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Abstract

Introduction/Background: Inflammatory diseases are among the most common chronic health conditions and are
frequently linked to microbial dysbiosis and immune system dysfunction. Although corticosteroids remain a standard
therapeutic option, their long-term use is associated with serious adverse effects, highlighting the need for safer
alternatives. Probiotics, live beneficial microorganisms, have emerged as promising therapeutic agents due to their
anti-inflammatory, immunomodulatory, antimicrobial, and antioxidant properties. They can restore gut microbial
balance, enhance epithelial barrier function, and modulate host immune responses through pathways involving
cytokine regulation and short-chain fatty acid production.

Purpose/Objectives: This review provides a comprehensive overview of the molecular mechanisms through which
probiotics mitigate inflammation, with particular attention to their role in modulating mucosal immunity, suppressing
pro-inflammatory signaling, and enhancing intestinal integrity.

Findings: Clinical studies support the use of probiotics in managing a variety of inflammation-related conditions,
including inflammatory bowel disease (IBD), respiratory tract infections, allergic responses, metabolic disorders, and
neuroinflammation. However, strain specificity, formulation challenges, and host-related factors continue to influence
clinical outcomes.

Conclusion: Overall, probiotics represent a promising, biologically based approach for managing inflammation and
improving patient outcomes across a broad spectrum of chronic diseases. In addition, advanced diagnostic and laboratory
techniques play a crucial role in elucidating the molecular and functional impacts of probiotics, enabling precise evaluation
of their efficacy, strain-specific effects, and mechanisms of action in both experimental and clinical settings. Future
research should focus on identifying the most effective probiotic strains, understanding host—microbe interactions,
and conducting long-term studies to establish safety and efficacy.
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1. Introduction damaged cells, playing a central role in tissue repair
and defense (1-3). However, when dysregulated, it

contributes to the pathogenesis of many chronic
diseases, including ulcerative colitis, Crohn’s disease

Inflammation is a physiological immune response
to harmful stimuli such as pathogens, toxins, or
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(4, 5), Alzheimer’s and Parkinson’s diseases (6),
pancreatitis ~ (7), asthma, COPD (8, 9),
glomerulonephritis (10, 11), myocardial infarction (12,
13), and type 2 diabetes (14, 15). Despite variations in
inflammatory mechanisms across diseases, common
features include immune cell recruitment and
increased expression of cytokines, chemokines, and
inflammatory mediators.

Corticosteroids are among the most potent anti-
inflammatory agents, exerting their effects by
suppressing cytokine and chemokine production (16,
17). Nonetheless, some patients do not respond even
to high doses, and long-term use is associated with
significant adverse effects, including infections,
metabolic disturbances, osteoporosis, and Cushing's
syndrome (18, 19). These limitations have driven the
search for alternative therapies with fewer side effects.
A promising strategy involves precision probiotic
therapy (20). The gut microbiota is known to influence
immune, neurological, and metabolic pathways, and
its disruption (dysbiosis) is implicated in various
inflammatory diseases (21-23). Probiotics, live non-
pathogenic microorganisms, have shown antibacterial,
antioxidant, and anti-inflammatory properties (24-28),
contributing to improved gut health, immune
modulation, and disease prevention (29-31). Specific
bacterial strains may help alleviate symptoms in
inflammatory disorders such as MS, RA, and IBD
(32). This review explores the role of probiotics in
treating inflammatory diseases and how probiotics can
enhance their clinical efficacy.

2. Probiotics and Their Role in

Inflammatory Diseases

2.1. Mechanisms of Probiotic Action

Probiotics can alter both local and systemic
immune responses, preserve the integrity of the
intestinal epithelial barrier, and enhance gut microbial
function (33, 34). Probiotics may work directly with
intestinal epithelial cells (IECs) and immune cells, or
they may work through active metabolites like the
short-chain fatty acid butyrate (35). According to a
recent review, probiotics have a variety of different,
heterogeneous, and strain-specific modes of action.
For example, by controlling probiotic metabolism,
boosting intestinal motility, attaching to and breaking
down toxic compounds, and boosting host
immunological function, bifidobacteria have been

demonstrated to serve a preventative role in preserving
a healthy intestinal microbiota (36, 37). Streptococcus
salivarius also produces bacteriocin-like inhibitors,
possesses immunomodulatory qualities (38), and has
remarkable oral adhesion. Bacillus coagulans is
utilized to support immunological and gastrointestinal
health (38).

Probiotics exert their beneficial effects through a
variety of mechanisms. These include the production
of antimicrobial compounds, such as bacteriocins, that
inhibit pathogenic microorganisms, as well as the
restoration and stabilization of abnormal gut microbial
communities in both adults and children. They also
contribute to the synthesis of volatile fatty acids and
enhance enzymatic activity, support mucin production
for maintaining the integrity of the mucosal barrier,
and promote cell adhesion and antagonistic
interactions with harmful microbes. Furthermore,
probiotics modulate the host immune system, interact
with the brain—gut axis, and secrete bioactive proteins
that influence host cellular processes (39, 40).

2.1.1. Antimicrobial Properties

One of the primary mechanisms by which probiotics
exert their effects is through the production of
antimicrobial compounds, particularly bacteriocins.
Many strains of Lactobacillus and Bifidobacterium are
capable of producing bacteriocins and other bioactive
molecules, such as short-chain fatty acids, diacetyl,
and hydrogen peroxide, which positively influence the
gut microbiota. Bacteriocins derived from lactic acid
bacteria (LAB), especially Lactobacillus species, the
largest genus of LAB, are of particular interest due to
their broad-spectrum antibacterial activity, stability
under various pH and temperature conditions, and low
toxicity (39). These bacteriocins often function
through pore formation in bacterial membranes or
inhibition of cell wall synthesis, exerting strong
inhibitory effects even at nanomolar concentrations
(41). However, not all probiotic strains produce
antimicrobial compounds, and some may generate
substances with a broad range of activity that could
also affect beneficial bacteria (42). Probiotic strains
have demonstrated inhibitory effects against a variety
of pathogens, including Rotavirus, Salmonella spp.,
Shigella  spp., Helicobacter  pylori, Listeria
monocytogenes, and Escherichia coli (43).
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2.1.2. Colonization in Gut

One important element in the formation of the gut
is probably the early colonization of the newborn
gastrointestinal tract. The gut microbiota starts to build
up prior to birth (44), and it enters the newborn
gastrointestinal tract as soon as the fetal membrane
ruptures. The intestinal flora stabilizes and turns into a
unique fingerprint after two to three years of life (45).
Through the ability of dendritic cells (DCs) to pierce
the epithelium and directly acquire germs from the
intestinal lumen, bacteria can move from the
gastrointestinal tract to extra-digestive locations. After
entering DCs or macrophages, circulating immune
cells can carry germs across the circulation to different
locations (40, 46). Because it hinders the mechanical
removal of infections, bacterial adherence to host
surfaces is a crucial component of host colonization
(47). Probiotic treatment raises the generation of
SCFAs, stool wetness, frequency, and volume in
healthy persons (48).
Mucins, which are high-molecular-weight
glycoproteins, are responsible for forming and
maintaining the mucosal layer (49). Certain probiotic
strains have been shown to modulate mucin
expression, thereby indirectly regulating the gut
immune system and altering the characteristics of the
mucosal barrier (50). One of the ways probiotics
inhibit pathogen colonization is through spatial
adhesion competition, where beneficial microbes
occupy binding sites on the epithelial surface,
preventing pathogenic attachment (51).However,
factors such as infection and nutrient deprivation can
disrupt mucin production, weakening this barrier and
contributing to the development of inflammatory
bowel diseases.

2.1.3. Immunomodulation and Anti-

Inflammation

There is growing interest in how the gut
microbiota modulates host inflammation. Probiotics,
particularly  Bifidobacterium and  Lactobacillus
species, regulate immune responses by interacting
with T cells, dendritic cells, and macrophages,
promoting the release of anti-inflammatory cytokines
such as IL-10, while suppressing proinflammatory
markers like IL-6 and TNF-a (52, 53). Probiotics also
reinforce the intestinal epithelial barrier, preventing
the translocation of inflammatory agents and reducing

systemic inflammation (54). In addition, by
fermenting dietary fiber, they generate short-chain
fatty acids (SCFAs), including acetate, propionate, and
butyrate, which nourish colonocytes and exhibit anti-
inflammatory effects (55). By modulating the
composition of the gut microbiota (enhancing
beneficial bacteria and suppressing pathogens)
probiotics help maintain microbial balance, thereby
reducing intestinal inflammation (55, 56). Some
strains can also directly inhibit pathogen adherence to
the intestinal wall, further limiting inflammation (56).
The intestinal microbiota produces
immunomodulatory and anti-inflammatory molecules
that interact with epithelial cells, dendritic cells (DCs),
macrophages, and lymphocytes to stimulate immune
responses (39, 57). Probiotics influence immune
regulation by modulating the expression of
inflammatory  mediators and  proinflammatory
cytokines in DCs of IBD patients (58). They also
affect pathogen recognition by altering pattern
recognition receptors (PRRs), such as TLRs and C-
type lectins, on macrophages. As lymphocytes
proliferate, probiotics contribute to increased IgA
production and restore the Th1/Th2 balance (57, 59).
Host—pathogen interactions shape T cell subsets, and
disruption of the balance between T helper cells and
regulatory T cells (Tregs) leads to impaired immunity
(60). By promoting Treg formation and modulating
immune responses, probiotics support intestinal
immune homeostasis (61). Additionally, they enhance
immune function through increased macrophage
phagocytosis (62), elevated IgA levels (63), and a rise
in natural killer (NK) cells.

2.1.4. Interaction Between Brain and Gut

The brain works in collaboration with the gut
microbiota to process the vast array of chemical
signals entering the gastrointestinal tract daily (64).
Gut microbes communicate with the brain through
multiple pathways, including the vagus nerve, the
enteric nervous system, and the release of
neurotransmitters, neuromodulators, proinflammatory
cytokines, and short-chain fatty acids (SCFAs), all of
which are neuroactive metabolites (64). Moreover,
gut-brain signaling affects gene receptors involved in
child development and may shape both short-term and
long-term behavioral patterns (65).
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2.1.5. Fatty Acid Synthesis and Enzymatic
Activity

The enzymatic activity of probiotics in the colon
plays a key role in their biological effects.
Lactobacillus and Bifidobacterium species exhibit
more than 20 types of enzymatic activity, with
galactosidase being the most common. However, some
enzymatic actions may be harmful;, for example,
intestinal bacterial p-glucuronidase can hydrolyze
glucuronidated  metabolites,  generating  toxic
compounds that damage the intestinal epithelium (66).
In contrast, beneficial effects are also mediated by
postbiotics such as short-chain fatty acids (SCFAs),
which regulate the adaptive immune system (67).
Lactobacillus casei contributes to immune modulation
through the enzymatic breakdown of casein into
immunogenic peptides (68).
Probiotics also stimulate the production of secretory
IgA (slgA) by intestinal B cells, enhancing the
mucosal immune barrier by facilitating its transport to
the epithelial surface (39). In addition, probiotics
influence bile acid metabolism, which affects
cholesterol absorption. Many probiotic species,
particularly those from the Bacillus genus, produce
bile salt hydrolase (BSH), an enzyme involved in the
initial deconjugation of bile salts (69). This BSH-
mediated deconjugation 1is considered a key
mechanism in the hypocholesterolemic effects of
probiotics (69, 70).

2.1.6. Protein Secreted by Probiotics

Probiotic-secreted proteins play a critical role in
maintaining host-microbe symbiosis. For instance,
extracellular proteins from Lactobacillus plantarum
BMCMI12 have been shown to either strengthen the
intestinal barrier or significantly reduce pathogenic
microbial adhesion (39). Cell surface structures of
Lactobacilli and other probiotics rely heavily on
surface proteins such as LPxTG, which are
hydrophilic, stable, adhesive, and highly permeable
(71). Two well-characterized secreted proteins, p40
and p75, contribute to intestinal epithelial cell (IEC)
homeostasis and protect tight junctions (TJs) from
oxidative damage via a protein kinase C (PKC)-
dependent mechanism (39). These proteins help
preserve intestinal barrier integrity and have shown
therapeutic potential in preventing epithelial injury
and diseases such as colitis (67). Specifically, p40 has

demonstrated protective effects in experimental colitis
by reducing epithelial apoptosis, inflammation, and
barrier dysfunction (72). Another promising protein,
HMO0539, also enhances the intestinal barrier, exhibits
anti-inflammatory properties, and protects against
bacterial infection, making it a potential candidate for
the treatment of inflammatory bowel disease (67).

3. Probiotic-Based Therapeutic
Approaches in Various Diseases

The function of probiotics in some inflammatory
illnesses is covered in this section:

3.1. Application in Inflammatory Bowel

Disease (IBD)

IBD symptoms can be alleviated by taking
probiotics (39) because of their unique conditioning
effects on the gut flora (73). By reducing the
inflammatory response or changing the gut
microbiota's makeup, they function as a regulatory
mechanism (39). Five out of nine trials found that
probiotics and conventional medication improved the
condition of individuals with active ulcerative colitis.
Probiotic therapy can be just as beneficial as
conventional medication, according to three out of
seven trials conducted on people with ulcerative colitis
who were in remission (74). Additionally, probiotic
administration may help IBD patients by lowering
clinical symptoms, lowering serological inflammatory
markers, and boosting beneficial gut flora, according
to Xu et al (75).

3.2. Application in Allergies

By changing the bacterial balance in the stomach
and affecting T cells, the probiotics in yogurt are
believed to be useful in treating seasonal pollen
allergies. In clinical trials, probiotic LAB bacteria,
including B. infantis, B. animalis, L. casei, L.
paracasei, L. acidophilus, L. reuteri, and L.
acidophilus, have demonstrated a range of effects. It
has been demonstrated that L. rhamnosus probiotic
cultures raise the synthesis of anti-inflammatory
chemicals, such as IL-8, while concurrently decreasing
the synthesis of immunoglobulin IgE and histamine
receptor 4 (76-78).

3.3. Application in Cancer

Consuming dairy products fermented with

lactobacilli or bifidobacteria has been demonstrated in
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certain epidemiological studies to lower the incidence
of colorectal cancer. However, according to a number
of metrics utilized in human studies (including fecal
enzyme activity, fecal mutagenicity and genotoxicity,
and immunological markers), there is proof that
probiotics lower the risk of colorectal cancer (79).
3.4. Application in Infections of the
Respiratory Tract

Certain probiotic strains have demonstrated
protective effects against viral respiratory tract
infections (RTIs) by adhering to epithelial surfaces,
thereby forming a barrier that prevents pathogen
colonization. These probiotics enhance Dbarrier
function, produce antimicrobial compounds, and
modulate immune responses, particularly in children,
by supporting both innate and adaptive immunity (38).
Strains like Lactobacillus rhamnosus, L. casei, L.
gasseri, Bifidobacterium longum, and B. bifidum have
been effective in managing conditions such as otitis
media, sinusitis, bronchitis, and pneumonia in the
elderly. L. rhamnosus GG (LGG), for instance,
significantly reduces the duration of RTIs (80). In
healthy children, B. animalis subsp. lactic Bi-07 and
L. acidophilus NCFM have been shown to reduce
fever, cough, and sneezing episodes, while in adults
and elderly populations, L. delbrueckii subsp.
bulgaricus OLL 1073R-1 lowers the risk of influenza
and common cold (81). Additionally, a quadruplex
oral tablet containing B. infantis, L. acidophilus, E.
faecalis, and B. cereus mnot only increased
bifidobacterial populations but also reduced RTI
recurrence in children. Probiotic nasal sprays with S.
salivarius 24SMB and S. oralis 89a have also proven
effective in URTI prevention in pediatric patients (82),
and S. salivarius has shown therapeutic potential in
treating tonsillitis, otitis media, and pharyngitis (83).
3.5. Application in Infection with

Helicobacter pylori

Several probiotic strains suppress Helicobacter
pylori in vitro, which is linked to gastritis, stomach
cancer, peptic ulcer disease, and lymphoma. Studies
on humans have verified this inhibitory effect on H.
pylori, which seems to be unrelated to bacterial
survival (84).
3.6. Application in Autoimmune and
Metabolic Inflammatory Disorders

Probiotics' effects on the immune system vary
greatly depending on the strain. The immune system is

affected differently by different bacterial strains. In a
double-blind, placebo-controlled study, the effects of
the probiotic bacterium Lactobacillus delbrueckii
subsp2. bulgaricus 8481 were examined in senior
volunteers (85). They discovered that the probiotic
group had lower levels of IL-8 and higher levels of
human beta-defensin 2 than the placebo group.
Finamore et al. investigated how a probiotic
combination of Lactobacillus helveticus Barl3 and B.
longum Bar33 affected older people's immune
systems. In comparison to the placebo group, this
combination reduced the activity of memory T-
lymphocytes and enhanced the activity of B-
lymphocytes, regulatory T-lymphocytes, and natural
killer (NK) cells. Thus, the findings clearly indicate
that taking L. delbrueckii subsp. bulgaricus 8481
capsules greatly raised the percentage of NK cells in
older adults, which could lead to the illness prevention
and the preservation of a healthy lifestyle. Inverted
TCD4"/TCD8" ratio, a rise in the CD8" CD28™!' T cell
subgroup, and CMV seropositivity are a number of
factors that contribute to immune risk phenotype (86).
Compared to the placebo group, elderly participants in
the probiotic group exhibited a significant decrease in
the CD8" T cell subset and an increase in the
CD47/CD8" T cell ratio. Additionally, during the
course of the trial, a noticeable decrease in the
population of late differentiated memory and effector
CDS8" CD28™!" T cells was noted (87). In this study,
older adults who took the probiotic capsules
maintained the same CMV titer at baseline and at 6
months, whereas older adults who received the
placebo capsules had a greater CMV titer at 6 months
than at baseline. According to these findings,
consuming probiotics may help stop CMV replication
by limiting its dissemination and preventing additional
viral reactivation through unknown mechanisms (88).
Those taking the probiotic showed a significant rise in
the CD31" marker in CD4" and CD8" T cells of
CD45RA" phenotype. According to these findings,
taking probiotics may activate the thymus gland.
Additionally, it was reported that T cells from elderly
participants in the probiotic group had a higher
average TREC content, supporting an increase in
naive, less differentiated cells following probiotic
consumption (89). The serum levels of the chemokine
IL-8 decreased over a 6-month period in elderly
individuals who  took  capsules containing
Lactobacillus delbrueckii subsp. bulgaricus 8481.
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Since IL-8 is a key mediator of the inflammatory
response, this reduction may provide significant
benefits to older adults (88).

3.7. Application in Neuroinflammation and

Systemic Inflammation

Aging is associated with cognitive decline and an
increased prevalence of neurodegenerative disorders,
with emerging evidence suggesting a role for gut
microbiota in these processes. Chronic constipation,
more prevalent in the elderly due to age-related
microbial shifts, has also been linked to impaired
cognition (90, 91). Understanding the dynamic
relationship between gut microbiota and aging is
essential for developing effective interventions. Kim et
al. reported that supplementation with Bifidobacterium
longum BORI and Bifidobacterium bifidum BGN4
improved stress, mood, and cognitive flexibility in
elderly participants, alongside increased serum levels
of brain-derived neurotrophic factor (BDNF),
indicating enhanced brain function. Similar benefits
were observed after a 12-week probiotic intervention.
Furthermore, a recent meta-analysis confirmed the
positive impact of probiotic use in elderly patients
undergoing antibiotic therapy (90, 92).

4. Encapsulation of Probiotics in

Nanoparticles

Several  recent  studies  have  explored
nanotechnology-based strategies to improve probiotic
viability under gastrointestinal conditions. A study
conducted in 2017 demonstrated that double-coated
microcapsules using calcium alginate-chitosan and
Eudragit S100 significantly enhanced the survival of
Lactobacillus  acidophilus  and  Lactobacillus
rhamnosus in simulated gastric and intestinal fluids,
compared to single-coated beads and free cells. The
additional Eudragit layer improved bead stability in
acidic environments, reducing bacterial loss (93). In
2021, another study encapsulated L. acidophilus, L.
rhamnosus, B. bifidum, and B. animalis in electrospun
nanofibrous mats made from corn starch and sodium
alginate. This technique markedly improved probiotic
survival in simulated digestive fluids compared to
unencapsulated cells (94). Furthermore, a 2022 study
suggested that combining probiotics with specific
nanoparticles could enhance their long-term
therapeutic efficacy against IBD. In DSS-induced
colitis mouse models, nanoparticle-based probiotic

delivery systems showed potential as effective in vivo
treatments for ulcerative colitis (95).

Remarkably, oral administration of  Bacillus
amyloliquefaciens nanoparticles (BANPs)
significantly mitigated body weight loss and spleen
enlargement in DSS-induced colitis rats, compared to
the untreated group, which exhibited up to 20% weight
reduction and splenomegaly, an established marker of
systemic inflammation (96, 97). BANP treatment also
led to decreased serum C-reactive protein (CRP)
levels, indicating reduced inflammatory activity (98).
These effects are attributed to the polymeric
nanoparticle formulation, which improves BA delivery
to target tissues and enhances its cellular uptake (99).
Inflammatory markers, including TNF-o, IL-1B, and
IL-6, were highest in the DSS-only group, while
BANP treatment markedly lowered IL-6 levels (by
65%) compared to DSS controls. Interestingly, while
IL-10, an anti-inflammatory cytokine, was elevated in
DSS-induced groups, the non-colitis group showed
significantly higher IL-10 than all treated groups.
Furthermore, TGF-B  expression, which was
suppressed in colitic rats, was restored in the BANP-
treated group, suggesting its role in promoting
mucosal healing (95).

Multi-strain  probiotics (MSPs) have emerged as
promising candidates for IBD treatment, and their
encapsulation into nanomaterials (MSPNPs) may
enhance their viability, resistance, and targeted
delivery. A 2022 study using a DSS-induced colitis rat
model evaluated the therapeutic potential of MSPNPs
by assessing microbial composition, histopathology,
inflammatory markers, tight-junction gene expression,
and NLRP3 inflaimmasome signaling.  Oral
administration of MSPNPs significantly alleviated
clinical symptoms, reduced fecal calprotectin, serum
CRP, and colonic NO and MPO levels. Additionally,
expression of NLRP3 downstream mediators,
including caspase-1, IL-1B, and IL-18, was
downregulated, correlating with decreased colonic
inflammation. Compared to free MSPs, MSPNPs more
effectively restored tight junction genes (e.g.,
occludin, ZO-1, MUC, FABP-2) and improved
epithelial repair and microbiota composition (100). A
2024 study further supported the value of nanoparticle
encapsulation by demonstrating enhanced anti-cancer
activity of Lacticaseibacillus paracasei GMNL-133
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(SGMNL-133) postbiotics in gastric cancer, due to
protection from gastric acid and improved mucosal
penetration.  Encapsulated =~ SGMNL-133  also
significantly reduced tissue inflammation in vivo
(101).

5. Experimental Assays for

Evaluating Probiotic Effects

5.1. In Vitro Evaluation of Anti-
inflammatory Activity

One of the most commonly used in vitro models is
the RAW264.7 murine macrophage cell line, which
provides a reliable system for evaluating the
immunomodulatory effects of probiotics following
lipopolysaccharide (LPS)-induced inflammation. For
instance, Lu et al. conducted a comprehensive
screening of 84 lactic acid bacteria (LAB) strains and
identified Limosilactobacillus reuteri AUc2301 as a
potent candidate that significantly suppressed the
production of pro-inflammatory cytokines (IL-6,
IL-1B, and TNF-a) and downregulated the expression
of PGE2 and COX-2, partly via modulation of the
NF-xB signaling pathway (102). Similarly, other
studies have reported the ability of Lactobacillus
plantarum and related strains to inhibit the activation
of NF-xB and MAPK pathways in LPS-stimulated
RAW264.7 cells, leading to reduced secretion of
inflammatory mediators (103, 104). These cell-based
assays are frequently coupled with ELISA and RT-
gPCR to quantify cytokine levels and assess gene
expression changes. Collectively, such laboratory
techniques offer valuable mechanistic insights into
how specific probiotic strains may exert protective
effects in inflammatory conditions.

5.2. Measuring Cytokine Responses

Cytokine  profiling  through ELISA  and
quantitative real-time PCR (qPCR) is a widely adopted
method to assess the anti-inflammatory potential of
probiotics in both in vitro and in vivo settings. These
assays enable precise quantification of key
inflammatory mediators, such as TNF-a, IL-1pB, IL-6,
and the anti-inflammatory cytokine IL-10, following
probiotic treatment. For example, Limosilactobacillus
reuteri  AUc2301 was shown to significantly
downregulate pro-inflammatory cytokine expression
in LPS-stimulated RAW264.7 macrophages, as
measured by both ELISA and RT-qPCR techniques
(102). In another study, Lactobacillus plantarum 722

suppressed 1L-6, TNF-a, and IL-1P expression at the
transcriptional level, highlighting the utility of qPCR
in evaluating gene-level regulation of inflammation-
related targets (104). These findings demonstrate that
ELISA and qPCR not only serve as robust analytical
tools for quantifying cytokine shifts but also provide
mechanistic insight into how probiotic strains may
modulate host immune responses under inflammatory
conditions.

5.3. Gut Barrier Integrity Assays

Maintaining the integrity of the intestinal
epithelial barrier is a key mechanism through which
probiotics exert protective effects in inflammatory
conditions. Two widely used in vitro assays to
evaluate gut barrier function are transepithelial
electrical resistance (TEER) and FITC-dextran
permeability tests. TEER measurements provide real-
time, quantitative assessments of tight junction
integrity, while FITC-dextran assays evaluate
paracellular permeability by tracking the diffusion of
fluorescent dextran molecules across epithelial
monolayers. In a recent study, Lactobacillus
plantarum postbiotics was shown to enhance TEER
values and reduce FITC-dextran permeability in LPS-
challenged Caco-2 cells, suggesting improved barrier
function under inflammatory stress (105). Similarly,
Liao et al. demonstrated that selected probiotic strains
improved epithelial tight junction integrity and
reduced permeability in an organoid model (106).
These assays are often used alongside cytokine
profiling and tight junction protein expression
analyses to provide a comprehensive view of
probiotic-mediated gut protection.

54. Flow

Profiling

Flow cytometry is a powerful tool for assessing
the immunomodulatory effects of probiotics by
enabling quantification of distinct immune cell
subsets, such as regulatory T cells (Tregs) and Th17
cells, in both preclinical and clinical settings. In
murine models, supplementation with Weizmannia
coagulans BCG44 significantly reduced the proportion
of pro-inflammatory CD4*IL-17A* Th17 cells while
increasing CD4'FoxP3* Tregs in spleen tissue,
highlighting a restored Th17/Treg balance via flow
cytometric analysis (107). In a randomized controlled
clinical trial involving ICU-admitted traumatic brain
injury patients, a seven-strain probiotic cocktail led to

Cytometry—Based = Immune
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a substantial decrease in circulating Th17 cells and an
increase in Tregs (as measured by CD4"CD25*"FoxP3*
markers), with a notably elevated Treg/Th17 ratio
post-treatment (108). Collectively, these studies
illustrate how flow cytometry-based profiling offers
quantitative insights into the immunoregulatory
potential of probiotic strains by mapping key T cell
population dynamics under inflammatory stress.
5.5. Microbiota Analysis by 16S rRNA
Sequencing

High-throughput 16S rRNA amplicon sequencing
has become a cornerstone method for characterizing
shifts in the gut microbial community following
probiotic administration. In murine models, oral
gavage with different probiotic strains, such as
Lactobacillus acidophilus, L. plantarum, Bacillus
subtilis, and Enterococcus faecalis, over a 14-day
period resulted in significant alterations in the relative
abundances of major bacterial phyla (Firmicutes,
Bacteroidetes, Proteobacteria, Actinobacteria) and key
genera including Lactobacillus, Bacteroides, and
Shigella, as revealed by sequencing 16S rRNA from
fecal samples (109). Moreover, in preterm infants,
supplementation ~ with  multi-strain ~ probiotics
accelerated microbiota maturation and reduced
inflammation, which was confirmed via longitudinal
168 profiling (110).

5.6. Assessment of Short-Chain Fatty Acid

Production by HPLC/GC-MS

Quantifying probiotic-induced short-chain fatty
acid (SCFA) production via chromatographic
methods, such as  high-performance liquid
chromatography (HPLC-MS/MS) or gas
chromatography—mass spectrometry (GC-MY),
provides critical insights into the metabolites
mediating anti-inflammatory effects. Calvigioni et al.
developed an HPLC-MS/MS platform to precisely
measure acetic acids, propionic acids, and butyric
acids secreted by probiotic strains, demonstrating
strain-specific  variation in SCFA output and
highlighting their potential as metabolic biomarkers
(111). Moreover, Weng et al. introduced a high-
throughput GC-MS method capable of quantifying
multiple SCFAs and branched SCFAs simultaneously
in fecal samples, enabling more comprehensive
metabolic profiling (112). Together, these analytical
techniques facilitate accurate quantification of SCFAs,
enabling mechanistic linkage between specific

probiotic  strains, their metabolic outputs, and
downstream modulatory effects on gut immunity and
inflammation.

5.7. Histopathological Examination of Colon
Tissue

Histopathological analysis of colon tissue
provides crucial morphological evidence for the
protective effects of probiotic intervention in
inflammatory bowel disease models. In DSS-induced
colitis mice, administration of Lacticaseibacillus
rhamnosus G7 significantly ameliorated histological
damage, as evidenced by reduced crypt loss, mucosal
ulceration, and decreased inflammatory cell
infiltration, confirmed by  notably  lower
histopathology scores compared with DSS-only
controls (113). Similarly, Bacillus licheniformis ZW3
treatment restored epithelial integrity, preserved goblet
cell populations, reinstated tight junction proteins
(ZO-1, occludin, MUC2), and significantly reduced
neutrophil accumulation and MPO activity in colon
sections (114). Additionally, novel candidate strains of
Bifidobacterium and Limosilactobacillus demonstrated
preserved colon length, lower disease activity index,
and enhanced mucosal architecture with fewer crypt
abnormalities and inflammatory infiltrates, as
confirmed via H&E staining and histological scoring
in DSS-colitis mice (115). Taken together, these
studies underscore the value of histopathological
assessment for confirming the tissue-level anti-
inflammatory efficacy of probiotic treatment in
preclinical colitis models.

5.8. Omics Approaches to Elucidate
Probiotic Mechanisms

Integrated omics techniques, encompassing
transcriptomics and metabolomics, offer
unprecedented insights into how probiotics modulate
host physiology and inflammatory pathways. High-
throughput transcriptomic profiling, typically via
RNA-sequencing, identifies differentially expressed
host genes involved in immune regulation and
epithelial defense following probiotic treatment. This
is often complemented with untargeted metabolomic
analyses (using NMR or MS-based platforms) to
characterize changes in microbial and host-derived
metabolites, including SCFAs and bile acids, which
mediate anti-inflammatory effects. For example,
multi-omics reviews have highlighted the synergistic
power of combining metabolomic and transcriptomic
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datasets to correlate probiotic-induced metabolic shifts
with gene regulatory networks in host and microbial
communities  (116).  Specific  studies  have
demonstrated this approach in poultry and fish models,
where Bacillus subtilis and LAB supplementation
significantly altered lipid metabolic pathways, as
evidenced by concordant transcriptome and
metabolome changes (117, 118). These methodologies
provide a systems-level perspective, linking probiotic
interventions to molecular mechanisms underlying
inflammation modulation and barrier integrity
improvements.

6. Considerations for Safety and
Biocompatibility of NPs

While nanoparticles have numerous biomedical
applications, concerns about their toxicity and
biocompatibility remain significant. Their cytotoxic
properties are beneficial in targeting hyperproliferative
diseases such as cancer and hypertrophic scars;
however, achieving precise targeting remains
challenging, and both local and systemic effects
require further investigation (119). Damage induced
by nanoparticles can affect entire organ systems by
disrupting endogenous cells and biomolecules (120).
Many nanoparticles, including carbon-based, metal-
based, and gold particles, have demonstrated
cytotoxicity in vitro and in vivo (121, 122). For
example, carbon nanotubes have been linked to
mesothelioma, mimicking asbestos-like toxicity (123,
124). Similarly, silver and iron oxide nanoparticles
exhibit toxicity mainly through the generation of
reactive oxygen species (ROS) (120, 125), which can
damage lipids, proteins, and DNA.

Nanoparticles also interact with proteins in biological
fluids, potentially causing protein misfolding and
aggregation, which may elicit immune responses.
Moreover, they may disrupt cell membranes, leading
to leakage of intracellular contents and compromised
membrane integrity, a primary cause of cytotoxicity
(120).  Post-endocytosis,
accumulate in lysosomes, where they can interfere
with normal lysosomal functions or attempt
endosomal escape to exert therapeutic effects (126,

nanoparticles often

against diseased tissues, eliminating the need for drug
loading. This requires precise targeting mechanisms to
avoid harming healthy tissues.

Surface modification strategies, such as coating with
polymers, antibodies, or small molecules, can enhance
nanoparticle targeting and reduce toxicity. For
instance, iron/silica nanoparticles must be carefully
engineered in terms of size, shape, and surface
stability to ensure biocompatibility and functional
specificity (128, 129).

7. Future
Conclusion

Given how important the gut microbiota is to host
health, altering its equilibrium can lead to a variety of
illnesses, including inflammatory ones. Traditional
treatments, namely steroids, are restricted due to
significant side effects. As a result, the use of
probiotics has gained popularity due to their role in
reducing inflammatory responses. Nanomaterial
encapsulation of probiotics has been found to be a
potential technique for ensuring their stability and
delivery to target areas. These carriers can penetrate
the bloodstream and distribute probiotics precisely by
enhancing their solubility, reducing the negative
effects of standard medications and directing them to
the exact place (130-133). However, there are worries
regarding the compatibility and potential toxicity of
nanomaterials, as some nanoparticles can disrupt
intestinal microflora and metabolic processes,
potentially causing inflammation or excessive
depletion of beneficial microbes, thereby significantly
impairing immunity.

As a result, further research is needed on

nanoparticle toxicity, dosage requirements, and route
of administration in order to limit side effects and
employ them as a potential technique for illness
treatment (134, 135).
Moreover, the application of advanced diagnostic and
analytical techniques is crucial for monitoring the
interactions between probiotics and nanomaterials,
evaluating their Dbiosafety, and elucidating their
mechanistic effects within host systems.

Perspectives and

127). Organ-specific accumulation of nanoparticles is ACknOWledgmentS

associated with greater tissue injury. Nonetheless, Not declared.

toxic nanoparticles may still be valuable in medicine

when their damaging properties are used selectively
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