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Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) marked by 
persistent inflammation of the mucosal lining of the large intestine, leading to 
debilitating symptoms and reduced quality of life. Emerging evidence suggests 
that an imbalance of the gut microbiota plays a crucial role in UC pathogenesis, 
and various signaling pathways are implicated in the dysregulated immune 
response. Probiotics are live microorganisms that confer health benefits to the 
host, have attracted significant attention for their potential to restore gut microbial 
balance and ameliorate inflammation in UC. Recent studies have elucidated the 
mechanisms by which probiotics modulate these signaling pathways, often by 
producing anti-inflammatory molecules and promoting regulatory immune 
cell function. For example, probiotics can inhibit the nuclear factor-κB (NF-
κB) pathway by stabilizing Inhibitor of kappa B alpha (IκBα), dampening the 
production of proinflammatory cytokines. Similarly, probiotics can modulate the 
Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling 
pathway, suppressing the activation of STAT1 and STAT3 and thus reducing the 
inflammatory response. A better understanding of the underlying mechanisms 
of probiotics in modulating pathogenic signaling pathways in UC will pave the 
way for developing more effective probiotic-based therapies. In this review, 
we explore the mechanistic role of probiotics in the attenuation of pathogenic 
signaling pathways, including NF-κB, JAK/STAT, mitogen-activated protein 
kinases (MAPKs), Wnt/β-catenin, the nucleotide-binding domain (NOD)-, leucine-
rich repeat (LRR)- and pyrin domain-containing protein 3 (NLRP3) inflammasome, 
Toll-like receptors (TLRs), interleukin-23 (IL-23)/IL-17 signaling pathway in UC.
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1 Introduction

The prevalence of inflammatory bowel disease (IBD) is increasing 
in newly developed countries whose cultures have recently become 
increasingly Westernized. IBD is becoming more common around the 
globe; now, it affects 0.2% of the population in Europe (1, 2). IBD has two 
main subtypes: Crohn’s disease (CD) and ulcerative colitis (UC). CD is 
a long-term inflammatory condition of the intestines with an unknown 
cause, believed to arise from the interaction between environmental 
factors and genetic susceptibility in specific individuals (3, 4). CD is 
marked by ongoing intestinal damage and resulting disabilities. It can 
impact people of any age, from young children to older adults, causing 
considerable health issues and a reduced quality of life (5).

UC is a condition of unknown origin that leads to inflammation of 
the mucosa and submucosa in the colon and rectum, resulting in ulcer 
formation. A distinct boundary usually exists between healthy and 
affected intestinal tissue (6). Persistent surface mucous membrane 
inflammatory responses that extend from the rectum to the more distal 
portion of the colon are one of the histopathological indicators of UC. In 
UC, the mucosa is the only location of inflammatory lesions, and the 
muscular layer remains unaffected by injury (7). The pathophysiology 
of UC is complicated, including microbial dysbiosis, genetic, 
immunological, and environmental factors (8). Although medical 
treatment has advanced, managing UC is still tricky, necessitating other 
strategies. Immunosuppressants, corticosteroids, biological compounds, 
aminosalicylates, diets, and surgery are possible treatments, but they can 
only address the symptoms (9, 10). The incomplete understanding of 
the disease’s origins is undoubtedly to blame for the absence of effective 
therapy. Nevertheless, it is understood that UC has a multifaceted 
foundation based on a deficient immune reaction to luminal antigens 
and a faulty gastrointestinal barrier, which is altered by environmental 
factors in those with a hereditary predisposition (11–13).

Even though the origin of UC is unclear, evidence indicates that the 
onset and progression of the condition may be significantly influenced 
by gut microbial dysbiosis (14–16). It is thought that UC results from 
an imbalance between the mucosal immune system and the gut 
microbiota, leading to significant gut inflammation (17). It has been 
shown that in UC, there is an imbalance between the number of 
harmful and beneficial bacteria, which may cause the intestinal barrier 
to weaken and contribute to persistent inflammation (18). The immune 
system’s inappropriate response to dysbiotic alterations may exacerbate 

inflammatory processes and tissue damage in the colon (16, 19). 
Understanding how gut microbial dysbiosis contributes to UC might 
assist in developing novel treatment strategies that attempt to balance 
the gut microbiome and treat the symptoms of this crippling condition. 
Probiotics are being utilized more often to treat UC. Live nonpathogenic 
bacteria, including Lactobacillus, Bifidobacterium, and Enterococcus, 
are considered probiotics (20–25). Enhancing the function of the 
intestinal barrier, boosting local and systemic immunity, as well as 
restoring mucosal barrier integrity following the disruption are all 
possible due to the use of probiotics (7, 26). In addition, recent studies 
suggest that probiotics may reduce the severity of UC by modulating 
signaling pathways involved in the pathogenesis of the disease (27–31). 
In this study, we specifically focus on UC among the IBD for several 
reasons. UC presents a unique and well-defined set of pathophysiological 
features that are distinct from other forms of IBD, such as 
CD. Additionally, chronic inflammation and mucosal involvement in 
UC provide a specific context in which the modulation of probiotic 
signaling pathways can be studied in a detailed manner. Recent studies 
have highlighted the rising prevalence of UC, emphasizing the need for 
novel therapeutic approaches. Furthermore, with its specific challenges, 
the clinical management of UC benefits significantly from targeted 
research into the modulation of disease pathways by probiotics. This 
review aims to explore the potential of probiotics in mitigating 
significant pathogenic signaling pathways such as nuclear factor-κB 
(NF-κB), mitogen-activated protein kinase (MAPK), Janus kinase/
signal transducer and activator of transcription (JAK–STAT), PI3K-Akt, 
Toll-like receptors (TLRs), interleukin-23 (IL-23)/IL-17, nucleotide-
binding domain (NOD)-, leucine-rich repeat (LRR)- and pyrin domain-
containing protein 3 (NLRP3), transforming growth factor beta 
(TGF-β) and Wnt/β-catenin pathway in UC, and to provide insights 
into the mechanisms by which these beneficial microorganisms can 
modulate the gut microbiome and promote intestinal barrier integrity.

2 The role of microbiome dysbiosis 
and probiotics in modulating signaling 
pathways in UC

Microbe-host communication is critical for maintaining vital host 
activities, and its disturbance has been linked to various disorders, 
including UC (15, 16). Firmicutes, Bacteroidetes, Proteobacteria, and 
Actinobacteria compose a large proportion of the gut bacterial phyla 
in healthy individuals, with estimates, generally, approximately 97% 
and significant inter-individual variations. Also, 90% of the 
microbiome’s entire makeup comprises Firmicutes and Bacteroidetes. 
These phyla synthesize short-chain fatty acids (SCFAs), particularly 
butyrate and propionate, from the fermentation of food elements such 
as indigestible fibers, and they are crucial for maintaining gut 
homeostasis. SCFAs have been demonstrated to be  significant 
regulators of immunological homeostasis and energy sources for 
colonic mucosa cells (32). Several pieces of data support the 
importance of dysbiosis and the microbiome in the progression of 
UC. For instance, mice used in germ-free experiments mitigated 
colitis (33). In research utilizing mouse models, the transmission of 
bacterial strains linked to IBD results in gut inflammation in animals 
with certain genetic predispositions (34). Similarly, fecal 
transplantation from human donors with IBD to germ-free mice 
induces inflammation-promoting responses, with higher Th17 cell 
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infiltration and pro-inflammatory mediators than transplants from 
healthy human donors (35). Additionally, many investigations have 
been devoted to defining the dysbiotic state observed in the gut 
microbiome of UC patients, declaring a decline in bacterial diversity 
along with a decrease in relative amounts of Enterococcus and 
Bacteroides, and in members of Clostridium subcluster XIVa, as well 
as increases in several opportunistic pathogenic bacteria (36). There 
is evidence that several IBD phenotypes may be impacted by changes 
in microbiome composition (37). For instance, Ruminococcus gnavus 
group and Fusobacterium nucleatum were shown to be substantially 
more prevalent in CD when compared to controls, according to 
research by Clooney and colleagues. On the other hand, CD had lower 
levels of Ruminococcus albus, Eubacterium rectalegroup, and 
Faecalibacterium prausnitzii. Compared to controls, Eubacterium and 

Roseburia were two of the most significant genera in categorizing CD 
or UC (37, 38). In other words, dysbiosis may decrease crucial 
processes required for preserving the integrity of the intestinal barrier 
and gut equilibrium. Hence, a dysbiotic microenvironment may be to 
blame for changes in the immune response and inflammation-
promoting activity.

Probiotics are living bacteria that, when taken in sufficient 
quantities, may positively affect health (39–42). Intestinal microbial 
community modification, pathogen restriction, immune system 
regulation, promotion of epithelial cell proliferation and 
differentiation, and reinforcement of the intestinal barrier are some of 
the mechanisms of probiotics (Figure 1) (43). Modifications in the 
structure and functioning of the gut microbiome are some of the 
probiotic’s hypothesized mechanisms. Probiotics create metabolic 

FIGURE 1

The major signaling pathways involved in the pathogenesis of ulcerative colitis. For example, in NF-κB pathway, several stimuli could trigger the 
canonical route (A), and the IKK complex, which is comprised of IKKα, IKKβ, and NEMO, phosphorylates IκBα inducible to cause its destruction. IKK may 
be triggered by various events, including microbes, stress agents, mitogens, cytokines, and growth factors. When IKK is activated, it phosphorylates 
IκBα, which causes the nuclear translocation of canonical NF-κB members—most notably the p50/RelA and p50/c-Rel dimers. Also, LTβR, BAFFR, 
CD40, and RANK ligands are among the stimuli that might trigger the noncanonical NF-κB pathway (B). Noncanonical NF-B induction, in contrast to 
the canonical route, depends on processing the NF-κB2 precursor protein, p100. An essential signaling protein for the noncanonical route, NF-κB-
inducing kinase (NIK) collaborates with IKKα to induce p100 ubiquitination, phosphorylation, and processing. This causes the nuclear translocation of 
the noncanonical NF-κB complex p52/RelB and the production of mature NF-κB2 p52. The noncanonical route collaborates with the canonical 
pathway to control certain adaptive immunity activities. Another signaling pathway described in detail in the manuscript. (C) NLRP3 pathway, (D) JAK/
STAT pathway, (E) MAPK pathway, (F) Wnt/β-catenin pathway, (G) IL-23/IL-17 signaling pathway.
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chemicals or antimicrobial substances that inhibit the development of 
other microorganisms (44, 45) or could compete with other intestinal 
microorganisms for receptors and binding sites on the gastrointestinal 
mucosa (46). Probiotic Lactobacillus strains have been shown to 
improve intestinal barrier function, which may prevent gastrointestinal 
infections, IBS, and IBD (46).

Additionally, probiotics may modify intestinal immunity and 
change how immune cells and intestinal epithelia react to bacteria in 
the gut lumen (43, 47). Probiotics’ impacts on the diversity, 
arrangement, and performance of the gut microbiota have been 
researched using a variety of methodologies, including targeted, 
culture-dependent approaches and metagenomic sequencing. 
Nevertheless, a few studies have shown relationships between 
probiotic administration and modified microbiome (48). Several 
different probiotics have been investigated for their ability to modify 
gut flora and alleviate symptoms of UC. For instance, research on the 
probiotic Lactiplantibacillus plantarum (L. plantarum) has 
demonstrated that it helps UC patients’ barrier activity and reduces 
the inflammatory response (49). Another probiotic cocktail that has 
displayed promise in reducing inflammatory processes and improving 
UC symptoms is VSL#3. This cocktail consists of eight distinct 
bacterial strains (50).

Recently, research studies have also been conducted on the role of 
fungal probiotics in gastrointestinal diseases such as IBD (51–55). In 
a recent study, Gravina et  al. explored the anti-inflammatory 
properties of the nutraceutical compound HBQ-Complex®—
comprising Hericium erinaceus, berberine, and quercetin—combined 
with the vitamins biotin (B7) and niacin (B3) in patients with IBD 
(53). H. erinaceus classified under Agaricomycetes in the phylum 
Basidiomycota, is a Chinese medicinal and edible fungus 
predominantly found in East Asia. It has a long history of use in 
traditional Chinese medicine (TCM), spanning several centuries (56). 
The results indicate that a combination of H. erinaceus, berberine, 
quercetin, biotin, and niacin exhibits strong anti-inflammatory effects 
on inflamed IBD tissues. The HBQ-Complex®, when paired with 
biotin and niacin, significantly reduces the expression of key 
proinflammatory cytokines (cyclooxygenase-2 [COX-2] and tumor 
necrosis factor alpha [TNF-α]) at both the mRNA and protein levels 
in ex vivo IBD tissue (53). This suggests that the compound can 
mitigate the inflammatory burden, potentially leading to decreased 
inflammation and tissue damage. An increase in IL-10 expression 
suggests a more effective anti-inflammatory response. IL-10 is well-
known for regulating immune responses and maintaining intestinal 
homeostasis. The progressive rise in IL-10 levels indicates that the 
HBQ-Complex® not only reduces inflammation but also creates an 
anti-inflammatory environment that promotes tissue repair and 
regeneration (53). While the study’s ex vivo results suggest that the 
nutraceutical ingredient may effectively reduce inflammation in IBD, 
it is essential to emphasize that these findings need to be confirmed in 
vivo. Clinical trials are necessary to evaluate this compound’s efficacy, 
dosage, and safety in human IBD patients.

Diling et al. investigated the efficacy of H. erinaceus extracts in 
treating IBD using a rat model. Various H. erinaceus extracts—
including polysaccharide, alcoholic, and whole extracts—were 
administered to rats with IBD induced by 2,4,6-trinitrobenzene 
sulfonic acid (TNBS) (51). The results suggest that H. erinaceus 
extracts exert a multifaceted therapeutic effect on IBD, primarily by 
modulating the immune system and gut microbiota. These extracts 

enhance the levels of anti-inflammatory cytokines (such as IL-10 and 
Foxp3) while reducing proinflammatory markers (such as NF-κB p65 
and TNF-α), indicating a robust anti-inflammatory response (51). 
Increased T cell activation was identified, notably in the group treated 
with alcoholic extracts (51). Increased T cell activation, particularly 
with the alcoholic extracts, suggests a significant immune-modulatory 
effect that could enhance the body’s ability to manage inflammation. 
Additionally, Diling et  al. found that the polysaccharides in 
H. erinaceus extracts promote the growth of beneficial gut bacteria, 
which may aid in restoring a healthy balance of gut microbiota 
disrupted by IBD (51). Alcoholic extracts possess direct antimicrobial 
properties and modulate immune responses, which may help reduce 
pathogenic bacterial load and enhance overall gut health (51). The 
research indicates that H. erinaceus extracts may significantly improve 
both clinical and histological outcomes in IBD, highlighting their 
potential as a supplementary treatment for managing the disease in 
individuals (51).

Probiotics have been shown to exert beneficial effects on the host 
in UC primarily through the modulation of various signaling 
pathways, such as NF-κB, MAPK, TLR, JAK/STAT, Wnt/β-catenin, 
and TGF-β, in addition to their impact on the gut microbiome (57–
60). Recently, mechanistic investigations showed that probiotics 
modulate various signaling pathways involved in the pathogenesis of 
UC, such as NF-κB (30, 60, 61), MAPK (62), JAK–STAT (63), 
PI3K-Akt (64), Wnt/β-Catenin (65), TLR signaling pathway (66), 
NLRP3 inflammasome (29), and also IL-23/IL-17 axis (67, 68). For 
instance, the NF-κB transcription factor is essential for inflammatory 
responses and the immune system. Probiotics have been shown to 
reduce UC inflammatory response reactions by modulating the 
NF-κB signaling pathway (31, 61, 69). Next, we will examine the role 
of the signaling pathways involved in the pathogenesis of UC and 
discuss the findings related to the role of probiotics in modulating 
these signaling pathways (Figure 2).

3 The overview of inflammatory 
signaling pathways involved in UC

3.1 The role of NF-κB pathway in UC

The NF-κB pathway is an essential signaling mechanism that 
controls inflammatory and immunological reactions (70, 71). Despite 
having different signaling mechanisms, the canonical and 
noncanonical pathways, both implicated in the activation of NF-κB, 
are crucial for controlling immunological and inflammatory processes; 
for more details, refer to Sun et al. (72) and Vallabhapurapu et al. (73). 
The canonical and noncanonical pathways of NF-κB are the two main 
signaling mechanisms that control immunological and inflammatory 
processes. Several stimuli could trigger the canonical route (74), and 
the IκB kinase (IKK) complex, which is comprised of IKKα, IKKβ, 
and non-catalytic accessory scaffold protein IKKγ (non-catalytic 
accessory scaffold protein IKKγ [NEMO]), phosphorylates IκBα 
inducible to cause its destruction (75). IKK may be  triggered by 
various events, including microbes, stress agents, mitogens, cytokines, 
and growth factors (76). When IKK is activated, it phosphorylates 
IκBα, which causes the nuclear translocation of canonical NF-κB 
members—most notably the p50/RelA and p50/c-Rel dimers (77, 78). 
Lymphotoxin beta receptor (LTβR), BAFFR, CD40, and RANK 
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ligands are among the stimuli that might trigger the noncanonical 
NF-κB pathway (71, 72). Noncanonical NF-κB induction, in contrast 
to the canonical route, depends on processing the NF-κB2 precursor 
protein, p100. An essential signaling protein for the noncanonical 
route, NF-κB-inducing kinase (NIK) collaborates with IKKα to induce 
p100 ubiquitination, phosphorylation, and processing (79, 80). This 
causes the nuclear translocation of the noncanonical NF-κB complex 
p52/RelB and the production of mature NF-κB2 p52 (72, 81). The 
noncanonical route collaborates with the canonical pathway to control 
certain adaptive immunity activities (82).

Numerous studies indicate that the NF-κB pathway is crucial in 
controlling the production of cytokines in patients with UC and the 
inflammatory responses and immune system reactions in the 
gastrointestinal tract of UC, even if the mechanisms are still unclear 
currently (83–85). Patients with UC have a greater than normal 
expression of NF-κB p65 in their lamina propria monocytes, intestinal 
mucosal epithelium, and crypt epithelial cells. NF-κB is mainly 
expressed in the nucleus rather than the cytoplasm (86). In lamina 
propria mononuclear cells from patients with UC, NF-κB p65 antisense 
oligonucleotides inhibit the NF-κB pathway and suppress NF-κB-
dependent IL-8 mRNA expression and IL-1β, reducing 
proinflammatory cytokine production (87). The genetic insufficiency 
of negative NF-κB pathway regulators, including the deubiquitinases 
CYLD and A20, which are known to induce colonic inflammatory 

processes, has also been shown in an array of additional animal model 
investigations (88, 89). According to these results, colitis brought on by 
TNBS and dextran sulfate sodium (DSS) is lessened by decoy 
oligonucleotides that target the DNA-binding function of NF-κB 
proteins (90, 91). Experimental colitis and colitis-associated 
malignancies are suppressed by deleting IKKβ in myeloid cells (92). 
These results align with the notion that NF-κB plays a role in mediating 
the production of cytokines that promote inflammation by innate 
immunity cells and the development of the Th1 and Th17 inflammatory 
T cell subsets. NF-κB has protective effects in gastrointestinal epithelial 
cells, which is necessary for preserving intestinal immunological 
homeostasis and epithelial integrity, compared with its proinflammatory 
effect in myeloid cells (93, 94). Gastrointestinal epithelial cells lacking 
NEMO, IKKβ, or both IKKβ and IKKα spontaneously generate long-
lasting inflammation in mice (94, 95). Since NF-κB serves different 
purposes in innate immune cells and epithelial cells, it is inappropriate 
activation or genetic deficit might contribute to the etiology of UC.

3.2 The role of NLRP3 inflammasome 
pathway in UC

The development of several inflammatory diseases, such as UC, 
has been linked to the NLRP signaling pathway, which is a vital part 

FIGURE 2

The regulatory role of probiotics on the signaling pathways involved in the pathogenesis of ulcerative colitis. As shown in the figure, different probiotic 
strains modulate various signaling pathways. For example, probiotics such as Lactobacillus casei ATCC 393, Akkermansia muciniphila, Enterococcus 
faecalis, and Rubia cordifolia L. alleviates ulcerative colitis are inhibiting the NLRP3 signaling pathway. Other probiotics such as L. plantarum AR113 and 
VSL#3, L. plantarum L15, and Bifidobacterium animalis subsp. Lactis mitigates ulcerative colitis by reducing inflammation in the colon and decreasing 
TLR4/MyD88/NF-κB pathway expression.
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of innate immunity (96). The innate immunity, which identifies and 
reacts to invasive infections and injured tissues, includes the NLRP 
signaling pathway. Danger-associated molecular patterns (DAMPs) 
and pathogen-associated molecular patterns (PAMPs) are two triggers 
that cause the NLRP pathway to become activated (97). An example 
of a pattern recognition receptor (PRR), the NLRP3 inflammasome, 
is a multiprotein complex that plays a crucial role in the host’s innate 
immunity against microbial, fungal, and viral infections (98–102). The 
inflammasome is a complex of multiple proteins that forms when the 
NLRP3 pathway is active. The inflammasome then causes caspase-1 
to be  activated and the production of cytokines that cause 
inflammation, notably IL-1β and IL-18 (103). The NLRP pathway 
undergoes disruption in UC, which results in increased inflammasome 
activation and the production of proinflammatory cytokines. Several 
studies have demonstrated that the colonic mucosa of UC patients has 
higher levels of NLRP3, a crucial element of the NLRP pathway. 
Genetic variations in the NLRP3 gene have also been linked to a 
higher risk of having UC (104–106). It has been shown that the 
NLRP3 inflammasome plays a significant role in the pathological 
hallmarks of UC. Potential prospects for treating the UC issue include 
using probiotics, chemical agents, phytochemicals, and plants to target 
NLRP3 inflammasome signals (96). In summary, the NLRP signaling 
pathway is dysregulated and thus significantly contributes to the 
pathophysiology of UC. The activation of NLRPs is a key feature of 
UC, and understanding the processes behind this activation might 
pave the way for developing new therapeutic approaches.

3.3 The role of JAK–STAT pathway in UC

JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2), which 
transduce cytokine-mediated signals through the STAT pathway, are 
components of the JAK–STAT system. This key signaling mechanism 
contributes to the control of the immune system’s responses (107). 
Upon ligand-mediated receptor multimerization, JAK stimulation 
starts with two JAKs nearby, enabling trans-phosphorylation. Further 
targets, such as the receptors and STATs, are later phosphorylated by 
the activated JAKs (108). Dimerization of phosphorylated STATs 
precedes their translocation across the nuclear membrane and 
subsequent regulation of gene expression (109). Seven different 
members of the STAT family have distinct biological functions (110, 
111). Both STAT1 and STAT2 are involved in interferon signaling 
(108, 111), T helper cell development requires STAT3, IL-12 signaling 
requires STAT4, Th 1 cell differentiation requires STAT6, and IL-4 and 
IL-13 signaling through STAT6 is implicated in allergic responses 
(112, 113). JAK1/JAK2 knockout mice experience perinatal death, 
demonstrating the significance of JAK/STAT members for cytokine 
signaling in knockout genetic experiments (114, 115), Mice lacking 
JAK3/TYK2/STAT6 have impaired immunity and are more prone to 
diseases (116, 117), and mice deficient in STAT5A/STAT5b are sterile 
and die at an early age from severe anemia (118).

JAK antagonists are a novel treatment for IBD. JAK antagonists, 
the first oral small molecule treatment for IBD, are used. They act 
rapidly and may cause an immediate clinical response due to rapid 
entry into the systemic circulation (119). JAK antagonists prevent 
JAK from being phosphorylated, hence inhibiting downstream 
JAK–STAT signaling. It is noteworthy that specific JAK receptors 
exhibit selectivity for various cytokines. IL-5, IL-9, IL-13, and 

IL-33 for UC, IL-10, IL-12, IL-27, and interferon (IFN)-γ for CD, 
and IL-6, IL-12, IL-17, IL-21, IL-23, and TNF-α for both IBD types 
are cytokines linked to disease etiology (120). Several cytokines 
may activate the JAK–STAT pathway. For instance, IL-23 stimulates 
the STAT3 route via JAK2, while TYK2 promotes the STAT4 
pathway (121). Additionally, JAK1, JAK2, and TYK2 are used by 
IL-6 to activate the STAT3 pathway (122). Targeting the JAK–STAT 
pathway offers a variety of treatment options since each JAK has a 
distinct impact. In clinical studies, targeting this system with JAK 
antagonists for the medical management of UC has demonstrated 
promise since it may decrease inflammatory responses and 
improve manifestations (121). Further studies are warranted to 
completely comprehend the significance of the JAK–STAT pathway 
in UC and the long-term impact of JAK antagonists on patients. 
Nevertheless, the usage of JAK antagonists might have 
adverse consequences.

3.4 The role of the MAPK pathway in UC

The MAPKs are a diverse collection of enzymes that phosphorylate 
the amino acids serine and threonine in several proteins. At present, 
seven distinct MAPK families have been identified: extracellular 
regulated kinase 1/2 (ERK1/2), extracellular regulated kinase 3/4 
(ERK3/4), extracellular regulated kinase 5 (ERK5), extracellular 
regulated kinase 7/8 (ERK7/8), p38 kinase, Nemo-like kinase (NLK) 
and the c-Jun N-terminal kinase (JNK) group (123). The signaling 
pathways that the members of these families affect may not overlap or 
be  independent of one another. Growth factors, oxidative stress, 
cytokines that promote inflammatory processes, and other stimuli 
may all activate the MAPK pathway. When MAPKs are activated, they 
move to the nucleus and control gene expression, influencing cellular 
responses such as apoptosis, cell division, and proliferation (124). A 
traditional mechanism for MAPK signaling is the ERK pathway (125). 
JNK and p38 kinase are two other MAPK family members in addition 
to ERK1/2 that have been implicated in inducing apoptosis (126). It 
has been demonstrated that the inflamed colonic mucosa of UC 
patients exhibits upregulation of many MAPKs, including ERK, JNK, 
and p38 MAPK. TNF-α, IL-1β, and IL-6 are cytokines that are 
increased in UC patients’ inflamed mucosa and trigger these MAPKs 
(127). To attract and activate immune cells and maintain an 
inflammatory process, activated MAPKs have been discovered found 
to boost the generation of cytokines that are proinflammatory, 
chemokines, and adhesion molecules (128, 129). Modulation of 
MAPKs has been shown in preclinical research to decrease 
inflammation and improve colitis in animal models (62). It is 
challenging to anticipate the consequences of MAPK suppression 
since MAPKs may activate various downstream signaling pathways, 
and their function can be  modulated through various feedback 
mechanisms. Additionally, the MAPK pathway plays a role in various 
physiological activities, such as cell division and proliferation (124); 
inhibiting it might have unfavorable side effects. Despite these 
obstacles, the MAPK pathway remains a promising therapeutic target 
for UC. Combination medications targeting various pathways, 
including the JAK–STAT and MAPK pathways, might be effective in 
helping UC patients achieve their ideal results. Further studies are 
required to determine the most appropriate targets to discover safe 
and effective treatments for this crippling condition.
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3.5 The role of the Wnt/β-catenin pathway 
in UC

A critical signaling mechanism in controlling cell growth and 
differentiation is the Wnt/β-catenin pathway. This pathway’s improper 
regulation has been linked to the etiology of many disorders, 
including UC (130). Given the significant role Wnt signaling plays in 
repairing tissues and cell proliferation, it is reasonable to predict that 
colitis will cause significant worldwide alterations in Wnt molecules 
that promote mucosal renewal. Nevertheless, there is not much data 
to support this. In contrast to healthy controls, You et al. discovered 
alterations in the expression of many Wnt ligands and receptors in UC 
samples (131); however, the alterations were unrelated to disease 
activity or Wnt target gene expression, and further research could not 
confirm these results (132). Nevertheless, chronic IBD and animal 
models exhibit Wnt/β-catenin pathway activation (133). Signaling via 
epithelial TNF receptors encourages mucosal healing in patients with 
IBD (134). In the intestinal tract, Wnt ligand expression is extremely 
segregated (135). This issue of differentiation and prior evidence 
provide a comprehensive analysis of non-epithelial Wnt origins in the 
gut and their function in tissue equilibrium (136, 137). However, 
advances in this area suggest that throughout colitis, inflammatory 
mediators are responsible for epithelial maintenance and renewal. For 
UC patients, targeting Wnt/β-catenin may have the potential to 
achieve the most favorable outcomes. Ultimately, a better 
understanding of the role of the Wnt/β-catenin pathway in UC will 
enable the development of more targeted and effective therapies to 
improve patient outcomes.

3.6 The role of IL-23/IL-17 pathway in UC

According to reports, the pathogenesis of UC is significantly 
influenced by the IL-23/IL-17 axis, which supports Th17 cells and 
cytokine-related immune response. Blocking IL-23/IL-17 pathways is 
receiving much attention as a potential therapy for some chronic 
inflammatory conditions (138). Increased IL-23 production has been 
shown in many mouse models of colitis (139–141). Additionally, 
elevated levels of IL-17 have been observed in various animal models 
of colitis (142–144). Therefore, despite the variety of the sample size 
and disease severity, all observational investigations revealed elevated 
levels of IL-23 and IL-17A in the blood of patients with UC (145–150). 
Increased IL-23 levels were associated with a more severe disease 
course in UC subjects (145). However, results on the expression of 
IL-23 and IL-17 in the inflamed mucosa are still debatable, perhaps 
due to the heterogeneity in sample size, clinical and endoscopic 
activity, and biopsy region (146, 147, 151). Additionally, in many mice 
models of colitis, the inhibition of IL-23 and, to a lesser degree, IL-17 
significantly reduced intestinal inflammation (141, 142, 152, 153). 
These findings provided more evidence for the role of IL-23 and 
IL-17 in UC pathogenesis, prompting the proposal of techniques to 
suppress these cytokines as a potential therapy for UC. Overall, the 
IL-23/IL-17 signaling pathway plays a vital role in the pathogenesis of 
UC, and targeting this pathway may represent a promising therapeutic 
strategy for treating this disease. However, further research is needed 
to fully understand the complex interactions between this pathway 
and other signaling pathways involved in UC and to develop safe and 
effective therapies that target this pathway in patients with UC.

4 Mechanisms of probiotic-mediated 
signaling pathway modulation in UC

4.1 The role of probiotics in the modulation 
of the NF-κB signaling in UC

Hegazi et  al. discovered colonic mucosal damage and 
inflammation in patients with UC using hematoxylin and eosin 
staining, as well as an upsurge in colonic myeloperoxidase (MPO) 
activity, fecal calprotectin, and expression of colonic TNF-α and 
NF-κB p65 proteins. They found that after a period of 8 weeks of 
probiotics (Lactobacillus delbruekii and Lactobacillus fermentum 
[L. fermentum]), there was a significant reduction in inflammatory 
responses, as evidenced by a reduction in colonic IL-6 level, TNF-α 
and NF-κB p65 expression, recruitment of leukocytes (as evidenced 
by decreased colonic MPO activity), and fecal calprotectin levels 
when contrasted with both the sulfosalt (83). These findings aligned 
with the discovery that Bifidobacterium longum suppresses NF-κB 
activation and decreases TNF-α and IL-8 generation in the inflamed 
mucosa of active UC without affecting colonic cell survival (154). 
Zhou and colleagues assessed the in-vitro impact of Limosilactobacillus 
fermentum (CQPC04) on DSS-induced colitis mice (31). This 
research discovered an intriguing phenomenon: L. fermentum 
CQPC04 could suppress the activation of NF-κBp65 in colitis mouse 
colon tissue, and the inhibitory effect improved with increasing 
L. fermentum CQPC04 level. NF-κB is a transcription factor that plays 
a vital role in the immune response process. In an inactive state, it 
interacts with its inhibitory protein, IκB (31). Furthermore, they 
discovered that DSS modeling enhanced the phosphorylation of the 
IκB protein, which triggers NF-κB (31). Earlier studies have shown 
that TNF-α may activate NF-κB in various cell types (155). They 
discovered that the concentrations of TNF-α and interferon gamma 
(IFN-γ) in the blood of colitic animals were significantly raised, as 
were their mRNA and protein expression in colon tissues. These 
indications dropped dramatically in blood, mRNA expression, and 
protein expression in colon tissues when colitis animals were treated 
with L. fermentum CQPC04 by oral gavage. These indications were 
significantly lower in the LF + H + DSS group, demonstrating that 
L. fermentum CQPC04 controls TNF-α and IFN-γ expression in 
colitis animals, minimizing damage caused by inflammation (31). 
Furthermore, it was previously established that IL-1, IL-6, IL-12, 
COX-2, and Inducible nitric oxide synthase (iNOS) are cytokines that 
promote inflammation implicated in NF-κB activation (156). 
L. fermentum CQPC04 inhibited the expression of IL-1, IL-6, IL-12, 
COX-2, and iNOS in colitis mice at the serum, messenger RNA 
(mRNA), and protein levels, lowering the inflammation-causing 
injury of mediators of inflammation and exhibiting a prophylactic 
impact on the onset of colitis, according to the findings of Zhou et al. 
(31). Furthermore, IL-10 has been shown to lower MPO activity, 
block NF-κB activation in inflammatory cells, increase the IL-1RA/
IL-1 ratio, and suppress other cytokines that promote inflammation 
(157). Eventually, Zhou and collaborators discovered that IL-10 
concentrations in the blood and tissues of mice with DSS-induced 
colitis declined to various degrees but rose in serum and colon tissues 
following L. fermentum CQPC04 treatment (31). According to this 
research, the method by which L. fermentum CQPC04 improves the 
symptoms of DSS-induced colitis in mice might be connected to the 
NF-κB signaling system.
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In another investigation, the researcher’s Wu et al. investigated the 
therapeutic efficacy and mechanism of the probiotic L. plantarum 
HNU082 (Lp082) on UC (60). The typical intestinal mucosal barrier 
consists of mechanical, chemical, immunological, and biological 
barriers. Lp082 demonstrates high effectiveness in treating UC, which 
drives us to investigate its mechanism of action deeper. According to 
the findings of this research, Lp082 may strengthen the mucosal 
barrier of the intestinal tract by enhancing the biological, chemical, 
mechanical, and immunological barriers synergistically, consequently 
reducing UC. Lp082’s possible strategies for treating UC include 
improving the intestinal mucosal barrier, modulating inflammatory 
processes, and affecting neutrophil recruitment (60). According to the 
findings of Wu et al., Lp082 may control inflammatory variables to 
preserve the balance between regulatory T cells and effector T cells to 
modulate gastrointestinal mucosal immunity, therefore preserving the 
intestinal mucosal barrier in conjunction with reducing inflammatory 
responses by suppressing the NF-κB pathway (60). Their results 
demonstrated that Lp082 enhanced the immunological barrier by 
reducing the levels of proinflammatory cytokines (IL-1, IL-6, TNF-α, 
MPO, and IFN-γ) while increasing the levels of anti-inflammatory 
cytokines (IL-10, TGF-β1, and TGF-β2) and suppressing the NF-κB 
signaling pathway. In summary, Lp082 may help maintain the 
intestinal mucosal barrier, reduce inflammation, and modulate 
microbial imbalances in a mouse model of DSS-induced colitis.

Zong and colleagues used a mouse model of colitis produced by 
DSS to assess the anti-inflammatory activity of LPxTG-motif surface 
protein (LMP) generated from Limosilactobacillus reuteri SH 23 (158). 
The findings demonstrated that LMP inhibits DSS-induced ulcerative 
colitis in mice through the MAPK-dependent NF-κB pathway. In the 
LMP-treated DSS mice model, the inflammatory factors such as IL-6 
and TNF-α were reduced, but IL-10 production was increased. A 
beneficial relationship exists between the IL-10 cytokines and 
modifications in the intestinal microbiota Lactobacillus and 
Akkermansia genus in the LMP-treated mice groups. This treatment 
also affected the diversity of the bacteria in the intestinal microbiota 
in this group, such as an upsurge in the abundance of these genera 
(158). As a result, LMP produced from L. reuteri SH 23 can potentially 
ameliorate inflammation-related diseases by balancing intestinal flora 
and inhibiting inflammatory mediators in the NF-κB pathway 
(Table 1).

4.2 The role of probiotics in the modulation 
of MAPK/NF-κB signaling in UC

Chen et  al. investigated the impact of Limosilactobacillus 
fermentum ZS40 (ZS40) on DSS-induced ulcerative colitis in mice 
(62). In their research, ZS40 was shown to drastically reduce the 
production of cytokines that cause inflammation, including IL-1 β, 
IL-6, and TNF-α, while increasing the synthesis of anti-inflammatory 
cytokine IL-10 (62). Studies have shown that NF-κB is one of the 
downstream components in the MAPK signal transduction pathway 
(159). As a result, activating the MAPK signaling pathway might 
indirectly promote the NF-κB signaling pathway, generating 
inflammatory mediators. In conclusion, targeting the NF-κB and 
MAPK signaling pathways to reduce the expression of inflammation-
related genes and proteins, such as IL-6 and TNF-α, represents an 
effective strategy for treating colitis (62). The study conducted by 

Chen et  al. also assessed the effect of ZS40 on NF-B and MAPK 
activation. ZS40 might reduce the relative expression of NF-Bp65, 
IL-6, and TNF-α mRNA and protein while increasing the expression 
of IB- mRNA and protein. It may also suppress the p38 and JNK1/2 
mRNA expression and p38, p-p38, JNK1/2, and p-JNK1/2 protein. 
Limiting the activation of the NF-κB and MAPK pathways reduces 
inflammation (62). In summary, the strain can effectively alleviate 
colitis symptoms in mice and thus can be used to prevent colitis.

Shi and colleagues investigated the therapeutic efficacy of 
L. plantarum subsp. plantarum SC-5 (SC-5) on DSS-induced colitis in 
C57BL/6 J mice in another investigation (160). This research shows 
that SC-5 significantly reduced diarrhea, bloody stools, colon 
shortening, and weight loss caused by DSS in mice (160). SC-5 
increased the stability of the gastrointestinal mucosal barrier and 
lowered permeability in the gut, which protected mice against 
DSS-induced colitis (160). A rise in proinflammatory molecules is a 
crucial indicator that organisms resist inflammation. Proinflammatory 
cytokines are often significantly elevated in the blood and colon tissue 
of IBD patients (161). They tested this concept using ELISA and 
discovered that IL-1β, IL-6, and TNF-α were significantly induced in 
the colon tissue of DSS-induced colitis mice, indicating a potent anti-
inflammatory mechanism. Nevertheless, the concentrations of IL-1β, 
IL-6, and TNF-α in the colon tissue of mice administered SC-5 
decreased, suggesting that the body’s inflammation reaction was 
reduced (160). They employed Western Blot to evaluate the proteins 
expression levels of the NF-κB and MAPK signaling pathways to 
investigate the unique anti-inflammatory mechanism of SC-5. They 
discovered that SC-5 prevented the induction of the NF-κB pathway 
by down-regulating the expression levels of p-p65, p-IκB (160). 
Comparably, SC-5 suppressed MAPK signaling pathway activity by 
downregulating p-p38, p-JNK, and p-ERK (162), explaining how SC-5 
acts as an anti-inflammatory in the body. Finally, SC-5 might shield 
mice from DSS-induced colitis by suppressing NF-κB and MAPK 
signaling pathways, enhancing tight junction proteins, enhancing the 
integrity of the gastrointestinal mucosal barrier, and maintaining gut 
microbiota configuration balance. It is a probiotic option with 
promising prospects and potential for development into a unique 
probiotic therapy for preventing and treating IBD.

4.3 The role of probiotics in the modulation 
of the TLR signaling in UC

By applying TLR-4 mutant (lps−/lps-) mice, Chung and colleagues 
conducted the first investigation to examine the impact of probiotics 
on the progression of experimental colitis. Mice are deficient in 
TLR-4, and wild-type (WT) mice were treated with 2% DSS with or 
without Lacticaseibacillus casei (L. casei) (163). Evidence shows that 
TLR-4, at least in certain strains of mice, has a role in the progression 
of severe diseases in the DSS model (164). Both TLR-4 lps−/lps- and WT 
mice treatments with L. casei showed a significant reduction in the 
clinical and histopathological manifestations of DSS colitis (30). MPO 
activity and IL-12p40 concentrations were also reduced in TLR-4 lps−/

lps- animals that had been primed with DSS (163).
On the contrary, pretreatment TLR-4 lps−/lps- mice exhibited 

substantially elevated mRNA and protein expressions of TGF-β and 
IL-10. TLR-4’s precise function in intestinal inflammation is still up 
for debate. Rakoff-Nahoum and colleagues recently revealed that 
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TABLE 1 The regulatory role of various probiotic strains in modulating signaling pathways involved in the pathogenesis of ulcerative colitis.

UC Study type Probiotic strains Molecular targets Mechanisms and 
conclusion

References

DSS-induced UC Lactobacillus plantarum 

HNU082 (Lp082)

NF-κB signaling pathway Lp082 protects mice against DSS-

induced colitis by lowering IL-1β, 

IL-6, TNF-α, MPO, and IFN-γ 

levels while boosting IL-10, 

TGF-β1, and TGF-β2 and blocking 

the NF-κB signaling pathway

Wu et al. (60)

HT-29 and Caco2 Lactobacillus strains NF-κB signaling pathway Lactobacillus strains inhibit 

Salmonella-induced inflammatory 

responses by modulating TLR-

negative regulators and the NF-κB 

pathway

Kanmani and Kim (69)

DSS-induced UC Lactobacillus fermentum 

CQPC04

NF-κB signaling pathway L. fermentum CQPC04 

dramatically decreased the 

expression of NF-κBp65, TNF-α, 

IL-1β, COX-2, and iNOS in mice 

colon tissues while increasing the 

expression of IκB- and SOD2

Zhou et al. (31)

Human sample 

(colonic tissue and 

stool)

Lactobacillus delbruekii and 

L. fermentum

NF-κB signaling pathway The NF-κB signaling cascade and 

inflammatory processes may 

be suppressed by oral probiotic 

supplementation, which may aid 

in sustaining remission and 

avoiding the recurrence of UC

Hegazy and El-Bedewy (83)

DSS-induced UC Limosilactobacillus reuteri SH 

23

NF-κB pathway The LPxTG-motif surface protein 

(LMP) isolated from L. reuteri SH 

23 has been shown to reduce 

inflammation by restoring 

intestinal flora balance and 

blocking NF-κB-mediated 

inflammatory responses

Zong et al. (158)

HT-29 Escherichia coli Nissle1917 TLR1, 3, 7 decreased, 

TLR2 increased

An E. coli Nissle1917-derived 

metabolite modulates key 

mediator components in the TLR 

signaling pathway

Damoogh et al. (66)

Rat model of colitis Lactobacillus acidophilus TLR9 Integrating probiotics with 

traditional Chinese medicine 

(TCM) is an innovative approach 

that has shown promise in treating 

UC because it modulates the gut 

microbiota and its metabolites, 

TLR9, and cytokines via many 

mechanisms

Aximujiang et al. (183)

DSS-induced UC Lactobacillus casei TLR-4 In the absence of TLR-4 complex 

signaling, L. casei modifies the 

production of inflammatory 

mediators and reduces 

neutrophilic recruitment

Chung et al. (163)

(Continued)

https://doi.org/10.3389/fmed.2024.1396789
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Hsu et al. 10.3389/fmed.2024.1396789

Frontiers in Medicine 10 frontiersin.org

TABLE 1 (Continued)

UC Study type Probiotic strains Molecular targets Mechanisms and 
conclusion

References

DSS-induced UC L. plantarum AR113 and L. 

casei AR342

TLR4/MyD88/NF-κB 

pathway

Probiotics reduce inflammation in 

the colon of mice by increasing 

HO-1 expression and decreasing 

TLR4/MyD88/NF-κB pathway 

expression

Xia et al. (177)

Rat model of colitis VSL#3 TLR4-NF-κB signal 

pathway

VSL#3 reduces the production of 

NF-κB and TNF-α in rats with 

colitis through the TLR4-NF-κB 

signal pathway, making it a first-

choice medication for colitis 

therapy

Hui et al. (187)

DSS-induced UC L. plantarum L15 TLR4/MyD88/NF-κB 

pathway

Since the actions of L. plantarum 

L15 decreased the expression of 

TLR4 and MyD88 genes and genes 

linked with the NF-κB signaling 

pathway, this strain shows promise 

as a novel probiotic with potential 

use for treating UC

Yu et al. (30)

DSS-induced UC Bifidobacterium animalis 

subsp. lactis

TLR4/MyD88/NF-κB 

pathway

B. lactis XLTG11 might mitigate 

DSS-induced colitis by suppressing 

the TLR4/MYD88/NF-κB 

signaling pathway induction, 

controlling inflammatory 

mediators, enhancing intestinal 

barrier integrity, and altering the 

gut microbiota

Li et al. (68)

DSS-induced UC Lactobacillus rhamnosus GG 

HM0539

TLR4/MyD88/NF-кB Axis HM0539 significantly reduced the 

generation of inflammatory 

compounds linked to the TLR4/

Myd88/NF-κB axis activation in 

colon tissue

Wang et al. (182)

DSS-induced UC Lactobacillus casei ATCC 393 NLRP3-(Caspase-1)/IL-1β 

signaling pathway

L. casei ATCC 393 and its 

metabolites reduced the NLRP3-

(Caspase-1)/IL-1β signaling 

pathway-mediated ulcerative 

inflammatory reaction in C57BL/6 

mice that DSS had provoked

Dou et al. (195)

DSS-induced UC Enterococcus faecalis NLRP3 E. faecalis might be an effective 

and safe treatment for reducing 

NLRP3-mediated colitis and 

inflammation-related colon 

tumorigenesis

Chung et al. (194)

DSS-induced UC VSL#3 Wnt/β-catenin pathway VSL#3 probiotic combination 

inhibits UC-associated 

tumorigenesis in mice and cells by 

modulating the inflammatory and 

Wnt/β-catenin pathways

Li et al. (222)

(Continued)
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TABLE 1 (Continued)

UC Study type Probiotic strains Molecular targets Mechanisms and 
conclusion

References

Rat model of colitis Saccharomyces boulardii Wnt/β-catenin signaling In combination with sulfasalazine 

(salicylazosulfapyridine [SASP]), 

probiotics reduce inflammatory 

responses by blocking the 

triggering of the Wnt/β-catenin 

signaling pathway, enhancing 

intestinal function and repairing 

intestinal integrity

Dong et al. (65)

HT-29 cell line Lactobacillus spp. and 

Bifidobacterium spp.

NF-κB and JAK/STAT 

signaling pathways

Lactobacillus spp. and 

Bifidobacterium spp. inhibited 

HT-29 cell inflammation by 

regulating the JAK/STAT and 

NF-κB pathways

Aghamohammad et al. (27)

DSS-induced UC 

and HT-29 cell

Lactobacillus plantarum-12 JAK–STAT L. plantarum-12 may reduce DSS-

induced UC by reducing intestinal 

inflammation and reestablishing 

the altered gut flora. L. 

plantarum-12 may be helpful as a 

probiotic to treat colitis

Sun et al. (63)

DSS-induced UC VSL#3 STAT3 pathway Downregulation of IL-6, IL-23, 

STAT3, and P-STAT3 expression 

in colonic tissue by live and heat-

killed VSL#3. Heat-killed VSL#3 

inhibits the STAT3 pathway and 

exerts significant beneficial anti-

inflammatory properties

Sang et al. (249)

DSS-induced UC L. plantarum subsp. 

plantarum SC-5

NF-κB and MAPK 

signaling pathways

L. plantarum supsp. plantarum 

SC-5 reduced inflammation by 

reducing the protein production of 

the NF-κB and MAPK signaling 

pathways

Shi et al. (160)

DSS-induced UC L. fermentum ZS40 NF-κB and MAPK 

pathways

L. fermentum ZS40 decreased the 

relative expression of p38 and 

JNK1/2 mRNA as well as p38, 

p-p38, JNK1/2, and p-JNK1/2 

proteins through the NF-κB and 

MAPK pathways

Chen et al. (62)

DSS-induced UC L. acidophilus IL-23/Th17 axis L. acidophilus inhibited Th17 

cell-mediated production of the 

proinflammatory mediator IL-17 

by downregulating IL-23 and 

TGF-β1 expression and 

phosphorylating p-STAT3

Chen et al. (57)

Lactobacillus and 

Bifidobacterium Strains

IL-23/Th17 axis Probiotic Lactobacillus and 

Bifidobacterium strains reduce 

AIEC virulence and inhibit the 

IL-23/Th17 axis in UC but not 

Crohn’s disease

Leccese et al. (67)

TNBS Faecalibacterium prausnitzii IL-17 F. prausnitzii reduces rat colorectal 

colitis by blocking interleukin-17

Zhang et al. (250)

(Continued)
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TLR-4 plays a significant role in preserving intestinal epithelial 
homeostasis and defense against direct epithelial damage, even though 
most research only indicated a function for TLR-4 in inflammatory 
responses. According to their findings, animals lacking MyD88, which 
affects TLR signaling, are more prone to intestinal epithelium injury 
than WT mice. They contended that intestinal epithelial cells’ 
constitutive TLR signaling causes the synthesis of tissue-protective 
molecules such as TNF, IL-6, and keratinocyte-derived chemokine-1 
(165). Additionally, according to Araki and colleagues, MyD88-
deficient animals given DSS developed severe colitis unexpectedly 
(166). These two research studies often employed TLR- 4−/− or Myd88 
−/− mice, which Dr. Akira donated and which suppressed all 
TLR signaling.

In contrast to those animals, the TLR-4 lps−/lps- mice employed in 
the Chung et al. research are a subset of TLR-4 mutant mice in which 
TLR signaling is only partially inhibited. They validated a missense 
mutation in the TLR-4 gene’s third exon, which indicated that proline 
would be  changed to histidine at position 712 of the polypeptide 
chain. Combining these findings, it is plausible that partial suppression 
of TLR-4 signaling may be  helpful in certain instances of acute 
epithelium damage, while total inhibition of TLR signaling may do 
more harm than good. The findings imply that L. casei prevents the 
onset of acute DSS-induced colitis and that this impact primarily 
depends on TLR-4 status (163). In inadequate TLR-4 complex 
signaling, L. casei modifies the production of inflammatory mediators 
and decreases neutrophilic recruitment (163).

The underpinning protective functions of L. plantarum L15 in the 
amelioration of DSS-induced mice model of colitis were examined by 
Yu et al. in recent research (30). Previous studies have shown that 
colonic tissues exposed to DSS have considerably higher levels of 

cytokines that promote inflammation, such as TNF-α, IL-12, and 
IL-1β (167, 168). Lactobacillus species have been shown to suppress 
these cytokines, hence decreasing their proinflammatory effects (169, 
170). According to the study’s findings, the DSS group had 
considerably greater TNF-α, IL-1β, and IL-12 levels than the control 
group, but high-dose L. plantarum L15 treatment completely rectified 
these abnormalities. Furthermore, this probiotic administration 
dramatically boosted cytokine levels that prevent inflammation of 
IL-10 (30). Ning and colleagues earlier hypothesized that LPS actions 
cause the TLR4 receptor to be activated and that the latter has been 
associated with low-grade chronic inflammatory disorders (171). 
Additionally, it has been demonstrated that the TLR4/NF-κB complex, 
which is created following the effective interaction of the TLR4 
receptor with LPS, activates the release of mediators of inflammation 
(172). It has been indicated that the NF-κB transcription factor 
activates crucial genes that participate in immunity. These 
mechanisms and pathways ultimately lead to the onset of UC (173, 
174). The expression of TLR4, p-p65, and p-IκB was higher in the DSS 
group than in the control group in a study conducted by Yu et al., but 
this tendency was stopped by high doses of L. plantarum L15 
treatment (30). Additionally, it has been observed that injection of 
DSS activates TLR4 after it has been upregulated following intestinal 
assessment of IBD patients (175, 176). This finding suggests that 
supplementing UC mice with high dosages of L. plantarum L15 
favorably controlled their gut microbiota. This was shown by a 
decrease in LPS concentrations, which in turn inhibited the triggering 
of the TLR4-NF-κB signaling pathway. According to these results, 
L. plantarum L15 may be useful as a probiotic for treating UC since it 
may better regulate the gut microbiota and lessen an 
inflammatory response.

TABLE 1 (Continued)

UC Study type Probiotic strains Molecular targets Mechanisms and 
conclusion

References

TNBS L. acidophilus IL-17 Oral administration of L. 

acidophilus stimulates an IL-17-

dependent innate protection 

reaction, activates innate lymphoid 

cells type 3, and alleviates colitis

Hrdý et al. (28)

DSS-induced UC Lactobacillus paracasei R3 Th17/Treg In DSS-induced colitis in mice, the 

L. paracasei R3 strain significantly 

reduces symptoms and 

pathological damage while 

influencing the immune response 

by altering Th17/Treg cell balance

Huang et al. (226)

DSS-induced UC L. acidophilus Th17/Treg L. acidophilus may be a novel 

treatment for IBD by modulating 

the balance between Th17 and 

Treg cells and fibrosis development

Sang et al. (251)

DSS-induced UC L. plantarum 22A-3 TGF-β1 L. plantarum 22A-3-induced 

TGF-1 production from intestinal 

epithelial cells enhanced CD103+ 

DC and Foxp3+ in mice, Treg 

differentiation, and colitis healing

Lamubol et al. (252)

AIEC, adherent-invasive Escherichia coli; COX-2, cyclooxygenase-2; DC, dendritic cell; DSS, dextran sulfate sodium; IL, interleukin; JAK/STAT, Janus kinase/signal transducer and activator of 
transcription; IFN-γ, interferon-gamma; MAPK, mitogen-activated protein kinase; mRNA, messenger RNA; NF-κB, nuclear factor-κB; MPO, myeloperoxidase; TGF, transforming growth 
factor beta; TLR, toll-like receptor; TNBS, trinitrobenzene sulfonic acid; TNF-α, tumor necrosis factor alpha; UC, ulcerative colitis.
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Similar to this research, Xia and colleagues looked at how 
L. plantarum AR113 affected the severity of DSS-induced colitis in a 
different investigation (177). The findings of this investigation 
demonstrated that the L. plantarum AR113 upregulated the expression 
of IL-10 while concomitantly reducing the production of TNF-α, 
IL-1β, and IL-6 (177). Recent studies have shown that oxidative stress 
is a crucial factor in the emergence of colitis (178). According to Xia 
and colleagues, L. plantarum AR113 has an exceptional capacity for 
antioxidants and may significantly promote the activity of antioxidant 
enzymes (177). Under normal circumstances, NF-κB is inactive 
because it is firmly bound to IκB. However, when triggered through 
the MyD88-dependent pathway, NF-κB becomes quickly active, 
increasing the transcription of downstream genes involved in 
inflammatory responses (179). In this research, intervention with 
L. plantarum AR113 or L. casei AR342 inhibited TLR4/MyD88 
signaling and subsequent NF-κB activation (177). An inducible 
enzyme called HO-1 may reduce inflammatory reactions (180). HO-1 
acts as a negative regulator by blocking NF-κB activation, reducing 
TLR4 expression and the production of inflammatory mediators 
(181). In conclusion, the research by Xia and colleagues revealed that 
L. plantarum AR113 and L. casei AR342 administrations might 
significantly elevate HO-1 expression, suggesting that some probiotics 
might prevent DSS-induced colitis via modifying the HO-1/TLR4/
NF-κB pathway in mice colonic tissues (177).

Since the TLR4/Myd88/NF-κB axis signaling pathway is vital in 
the regulation of inflammatory reactions, Li et al. suggested that it may 
be responsible for the protective action of Lactobacillus rhamnosus GG 
effector protein HM0539 (68). The findings of this investigation 
demonstrated that HM0539 substantially mediated its curative 
properties by lowering the level of inflammatory responses. They 
might have expected HM0539 to act as an agent of a well-known 
therapeutic method for curing IBD according to their findings of the 
impact of HM0539 in LPS-induced RAW 264.7 macrophages and 
DSS-induced murine colitis (68). This research showed that the lower 
MyD88 level might be caused by an HM0539-induced reduction in 
TLR4 expression, which would block distal NF-κB activation and 
inflammatory mediators that promote inflammation and lessen the 
inflammatory reactions brought on by LPS (68). It is still necessary to 
conduct and confirm further research on the effects of 
HM0539 on IBD.

Wang and colleagues recently investigated the role of 
Bifidobacterium animalis in DSS-induced colitis (182). According to 
the study, B. animalis substantially reduced spleen weight loss, disease 
activity index (DAI) score, weight loss, colon shortening, MPO 
activity, and colon tissue injury (68). Furthermore, B. animalis 
markedly boosted the amount of anti-inflammatory cytokine while 
dramatically reducing the level of cytokines that promote 
inflammation (68). The mRNA levels of TLR4, MyD88, and NF-ĸB in 
the DSS-induced colitis group of this study were significantly higher 
than the normal control group. Notably, treatment significantly 
reduced these changes (182). Overall, this research shows that 
B. animalis may maintain intestinal barrier function, regulate 
inflammatory cytokines, prevent colitis caused by DSS in mice, block 
TLR4/MYD88/NF-κB activation, and modify the particular gut 
microbiota (182). This study provides a theoretical framework for 
further research into using probiotics to treat colitis.

In the current investigation, Huan Kui Le (HKL) suspension and 
Lactobacillus acidophilus (L. acidophilus) were investigated in a UC rat 

model by Aximujiang and colleagues (183). Using 16S rRNA 
sequencing, immunohistochemistry, ELISA techniques in the colon, 
and untargeted metabolomics profiling in serum, they investigated the 
mode of action of this combination therapy (183). The findings 
showed that IL-12, IFN-γ, IL-6, IL-17, TLR4, and TLR9 expression 
levels were elevated in the UC group, while TGF-β protein expression 
levels decreased (183). Colonic epithelial cells seldom express the 
TLR9 protein, although mucosal infiltrating cells perform, and TLR9 
is upregulated throughout inflammatory conditions (184, 185), 
consistent with Aximujiang et  al. results (183). Significant 
downregulation of TLR4 and TLR9 expression was observed in the 
Lac and HKL-treated group (183). While dendritic cells (DCs) react 
to symbiotic bacterial DNA through TLR9 signaling to prevent Treg 
development in the intestinal tract, pathogenic bacterial DNA 
stimulates TLR9 expression in vitro (186). These findings show that 
the group treated with Lac and HKL had decreased Treg cell 
differentiation and TLR9 protein expression, elevated TGF-β and 
IL-10 protein expression, and healed colon mucosal damage while 
reestablishing the intestinal microflora balance (183). According to 
prior research, Lac and HKL treatment raised the number of Treg cells 
and lowered the number of Th17 cells in the blood of UC rats (183). 
They argue that probiotics and TCM are innovative approaches for 
treating UC that alter the gut microbiota and its metabolites, TLR9, 
and cytokines in several pathways.

4.4 The role of probiotics in the modulation 
of the TLR/MyD88/NF-κB signaling in UC

Wang and colleagues examined the impact of VSL#3, a probiotic, 
on NF-κB and TNF-α in rats with colitis. They explored the 
relationship between this impact and the TLR4-NF-κB signal pathway 
(187). In their study, the levels of TLR4 and NF-κB p65 protein, TLR4, 
NF-κB, and TNF-α mRNA, as well as the concentration of TNF-α, 
were all considerably higher in the model and the therapy groups than 
in the control group. In contrast, the expression and levels of the 
treatment group were significantly lower than the model group, and 
the level gradually decreased during the treatment period. These 
results imply that VSL#3 may cure colitis by decreasing TNF-α 
expression by blocking the TLR4-NF-κB signal pathway (187). The 
study observed a strong correlation between TLR4 and NF-κB with 
TNF-α mRNA in the group of rats undergoing probiotic VSL#3 
therapy. This suggests that the TLR4-NF-κB signal pathway is closely 
associated with changes in inflammatory mediators. Because PCR is 
the best technique for quantitative detection and is very representative, 
the findings of PCR were employed for analysis in this research. As 
upstream components of the TLR4-NF-κB signal pathway, TLR4 and 
NF-κB mediate and control this route’s functionality (188). The 
findings of a study examining NF-κB and TLR4 in individuals with 
colitis are consistent with the research conducted by Wang et al. (189). 
In conclusion, probiotic VSL#3 is anticipated to be  a first-choice 
medication in managing colitis because it reduces the production of 
NF-κB and TNF-α in rats with colitis via the TLR4-NF-κB 
signal pathway.

In earlier research, a new soluble protein from L. rhamnosus GG 
(LGG), HM0539, had considerable protective benefits against mouse 
colitis. However, no precise, specific mechanism for this action was 
presented (68). In a different research, Li et al. proposed that HM0539’s 
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anti-inflammatory properties may result from manipulating the TLR4/
Myd88/NF-κB axis signaling pathway. This vital route is heavily 
involved in regulating inflammatory reactions (68). The findings of the 
present investigation demonstrated that HM0539 substantially 
mediated its protective effects by lowering the inflammatory process. 
In light of Li et  al.’s findings of HM0539’s effects on DSS-induced 
murine colitis and LPS-induced RAW 264.7 macrophages, they could 
anticipate HM0539 to act as an agent of a well-known therapeutic 
approach for managing IBD (68). The body’s most significant 
concentration of macrophages is found in the gastrointestinal mucosa. 
Within the intestinal lamina propria and epithelial layer, macrophages 
are highly abundant but may be found across the whole gastrointestinal 
mucosa (190, 191). Macrophages could potentially be investigated as 
possible targets for immunological modulation of probiotics. The 
generation of prostaglandin E2 (PGE2) and NO was suppressed as a 
consequence of HM0539’s ability to limit the expression of 
cyclooxygenase-2 (COX-2) and iNOS by reducing the activation of 
their respective promoters (68). They also discovered that HM0539 has 
a part in modulating the immune response, as shown by the consequent 
reduction of inflammatory mediators such as IL-1β, TNF-α, IL-6, and 
IL-18 released by macrophages (68). Li et  al. discovered that the 
potential impact of HM0539 on the initiation of distal NF-κB could 
be  attributed to its ability to reduce TLR4 activation and impede 
MyD88 transduction (68). The anti-inflammatory effects of HM0539 
were clearly abolished by the upregulation of TLR4 or MyD88, 
although the compound still had some impact on LPS-induced 
inflammatory processes (68). Finally, HM0539 was demonstrated to 
be a promising anti-inflammatory drug, at least in part, by its decreased 
levels of the TLR4-MyD88 axis and of the downstream MyD88-
dependent activated NF-κB signaling, and therefore it may be evaluated 
as a viable treatment alternative for IBD.

The research project conducted by Yu et al. aimed to elucidate the 
mechanisms underlying the capacity of L. plantarum to maintain the 
stability of UC (30). First, 15 strains of L. plantarum were analyzed for 
their probiotic potential based on their resistance to the simulated 
human gastrointestinal transit and adhesion. Second, the inflammatory 
reaction of specific strains to the LPS-induced Caco-2 cells was 
quantified. Finally, the effectively screened in vitro strain L. plantarum 
L15 was evaluated for its positive effects and potential action 
mechanisms using an in vivo mouse model caused by DSS (30). To 
assess UC conditions, DAI and MPO are often employed (192, 193). 
The DAI and MPO considerably rose in the DSS group in the current 
research, showing that the UC model was effectively developed. The 
two indices were reversed by supplementing with a high dosage of 
L. plantarum L15. These findings demonstrated that mice treated with 
DSS might successfully restore their physiological abnormalities by 
supplementing with L. plantarum L15 (68). Ning and colleagues 
previously hypothesized that LPS activities cause the TLR4 receptor to 
be activated and that the latter has been associated with low-grade 
chronic inflammatory disorders (171). The TLR4/NF-κB complex, 
which is created when the TLR4 receptor and LPS successfully connect 
to each other, activates the release of inflammatory mediators (172). 
The TLR4/NF-κB complex, which is created when the TLR4 receptor 
and LPS properly link to each other, stimulates the release of 
inflammatory cytokines (172). It has been shown that the NF-κB 
transcription factor activates crucial genes participating in the 
generation of proinflammatory cytokines, eventually impairing the 
body’s defenses. These mechanisms and pathways ultimately lead to 

the onset of UC (174). TLR4, p-p65, and p-IB expression increased in 
the DSS group compared to the control group in the current study; 
however, this trend was halted by high-dose L. plantarum L15 
administration. Additionally, TLR4 increased levels have been 
observed throughout the gastrointestinal examination of IBD patients; 
its activation by DSS administration has been documented (176). In 
conclusion, their study’s in vitro and in vivo findings showed that 
L. plantarum L15 had excellent intestinal transit tolerance, adhesion 
properties, and a strong ability to reduce proinflammatory activity. 
Additionally, large doses of L. plantarum L15 administration favorably 
controlled the gut flora of UC mice, as shown by the downregulation 
of LPS levels, which, in turn, inhibited the triggering of the TLR4-
NF-κB signaling pathway.

Xia and colleagues also investigated the underpinning molecular 
function of Lactobacillus plantarum AR113 against DSS-induced 
colitis (177). Compared to other probiotic strains, L. plantarum AR113 
and L. casei AR342 are more effective in treating colitis brought on by 
DSS and maintaining the integrity of the intestinal barrier. More 
significantly, these two strains could control the TLR4/MyD88/NF-κB 
inflammatory signaling pathway well. L. plantarum AR113 may also 
change the dysbiosis of the gut microbiota and prevent the spread of 
potentially harmful pathogens (177, 178). Recent studies have shown 
oxidative stress as a key contributor to the etiology and progression of 
colitis. L. plantarum AR113 has the potential to both start and worsen 
inflammation. Antioxidant enzyme activity might be  significantly 
boosted by the suggested probiotic L. plantarum AR113. The property 
of L. plantarum AR113’s antioxidant capacity was why they conducted 
this research (176).

The obtained results showed that treatments with L. plantarum 
AR113 and L. casei AR342 inhibited TLR4/MyD88 signaling and the 
subsequent activation of NF-κB (177). An inducible enzyme, HO-1, 
may reduce inflammatory reactions (180). By blocking the NF-κB 
activation, HO-1 acts as a negative regulator, reducing TLR4 expression 
and preventing excessive cytokine production associated with 
inflammation (181). Treatment with either L. plantarum AR113 or 
L. casei AR342 dramatically upregulated HO-1 expression, as shown 
in research by Xia and colleagues, suggesting that these particular 
probiotics safeguard against DSS-induced colitis through regulating 
the HO-1/TLR4/NF-κB pathway in the tissues of the mouse colon 
(177). In conclusion, eight probiotics were tested for their potential to 
alleviate symptoms of DSS-induced colitis in C57BL/6 J mice. Intestinal 
administration of L. plantarum AR113 and L. casei AR342 was reported 
by Xia and colleagues to modulate the immunological response, 
preserve the epithelial barrier, and reduce gut microbiota dysbiosis. 
Increasing HO-1 expression with L. plantarum AR113 and L. casei 
AR342 supplementation has the potential to reduce the production of 
the inflammatory mediators TNF-α, IL-1β, and IL-6 by blocking the 
TLR4/MyD88/NF-κB pathway. Their results will inform the future 
research showing how probiotics genuinely improve human health.

4.5 The role of probiotics in the modulation 
of the NLRP-3 signaling in UC

A common probiotic, Enterococcus faecalis (E. faecalis), was tested 
to see whether it may inhibit the NLRP3 inflammasome and so 
prevent colitis and colitis-associated colorectal cancer (CRC) in 
research by Chung et  al. (194). The researchers investigated how 
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heat-destructed E. faecalis cells affected the induction of the NLRP3 
inflammasome in THP-1-derived macrophages. The induction of the 
NLRP3 inflammasome in macrophages in reaction to either fecal 
content or commensal microorganisms, Proteus mirabilis or 
Escherichia coli, may be inhibited by pretreatment with E. faecalis or 
NLRP3 siRNA, as seen by a decrease in caspase-1 activation and IL-1β 
maturation. E. faecalis impedes the process of phagocytosis, which is 
an essential step for the complete activation of the NLRP3 
inflammasome. In vivo studies on animals have demonstrated that 
E. faecalis confers protection against DSS-induced colitis and CRC in 
wild-type mice by mitigating intestinal inflammation (194). In 
addition, E. faecalis does not protect NLRP3 knockout mice from 
developing colitis when exposed to DSS. The research by Chung and 
colleagues suggests that using inactivated E. faecalis as a probiotic to 
reduce NLRP3-mediated colitis and inflammation-associated colon 
carcinogenesis is a feasible and safe option (194).

Dou and colleagues analyzed the probable mechanism of action 
of L. casei ATCC 393 and its metabolites on DSS-induced mice colitis 
(195). Studies have shown that L. casei ATCC 393 substantially reduces 
intestinal barrier malfunction caused by enterotoxigenic E. coli K88 
(196). These findings demonstrate that oral treatment of L. casei ATCC 
393 and its metabolites significantly reversed DSS-induced weight loss 
and reduced DAI, colon length, and villus height of colon tissue in 
mice. The levels of gene expression of occludin, ZO-1, and claudin-1 
elevated, and the expression of NLRP-3, Caspase-1, IL-1β, and IL-18 
were decreased compared to the DSS-induced model group. 
Metabolites from L. casei ATCC 393 also significantly impeded the 
penetration of immune cells into the intestinal mucosa. Dysbiosis of 
the gut microbiota caused by DSS was also efficiently treated by 
L. casei ATCC 393 and its metabolites (195). In conclusion, the data 
presented here indicated that L. casei ATCC 393 and its metabolites 
reduced the NLRP3-(Caspase-1)/IL-1β signaling pathway-mediated 
ulcerative inflammatory reaction in C57BL/6 mice after 
DSS administration.

The latest investigation by Qu and colleagues explores the role of 
Akkermansia muciniphila (A. muciniphila) in the context of acute 
colitis (29), acknowledging that its commercial use as an inactivated 
product differs from the live form studied. Researchers have shown 
that A. muciniphila numbers are lower in those with UC (197); results 
from the GMrepo database agree with those found by Qu et al. More 
research is needed to determine why and how the number of 
A. muciniphila cells in UC patients declines. One hypothesis is that the 
reduction of the mucus layer on colonocytes in UC patients leads to 
decreased availability of polysaccharides, which are essential for the 
growth of A. muciniphila (198–200). This decline in mucus may 
impair the ability of A. muciniphila to thrive, contributing to its 
reduced numbers in the gut.

Taking supplements with A. muciniphila dramatically reduced 
symptoms of acute colitis in mice (29). A. muciniphila was thought to 
regenerate the mucus layer and preserve intestinal function (201). 
A. muciniphila has been shown to improve the symptoms of 
DSS-induced UC by increasing the efficiency of intestinal integrity 
(202). In addition, A. muciniphila suppressed the production of IL-1β, 
MCP-1, and IL-6, all released by locally activated cells associated with 
inflammation (29). These findings suggested that A. muciniphila 
might serve as a prophylactic against experimental colitis. Some 
investigations have shown A. muciniphila to have a mixed impact on 
colitis. In mice infected with Salmonella enterica serovar 

Typhimurium, A. muciniphila increased inflammation in the intestines 
(203). In IL-10−/− mice, the overexpression of A. muciniphila caused 
by NLRP6 deficiency exacerbates intestinal tract inflammation (204). 
Nonetheless, A. muciniphila is not pathogenic on its own (205). The 
role of A. muciniphila could potentially be altered by its interactions 
with other bacteria or compounds produced by other commensals 
(206). Supplementation with A. muciniphila increased NLRP3 
expression in vitro and in vivo, as shown in research by Qu and 
colleagues (29). In addition, the protective role of A. muciniphila in 
colitis was abolished in mice lacking the NLRP3 gene (29). IL-1β and 
IL-18, both of which are known to protect against infections and 
environmental stimuli, are released in response to NLRP3 activation 
(207, 208). Mice with NLRP3 deficiency are more likely to develop 
experimental colitis (209–211); this vulnerability might be reversed 
by administering exogenous IL-1β or IL-18 (207). In light of this, Qu 
and colleagues hypothesize that NLRP3 expression is linked to colon 
epithelial healing during gut inflammation. It was concluded that the 
upregulation of NLRP3  in the colon tissues of UC patients was 
protective. Based on these findings, it seems that probiotic-based 
treatment for colitis benefits from NLRP3’s protective properties. 
However, the precise mechanism of its regulation warrants 
more investigation.

4.6 The role of probiotics in the 
modulation of the JAK/STAT signaling in 
UC

Through JAK/STAT and other signaling pathways, probiotics have 
been shown to positively influence inflammatory processes and 
immunological modulation (212–215). Overall, this research 
suggested that a cocktail of Lactobacillus spp. had an anti-
inflammatory impact on HT-29 cells by influencing the JAK/STAT 
and NF-κB signaling pathways. They concluded that Lactobacillus 
spp., taken as a dietary supplement, may help prevent and treat 
inflammatory disorders such as IBD (212). In this investigation, the 
JAK/STAT pathway yielded contrasting outcomes. It can be inferred 
that Lactobacillus spp. has the potential to either inhibit or enhance 
expression. The phenotypic observations and the anti-inflammatory 
properties of probiotics are consistent with the findings mentioned 
above. The study conducted by Rohani et  al. revealed a general 
reduction in the expression of specific STATs, namely STAT3 and 
STAT6 (212).

In most cases, inhibiting this pathway results in significant 
reductions in inflammation. Many investigations have shown that 
suppressing STAT3 expression, for instance, may lead to a drop in IL-6 
and, by extension, contribute to calming down the level of 
inflammation (57, 216). Another STAT whose phosphorylation is 
elevated in UC patients is STAT6. Limited colitis has been seen in 
STAT 6−/− animals, suggesting that STAT6 deficiency might 
be beneficial for enhancing IBD (217). Remarkable evidence on the 
regulation of inflammation was also found in the JAKs research by 
Rohani and others. All three JAKs (JAK1, JAK2, and JAK3) were 
declining (212). In light of this, various studies have considered the 
possibility of inhibiting IBD by targeting JAKs (218). In summary, 
determining how probiotics modify and decrease inflammation may 
need a more in-depth understanding of the specific molecular effects 
of Lactobacillus spp. on signaling pathways. Whether or not probiotics 
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may be utilized as a preservative or a treatment is one of the most 
pressing questions in this area. Patients with IBD may benefit 
significantly from discovering the simplest means of both preventing 
and treating their symptoms. The findings may imply that these 
probiotic strains might prevent or mitigate the severity of IBD since 
they utilize Lactobacillus spp. as pre-, post-, and cotreatment and 
observe its beneficial impact on all three variations.

Recent research by Aghamohammad and colleagues compared 
the probiotics Lactobacillus spp., Bifidobacterium spp., and a 
combination of the two for their ability to inhibit inflammatory 
signaling through the JAK/STAT pathway (219). The NF-κB pathway 
genes JAK, TIRAP, IRAK4, NEMO, and RIP decreased by the 
probiotic cocktail compared to cells treated with sonicate pathogens. 
After receiving probiotic medication, there was some variation in the 
expression of STAT genes. After receiving probiotic medication, 
production of IL-6 and IL-1β was reduced (219). Probiotic therapies 
were associated with a considerable reduction in inflammatory genes, 
as measured by the NF-κB signaling pathway. The effects of probiotic 
strains on HT-29 cells were opposite to those of the pathogen when 
the pathogen was sonicated. However, their probiotic strains, whether 
used alone or in combination, reduced the mRNA level of the 
examined inflammatory genes, while sonicated pathogens increased 
their expression. These findings might have a molecular basis, and this 
may explain it, according to prior research (220), in which 
Aghamohammad and colleagues have shown that administration of 
these particular probiotics significantly reduced IBD-induced 
inflammatory reactions in mice (219). They found contradictory data 
about STAT gene expression in the present investigation. Different 
probiotic treatments either increased or decreased the expression of 
some genes.

The expression levels of STAT1, 2, and 4 were observed to 
be  upregulated and downregulated, whereas STAT3 and STAT5 
exhibited a notable increase in expression. Conversely, the expression 
of STAT6 was observed to be decreased (219). They also found that 
probiotics reduced JAK expression by inhibiting the activity of JAK 
genes (219). According to research by Aghamohammad and 
colleagues, probiotics have an anti-inflammatory effect comparable to 
that of JAK inhibitors such as JAKinibs, agents that target JAK by 
decreasing JAK expression (221). Gene expression was significantly 
influenced by Lactobacillus spp., Bifidobacterium spp., and Lac/Bif, all 
of which played unique roles in each gene (219). This probiotic 
mixture inhibited inflammatory responses in HT-29 cells by 
downregulating the JAK/STAT and NF-κB pathways, and for this 
reason, taking Lactobacillus spp. and Bifidobacterium spp. Probiotics 
as dietary supplements may help lessen the risk of inflammation-
related disorders, such as IBD.

4.7 The role of probiotics in the modulation 
of the Wnt/β-catenin signaling in UC

You and colleagues found that UC tissues had different Wnt ligand 
and receptor expression than controls (131); however, the alterations 
did not correlate with any noticeable increase or decrease in disease 
activity, and no following research was able to confirm these initial 
results (132). However, chronic IBD and animal models both activate 
the Wnt/β-catenin pathway (133). Mucosal healing in IBD is facilitated 
by epithelial TNF receptor signaling (134). These incongruous insights 

should not be seen as a surprise. High compartmentalization of Wnt 
ligand expression in the gut (135). This issue of differentiation and 
their prior participation provide a comprehensive assessment of 
non-epithelial Wnt sources in the gut and their function in tissue 
homeostasis (136, 137). Recent advances in the area also imply that 
inflammatory compounds are in charge of maintaining and 
regenerating the epithelium throughout colitis. For UC patients, 
targeting Wnt/β-catenin might hold promise for attaining the best 
results. The Wnt/β-catenin pathway has been demonstrated to 
be modulated by probiotics, which may help with UC symptoms (222).

The effects of probiotics coupled with sulfasalazine 
(salicylazosulfapyridine [SASP]) on the expression of the Wnt/β-
catenin signaling pathway in rats with UC were examined by Dong 
and colleagues in recent research (65). The Wnt/β-catenin signaling 
pathway is believed to be essential for the growth and differentiation 
of intestinal epithelial cells (223), which is active in the epithelial cells 
of individuals with UC and is essential for the proliferation and 
differentiation of intestinal epithelial cells. The degree of histological 
differentiation of colon cancer may be affected by colitis, which can 
induce nuclear translocation of β-catenin. In this research, Dong et al. 
discovered a unique effect of probiotics with SASP on the UC mouse 
model (223). With the treatment of probiotics in conjunction with 
SASP, the ulcer area significantly decreased in the model group, and 
disease-related clinical symptoms such as diarrhea and rectal 
hemorrhage decreased. These results indicated the cytoprotective and 
anti-ulcer abilities of the probiotics (223). Multiple factors, including 
ligand/receptor interactions, β-catenin translocation, and 
transcriptional activation, contribute to the intricate modulation of 
the Wnt signaling pathway (224). According to research by Dong and 
colleagues, Wnt ligand expression was shown to be increased in the 
mucosa of UC rats. Both lamina propria and epithelial cells showed 
an increase in these ligands as a part of the damage response (223). 
Overall, this research demonstrated that the Wnt signaling pathway’s 
excessive stimulation encourages the emergence of UC. Probiotics 
coupled with SASP therapy may inhibit the Wnt pathway’s aberrant 
excessive activation and provide anti-ulcer benefits (223). These 
findings may be implemented as a complement to existing research 
and as a springboard for developing novel approaches to the 
management of UC.

Another study found that using a DSS-induced mouse model of 
colitis, VSL#3 inhibits tumorigenesis in mice and cells via modulating 
the inflammatory and Wnt/β-catenin route. Since it is challenging to 
evaluate probiotics’ impact on UC-associated tumorigenesis clinically, 
studies of this condition often employ animal models. Previous 
research has shown that combining azoxymethane (AOM) and DSS 
may rapidly create a UC-associated tumorigenesis model (222). 
Though preliminary evidence from mice models suggests that VSL#3 
suppresses tumorigenesis in UC, definitive results are yet to 
be obtained. VSL#3 protects against cancer linked to UC, although 
how it does so is not well understood now (222). To confirm the 
effectiveness of VSL#3 in suppressing UC-associated tumorigenesis 
and examine the precise mechanism of action, Li et al. employed a 
mouse model of AOM/DSS-induced UC-associated tumorigenesis. 
They proceeded deeper to investigate how probiotics affect the Wnt/β-
catenin pathway at the human cellular level, taking into account the 
distinctions between mice and humans. Li et al. chose Bifidobacterium 
to investigate the impact and mechanisms of VSL#3 on UC-associated 
tumorigenesis in mice and cells since it is challenging to grow 
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numerous probiotics concurrently (222). VSL#3 supplementation and 
co-culturing cells with Bifidobacterium might decrease the 
proinflammatory components TNF-α and IL-6, inhibit NF-κB 
transcriptional activity, and then downregulate the Wnt/β-catenin 
pathway, thus preventing the development from inflammatory 
processes to tumor formation, as shown in this study (222). In sum, 
VSL#3 has shown promise as a therapeutic agent for treating 
UC-related tumorigenesis.

4.8 The role of probiotics in the 
modulation of IL-23/IL-17 signaling in UC

Park et  al. found that L. acidophilus reduced Th17-derived 
cytokines that promote inflammation (IL-6, TNF-α, IL-1β, and IL-17) 
in DSS-induced mouse models of colitis (225). Additional findings 
from this research showed that L. acidophilus administration directly 
promoted Treg cells and IL-10 production while suppressing IL-17 
production in splenocytes when tested in vitro (225). According to the 
findings of Park et al., L. acidophilus has the potential to be a new 
therapy for IBD by adjusting the ratio of Th17 to Treg cells. Hrdý et al. 
tested the L. acidophilus strain BIO5768 for its modulatory effects on 
the immune system in both basal and acute inflammatory conditions 
(28). The findings show that BIO5768 may stimulate the production 
of IL-17 target genes such as Angiogenin-4, an effect attenuated in 
IL-17 receptor-null animals. Additionally, the researchers discovered 
that BIO5768 promoted IL-22 synthesis by type 3 innate lymphoid 
cells and improved DC function to facilitate IL-17 release by CD4+ T 
cells (28). In addition, colitis brought on by TNBS and intestinal 
inflammation brought on by Citrobacter rodentium infection were 
both improved by BIO5768. These results imply that the probiotic 
L. acidophilus strain BIO5768 may be useful in treating IBD (28). In a 
recent investigation, Huang and colleagues tested Lactobacillus 
paracasei R3 (L.p R3) against DSS-induced colitis (226). A strain of L.p 
R3 with high biofilm-forming potential was isolated from newborn 
feces for this investigation. According to the research, L.p R3 may 
reduce the pathological harm and symptoms of mice with colitis by 
DSS (226). In DSS-induced colitis, L.p R3 was observed to reduce 
inflammatory cell infiltration, block Th17, and promote Treg activity, 
suggesting that it controls the balance of Th17/Treg cells. Notably, L.p 
R3 may be  used to treat colitis by modulating immunological 
function (226).

Recently, Chen et  al. analyzed L. acidophilus function in a 
DSS-induced mouse model of colitis (57). Consistent with earlier 
observations, they discovered a substantial upsurge in the production 
of IL-17, a characteristic cytokine identifying Th17 cells, in cases of 
colitis (227–229). Additionally, they provide the first proof that 
L. acidophilus, one of the most prevalent naturally occurring residents 
of the human gut, may reduce the elevation of the proinflammatory 
cytokine IL-17 in colitis when taken orally. A recent study by Jan et al. 
shows that oral L. gasseri treatment reduces IL-17 induction in 
allergen-induced airway inflammation in mice and improves their 
outcome (230). The expression of IL-17 and, to a lesser degree, TNF-α 
was recently downregulated in collagen-induced arthritic mice after 
treatment of L. acidophilus, as shown by Amdekar et  al. (231). 
Similarly, Chen and colleagues found that L. acidophilus reduced 
TNF-α expression in the colons of mice exposed to colitis (57). 
According to our earlier findings, L. acidophilus may benefit the 

etiology of colitis due to a reduction in IL-17 expression (232). 
L. acidophilus supplementation might have altered the fates of Th17 
cells due to decreased levels of IL-17.

Based on mounting evidence, IL-23 is crucial for sustaining Th17 
cell proliferation and survival, while TGF-β1 is crucial for Th17 cell 
differentiation. Additionally, new research has shown that IBD is 
associated with increased levels of TGF-β1 and IL-23 expression (233, 
234), which promotes the development of inflammation by triggering 
Th17 differentiation and function. This study provided the first 
evidence that L. acidophilus inhibits the production of TGF-β1 and 
IL-23 in the colon of animals with colitis (57). These findings suggest 
that L. acidophilus therapy has a beneficial effect via reducing TGF-β1 
and IL-23 production, which may influence the Th17 cell population 
(57). To prove this theory, immunohistochemistry labeling of a Th17 
cell-specific marker like IL-17  in colitis treated with and without 
L. acidophilus is required. Chen et al. did not elucidate the molecular 
mechanisms underlying the inhibitory impact of L. acidophilus on 
IL-23 modulation in their recent study. However, they postulate that 
the downregulation of TNF-α expression may be accountable for this 
phenomenon (57). In conclusion, Chen et  al. showed that oral 
administration of L. acidophilus suppressed colitis-associated hyper-
response of the IL-23/Th17 axis. Specifically, L. acidophilus treatment 
inhibited the secretion of proinflammatory cytokine IL-17 by 
downregulating IL-23 and TGFβ1, which are required for Th17 cell 
differentiation and stabilization. These findings indicate that the 
therapeutic role of L. acidophilus in IBD treatment, at least in part, 
involves modulating the IL-23/Th17 immune axis (57).

Leccese and colleagues analyzed the effects of Lactobacillus and 
Bifidobacterium strains on the virulence mechanisms of adherent-
invasive E. coli (AIEC)-LF82 and the subsequent inflammatory 
reaction associated with the CCR6-CCL20 and IL-23/Th17 axis in 
patients with CD and UC (67). By interacting with DCs, probiotic 
bacteria not only reduce levels of proinflammatory polarizing 
cytokines but also increase levels of the anti-inflammatory cytokine 
IL-10, hence enhancing DC tolerogenic function (235, 236); however, 
it is also vital in avoiding the beginning of chronic inflammatory 
processes. Indeed, DCs play a crucial role in preserving intestinal 
tolerance and immunological balance. However, they also aggregate 
in areas of intestinal inflammation, where they induce an induction of 
bacteria-specific T cell subsets found in the lamina propria, so 
contributing to the pathophysiology of IBD (237, 238). As more 
evidence emerges demonstrating the harmful function of the IL-23/
Th17 axis in IBD (239, 240), it seems to be evident that suppressing 
the microbial determinants leading to this detrimental inflammatory 
reaction in DCs whereas reestablishing the eubiotic structure of the 
gut microbiota might be an appealing therapeutic approach for IBD 
(241). The data presented by Leccese and colleagues show for the first 
time that LF82 may provoke a different production of polarizing 
cytokines, which leads to different effector Th-cell subsets polarization 
based on DCs origin. For example, after 24 h of infection, CD-derived 
monocyte-derived dendritic cells (MoDC) produce significantly more 
IL-23 than UC-derived MoDC, boosting the expansion of pathogenic 
Th17 cells (67). Collectively, their data show that the Lactobacillus and 
Bifidobacterium strains investigated here inhibit the absorption and 
persistence of LF82 within DCs, and that they all inhibit the IL-23/
Th17 axis, to a similar extent as the anti-inflammatory drug 6MP, as 
well as promoting the generation of the cytokine that inhibits 
inflammation, IL-10, in both healthy donors and UC patients. 
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Probiotic strains, except for the B. breve Bbr8 strain, are substantially 
less efficient in influencing the LF82-induced inflammatory reaction 
and hindering the production of the polarizing IL-1 and IL-23 
cytokines that control the development of pathogenic Th17 cells in 
CD-derived DCs (242, 243). Overall, the purpose of this research was 
to examine the impact of different Lactobacillus and Bifidobacterium 
strains on the ability of AIEC LF82 to adhere to and remain inside 
intestinal epithelial cells, macrophages, and DCs. The findings 
demonstrated that all probiotic strains suppressed IL-8 release, 
decreased LF82 survival within macrophages, and decreased LF82 
adherence and persistence inside intestinal epithelial cells. All 
probiotic strains could disrupt the IL-23/Th17 axis in UC patients but 
not in CD patients. The research also discovered that probiotic strains 
might reduce inflammation brought by AIEC in healthy donors but 
not in those with IBD. These results imply that studies on immune 
cells obtained from CD patients may be required to uncover probiotic 
strains that might benefit CD patients (67).

5 Safety and adverse effects of 
probiotics on UC

It is essential to consider the safety of probiotics and potential 
adverse effects when used to treat UC. Probiotics are generally 
recognized as safe (GRAS) by the U.S. Food and Drug Administration 
(FDA) and the European Food Safety Authority (EFSA) (41). 
Moreover, probiotics are naturally occurring microorganisms found 
in the human gut and are part of the normal gut microbiota (48).

However, some reports have been of adverse effects associated 
with probiotic use, particularly in individuals with compromised 
immune systems or underlying medical conditions. Probiotics’ most 
commonly reported adverse effects include gastrointestinal symptoms 
such as bloating, gas, diarrhea, and abdominal discomfort (244). These 
symptoms are usually mild and transient and often resolve 
independently without medical intervention. In particular, some 
studies have reported an increased risk of adverse effects in UC 
patients taking probiotics. For example, a systematic review and meta-
analysis of randomized controlled trials (RCTs) found that UC 
patients taking probiotics experienced more adverse events than 
placebo patients (245). However, the authors noted that the quality of 
the evidence was low and that further research is needed to determine 
the safety profile of probiotics in UC patients. It is also important to 
note that the safety and efficacy of probiotics may vary depending on 
the strain, dose, and duration of treatment. Therefore, it is essential to 
consult with a healthcare professional before starting probiotic 
therapy, especially in individuals with underlying medical conditions. 
However, some studies have recommended monitoring for symptoms 
such as fever, abdominal pain, and bloody diarrhea (246).

Additionally, healthcare professionals should be  aware of the 
potential for probiotics to interact with other medications, particularly 
antibiotics and immunosuppressants (247). While probiotics are 
designed to promote the growth of beneficial bacteria in the gut, there 
have been rare reports of infections associated with probiotic use. 
Infections can occur when probiotics are contaminated with harmful 
bacteria or when individuals take them with weakened immune 
systems. In particular, there have been reports of sepsis, endocarditis, 
and meningitis associated with the use of probiotics in individuals 
with underlying medical conditions (246). Therefore, individuals with 

a history of allergies should use probiotics cautiously and consult a 
healthcare professional before starting probiotic therapy. Probiotics 
may interact with certain medications, particularly antibiotics and 
immunosuppressants. For example, some probiotic strains may reduce 
the efficacy of antibiotics by competing for absorption in the gut (248). 
There is currently no standardized regulation for the production and 
labeling of probiotics. Therefore, choosing high-quality probiotic 
products from reputable manufacturers is vital to ensure safety and 
efficacy (247).

6 Conclusion and perspectives

In summary, the studies reviewed suggest that probiotics hold 
great potential for preventing and treating UC and other 
inflammation-related diseases. Probiotics have been found to 
modulate various signaling pathways, including the NF-κB, NLRP3, 
JAK/STAT, MAPK/NF-κB, transforming growth factor beta (TGF-β), 
Wnt/β-catenin, and IL-23/IL-17 pathways, which are essential in the 
pathogenesis of UC. By influencing these pathways, probiotics can 
reduce inflammation, promote mucosal healing, enhance the 
expression of anti-inflammatory molecules, and improve the integrity 
of the intestinal epithelial barrier. However, it is essential to note that 
not all probiotics have the same effect on these pathways, and their 
efficacy may vary depending on the strain, dose, and duration of 
treatment. Further research is needed to identify the most effective 
probiotic strains and optimal treatment regimens for UC patients. Of 
note, the molecular mechanisms underlying the effects of probiotics 
on inflammatory pathways need to be fully understood. Overall, the 
findings of these studies suggest that probiotics may provide a safe and 
effective strategy for attenuating inflammation and preventing 
UC-associated carcinogenesis.

Further clinical trials are needed to validate these findings and 
determine the most effective probiotic strains and dosages for UC 
patients. The use of probiotics as a complementary therapy for UC 
warrants further exploration and can potentially improve the lives of 
those suffering from this debilitating disease. There is still much to 
learn about the use of probiotics in treating UC. While some studies 
have shown promising results, others have been inconclusive or even 
contradictory. Therefore, the future research should focus on 
identifying the most effective strains of bacteria and the optimal 
dosages and treatment regimens. In addition, studies should 
be  conducted to determine the long-term safety and efficacy of 
probiotics, as well as their potential to interact with other medications. 
Ultimately, a deeper understanding of the mechanisms by which 
probiotics modulate pathogenic signaling pathways in ulcerative 
colitis will pave the way for developing more targeted and effective 
therapies for this debilitating disease.
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