model employed in the Laparra et al. [13]
study represents an intermediate stage between the proliferative
and destructive phases of CD, avoiding complete villous atro-
phy and disruption of intestinal epithelial integrity as seen in
individuals with fully developed CD. Although Laparra et al.
[13] investigation provides valuable insights into the potential
advantages of B. longum CECT 7347 in an animal model, it is
crucial to acknowledge the inherent limitations in any animal
model’s ability to fully mirror the complexities of human CD.

Laparra et al. [13] confirmed that gliadin ingestion in animal
models increases pro-inflammatory markers, including TNF-«,
aligning with observations in humans with CD [40, 41, 58].
However, when administered alone, gliadin did not prompt NF-
kB expression or TNFa production compared to control groups.
Gliadin administered independently may trigger a regulatory
response, evidenced by the negative regulation of NF-kB mRNA
expression and increased production of IL-10, promoting tol-

erance in animals not genetically predisposed to the disease.
Additionally, Laparra et al. [13] underscored substantial differ-
ences in the immunomodulatory properties of B. longum CECT
7347 and L. casei ATCC 9595, as the latter strain failed to restore
IL-10 production in the HLA-DQS8 transgenic mouse model of
enteropathy, as demonstrated in another study [12]. IL-10 pro-
duction was also stimulated by the administration of B. longum
CECT 7347 alone in control mice but not TNF-a, providing
additional evidence of the anti-inflammatory properties of this
strain even in the absence of other stimuli, such as gliadin or an
inflammatory condition. IL-10 promotes oral tolerance to dietary
antigens by inhibiting chemokine production, facilitating antigen
presentation by monocytes and macrophages, and inducing
soluble antagonists of proinflammatory cytokines such as IL-1
and TNFa [59]. Although Laparra et al. [13] study contributes
valuable insights into the intricate mechanisms involving NF-kB,
gliadin, and the immunomodulatory properties of specific probi-
otic strains, a comprehensive understanding of these interactions
necessitates further investigation, ideally through human studies
and clinical trials.

The study by de Almeida et al. [60], using in vitro models with
human cell lines (Caco-2), evaluated the effect of B. bifidum,
B. longum, B. breve, and B. animalis species on the digestion of
intact gluten proteins (gliadins and glutenins) and the associated
immunomodulatory responses induced by the resulting peptides.
Upon assessing the cytotoxicity of peptides derived from gluten
ingestion, it was noted that peptides digested with gluten in
samples lacking Bifidobacterium inoculation exhibited a notable
cytotoxic response to intestinal epithelial cells. Conversely, pep-
tides obtained from Bifidobacterium cultures demonstrated a
significant reduction in cytotoxic effects, particularly those gen-
erated in the presence of B. longum. The decrease in cytotoxic
effects in samples from Bifidobacterium cultures became more
pronounced after 48 h compared to the responses observed
in non-inoculated samples containing gluten peptides (positive
controls). This implies that bifidobacteria play a role in mitigating
the inactivation of endosomal/lysosomal activities induced by
gluten.

De Almeida et al. [60] also examined the immune response
to gluten-digested peptides produced from Bifidobacterium cul-
tures, monitoring the production of TNF-a, (IL)-18, and NF-kB
activation associated with innate immune responses. NF-kB
activation is common in the intestinal mucosa of individuals
with CD, and the expression of cytokines TNF-a and IL-certain
gluten peptides positively regulate 15. Peptides from gluten
digestion in non-inoculated samples activated proinflammatory
pathways, triggering NF-kB (nuclear subunit p65) activation and
the production of cytokines (TNF-a and IL-18). In contrast, gluten
fragment peptides generated by Bifidobacterium cultures led to a
reduction in transcription factors and cytokine levels compared to
their respective non-inoculated samples. Moreover, the decrease
in TNF-a expression and NF-kB activation in Bifidobacterium
cultures was demonstrated to be species-dependent.

Considering the alteration of inflammatory factors such as MIP-
18 and CCRS5, Smecuol et al. [61] conducted a randomized,
double-blind, placebo-controlled trial with 22 adult individuals
with CD. Participants were randomized to receive two capsules of
Bifidobacterium infantis NLS super strain (2 x 10° CFU/capsule)
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before meals for 3 weeks (n = 12) or placebo (n = 10). The study
involved individuals with CD who were not adhering to a GFD.
Individuals consuming at least 12 g of gluten per day were con-
sidered for the study. Inflammatory markers associated with CD
were evaluated, and the baseline ratio for serum concentrations
of IgA tTG had a significant reduction (p = 0.055) in individuals
receiving B. infantis NLS super strain compared to those on
placebo. A similar trend was observed for IgA DGP, although the
reduction was not statistically significant (p = 0.181). As for the
results of inflammatory mediators, the baseline serum cytokine
profile with a Thl bias shown in plasma did not change signifi-
cantly in the analysis within the groups after both treatments.

Similarly, no significant changes were detected in the tested
chemokine serum concentration. However, a significant increase
in a chemokine agonist (MIP-153) was observed, which might be
linked to the improvement of symptoms in individuals using
the probiotic. It was also suggested that using a CCR5 ago-
nist, a key receptor involved in controlling the migration of
monocytes/macrophages and T lymphocytes (such as MIP-13), in
conjunction with high-dose oral antigen, might help establish a
balance of GALT cytokines during ongoing autoimmune disease,
promoting an anti-inflammatory state and reducing autoreactiv-
ity [58]. However, further studies are needed to evaluate this issue.

Translating findings from preclinical studies into clinical out-
comes present several challenges, particularly regarding the
survival and functional activity of strains through the gastroin-
testinal tract, as well as by the physiological differences among
individuals with CD. For example, gastric pH, transit time, and
local inflammation may influence whether viable strains reach
the small intestine in sufficient numbers to exert their effects
[62]. Additionally, the probiotic delivery form (e.g., capsules,
fermented foods, sachets) significantly affects bacterial viability
and colonization success. The host’s existing microbiota also plays
acritical role in determining whether probiotic strains will persist
and interact with the immune system effectively [58].

Although in vitro assays and animal models have provided
important mechanistic insights, the translation of these
findings to human clinical settings faces notable challenges.
As highlighted by Laparra et al. [13] and Lindfors et al. [5], both
animal models and epithelial cell lines, while informative, fail
to fully replicate the multifactorial and heterogeneous nature of
coeliac disease in humans. Differences in microbial colonization,
immune responses, strain-specific viability, and host variability,
such as genetic background and dietary patterns, can influence
the outcomes of probiotic interventions. Although these findings
are promising, it is critical to underscore that probiotics should
rather be viewed as complementary tools within a broader dietary
and therapeutic strategy. Therefore, clinical validation through
well-controlled human trials remains essential to confirm the
efficacy, safety, and practical application of these findings in CD
management.

4.2.4 | Alteration in Intestinal Microbiome

Smecuol et al. [63] examined the impact of B. infantis on
individuals with treated CD through a randomized, crossover,

double-blind, placebo-controlled trial involving symptomatic
adults who had been on a GFD for a minimum of 2 years. The
study cohort comprised 12 adults (>18 years old) diagnosed with
CD according to current criteria while adhering to a gluten-
containing diet. The participants were directed to consume two
capsules of B. infantis NLS-SS containing 2 x 10° CFU/capsule
three times a day, or placebo, for 3 weeks. The research results
indicate no differences between placebo and B. infantis NLS-
SS treatments in the general population. Nevertheless, when
analyzing patients with a higher clinical burden, it was observed
that B. infantis significantly improved specific celiac symptom
scores compared to those receiving a placebo (p < 0.03). These
individuals considered themselves strictly compliant with the
GFD.

To investigate potential mechanisms underlying the symptomatic
improvement with B. infantis, fecal microbiota profiles were
examined through 16S rRNA sequencing [63]. The administration
of B. infantis induced alterations in the fecal microbiota profile,
suggesting a modification in gut microbiota composition during
short-term B. infantis treatment. Moreover, the abundance of
B. infantis increased during probiotic treatment, and higher
levels of B. longum were observed in individuals with elevated
symptom scores, supporting the idea that bifidobacteria can
influence gut microbiota, potentially contributing to the observed
beneficial response in this subgroup [63]. However, future studies
should explore whether B. infantis affects the microbiota in the
small intestine and how this correlates with sustained symptom
improvement and intestinal morphology, especially over a more
extended treatment period involving a larger participant pool.

Francavilla et al. [64] conducted a randomized, double-blind,
placebo-controlled study involving adult volunteers (>18 years
old) diagnosed with CD who had adhered to a strict GFD for
at least 2 years. All participants underwent a comprehensive
clinical evaluation, including assessments of gastrointestinal
function, quality of life, CD serology, and standard laboratory
parameters. Only individuals with negative celiac antibodies
and strict adherence to the GFD were included. A total of 109
individuals were randomly assigned to either the probiotics group
(n = 54) or the placebo group (n = 55). The probiotic formulation
consisted of five strains of lactic acid bacteria: L. casei LMG 101/37
P-17504 (5 x 10° CFU/sachet), L. plantarum CECT 4528 (5 x 10°
CFU/sachet), B. animalis subsp. lactis Bil LMG P-17502 (10 x 10°
CFU/sachet), B. breve Bbr8 LMG P-17501 (10 x 10° CFU/sachet),
and B. breve BI10 LMG P-17500 (10 x 10° CFU/sachet). The
probiotics were administered daily in sachet form for 6 weeks.
At the end of the intervention, significant improvements were
observed in the probiotics group compared to the placebo group.
Scores on the Irritable Bowel Syndrome Severity Scoring Sys-
tem (IBS-SSS) and the Gastrointestinal Symptom Rating Scale
(GSRS) significantly decreased. Additionally, treatment success
was higher in the probiotics group than in the placebo group
(15.3% vs. 3.8%, p < 0.04). Increases in presumed lactic acid
bacteria, Staphylococcus, and Bifidobacterium were observed in
participants receiving the probiotic treatment. No adverse events
were reported. However, no clinically significant differences in
stool appearance were noted between the groups. As a limitation,
the study did not include intestinal biopsies, which could have
provided further insights into the relationship between persistent
symptoms and mucosal inflammation.
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The study by Harnett et al. [62] enrolled individuals diagnosed
with CD who continued to present symptoms despite reporting
strict adherence to a GFD over the previous 12 months. Eligible
participants were between 18 and 70 years old, had a confirmed
CD diagnosis by duodenal biopsy for at least 1 year, and had
followed a strict GFD for a minimum of 12 months. A total
of 45 individuals were randomly assigned to receive either a
probiotic formulation (n = 23) or a placebo (n = 22). During the
intervention phase, three participants dropped out: two from the
placebo group due to difficulties in adhering to the study protocol,
and one from the probiotics group due to worsened constipation
attributed to the study medication. Consequently, complete data
were obtained from 42 participants.

This was the first human study reported to assess the micro-
biological effects of a gram-positive multispecies probiotic in
individuals with CD [62]. The primary outcome measured the
efficacy of the probiotic formula in altering fecal microbiota
counts between the study’s initiation and week 12. However, the
results did not reveal significant differences between the active
and placebo groups regarding the primary outcome measure and
fecal microbiota count. Alternative outcomes could be achieved
by increasing the probiotic dose, extending the study duration,
and preferably by analyzing results obtained in at least two
different laboratories. Another hypothesis is that probiotic species
may not have survived the physiological environment of the upper
gastrointestinal tract. It is crucial for viable bacteria counts to
reach the small and large intestines, where they can exert their
beneficial effects [65]. The survival of probiotic microbes during
gastrointestinal transit has been linked to the buffering capacity
of foods, suggesting that non-enteric coated bacterial probiotic
products should be consumed with or immediately before a meal,
ideally one containing some fats [66]. Harnett et al. [62] also did
not control for fat content in this study, a factor that should be
considered in future research.

Concluding Remarks

Bifidobacterium species present promising characteristics as a
potential adjunctive strategy in CD management. However, the
effects seem strain-specific and impacted by various factors, such
as delivery form, host conditions, and use in combination with
other strains. According to the analysis of the articles included
in this review, Bifidobacterium spp. can modulate mechanisms
related to gluten-induced cytotoxicity and inflammation, which
led us to identify six potential mechanisms of action: (1) induction
of COX-1 expression in Caco-2 cells and reduction of COX-
2 expression; (2) decreased zonulin activation; (3) hydrolysis
of gliadin-derived peptides; (4) inhibition of CXCR3 mRNA
expression; (5) reduction of TNF-a, NF-kB, and IL-13 production;
and (6) modification of the gut microbiota. Few of these studies
were performed or translated to in vivo, but to date, it seems
unclear if Bifidobacterium spp. can help to prevent the onset of
CD and manage CD or if GFD can be disregarded. Future research
should focus on clarifying these gaps.

To advance the clinical application of Bifidobacterium-based
interventions for CD, the following future research priorities
are recommended, such as: Conduct long-term RCTs including
histological and symptom-based endpoints in individuals with

CD; standardize probiotic formulations, investigate synergistic
effects of multi-strain combinations, especially those involving
both Bifidobacterium and other beneficial genera and explore
host-microbe interactions through advanced in vivo and ex vivo
CD models to clarify mechanisms and patient-specific responses.
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