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ARTICLE INFO ABSTRACT

Keywords: IBD is considered a relapsing disease with relapsing phases. Probiotics are beneficial microor-
Probiotic ganisms that modulate inflammatory signaling pathways. Our aim was to identify the precise
JAKk/ STAT molecular effects of probiotics on inflammatory signaling pathways during the presence of
i\rlxlziar?lmation inflammation. Evaluation of the expression of JAK/STAT and inflammatory genes after treatment

of the HT -29 cell line with the sonicated pathogens and probiotics, simultaneously was per-
formed by quantitative real-time polymerase chain reaction (QPCR) assay. The production of IL-6
and IL-1p after administration of probiotics was conducted by means of cytokine assay. The
probiotic cocktail resulted in the downregulation of TIRAP, IRAK4, NEMO, and RIP genes in the
NF-kB pathway compared with Sonicat-treated cells. The expression of JAK/STAT genes was
various after probiotic treatment. The application of probiotics has been observed to result in a
notable decrease in the production of IL-6 and IL-1p. The investigated probiotic cocktail, espe-
cially Bifidobacterium spp. showed anti-inflammatory effects on HT -29 cells via modulation of
JAK/STAT and NF-kB signaling pathways. The use of probiotics with the least side effects could
be considered a suitable treatment for patients with inflammatory bowel disease, even at the
beginning of inflammation.

1. Introduction

Probiotics are live microorganisms that have beneficial effects with favorable effects on health [1]. Several studies reported the
therapeutic properties of Lactobacillus spp. and Bifidobacterium spp. in inflammatory diseases, colorectal cancers, microbial infections,
and acute diarrhea [2]. Besides, one of the most important properties of probiotics is their ability to modulate innate and adaptive
immune responses [3]. Abnormal activities are usually observed in inflammatory bowel disease (IBD). In IBD, immune cells produce a
large number of cytokines, especially inflammatory cytokines, including TNF- «, IL-6, IL-1f, and IFN- y [4]. In this situation, probiotics
can play an important role in reducing the inflammatory status. Several studies have been conducted to demonstrate the
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anti-inflammatory effects of probiotics. Animal models and human studies show that the use of probiotics, such as Bifidobacterium
longum, can increase the production of IL-10 in serum [5]. In addition, patients with ulcerative colitis, a subtype of inflammatory bowel
disease, have been shown to have a decrease in C-reactive protein when taking Bifidobacterium longum [5]. Different studies also
demonstrate that using probiotic strains including Lactobacillus spp. and Bifidobacterium spp. could improve clinical symptoms and
pathological evidence in mice with colitis [6,7].

IBD is recognized by chronic inflammation of the gastrointestinal tract. Disturbed homeostasis in the intestinal cells leads to
abnormal function of the innate and adaptive immune system and causes inflammation [8]. Two distinct phases are observed in
patients with IBD, including remission and relapse, and predicting when relapse will occur is difficult. Although the use of various
therapies could help alleviate symptoms during the relapse phase, the persistence of subclinical inflammation in the intestine leads to a
return of symptoms [9]. The longer a therapeutic option is maintained in a patient with IBD, the more sustained the beneficial effect
and the longer remission is achieved. It seems that probiotics can be effective for up to three weeks after the treatment is stopped [10].
Therefore, probiotics with their anti-inflammatory properties seem to be an appropriate choice to reduce inflammation during the
relapse phase.

Several important immune pathways, including the Janus kinase (JAK)-signal transducer and activator of transcription (STAT), and
Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB) have been considered as possible sources of probiotics’
mechanisms of action [3]. The functions of the JAK/STAT signaling pathway lead to some outcomes that play a crucial role in
autoimmune and inflammatory diseases, including IBD [11]. Besides, several studies have shown that NF-«B activation leads to the
production of inflammatory cytokines, and that inhibition of NF-kB activity may play an important role in reducing inflammation [12].
Our previous studies have shown phenotypic anti-inflammatory effects of probiotics [13]. However, research on the molecular
properties of probiotics is noteworthy to understand how probiotics can reduce inflammatory status. The anti-inflammatory effects of
probiotic strains as preventive agents and before the induction of inflammation has been recently demonstrated [14]. Here, we aimed
to investigate the efficacy of probiotics in modulating JAK/STAT and NF-kB signaling pathways to understand how probiotics might
play an effective role in reducing inflammation during an inflammatory state, especially at the onset of the inflammatory phase. Thus
demonstrating the beneficial effects of probiotics in patients with IBD, especially during the relapse and onset of inflammation period,
could be so crucial. We also used probiotic cocktails containing four Lactobacillus spp. and three Bifidobacterium spp. and a mixture of
Lactobacillus spp. and Bifidobacterium spp. (Lac/Bif) to determine which probiotic might have the best effect against inflammation.

2. Materials and methods
2.1. Bacterial strain and cell culture procedure

2.2. The in-vitro assay using HT-29 cell line was performed to evaluate the effects of probiotics on the NF-kB and JAK/STAT
signaling pathways, in the present study. Probiotic strains including four Lactobacillus spp., including L. plantarum, L. rhamnosus, L.
brevis, and L. reuteri, were isolated from the fecal samples of 53 volunteers of healthy individuals and three Bifidobacterium spp.,
including B. bifidum, B. longum, and B. infantis, that were isolated from breast milk. Also, induction of inflammation was performed by
using sonicated enterotoxin-producing Escherichia coli (ETEC) and Salmonella typhimurium (ST). All these procedures along with
bacterial suspensions and cell cultures have been described, previously [13-15]. In brief, the bacterial strains were inoculated into
MRS broth containing 0.05% vr-cysteine and incubated for 20 h at 37 °C. For preparing the bacterial suspension, the culture pellet of
probiotic strains was collected and diluted in RPMI-1640 with 10% FBS without antibiotics to reach an Optical Density of 0.08 at 600
nm. Also, enterotoxigenic Escherichia coli (ETEC) and Salmonella typhimurium (ST), were cultured in Luria-Bertani (LB) broth (Thermo
Fisher Scientific, US), followed by sonication (10 rounds, 1 min/round, and the cellular debris was centrifuged 1700 g, 15 min, 4 °C) to
disrupt the cell integrity. Also, the cell culture was performed using HT-29 cells which were grown in RPMI-1640 (Thermo-Gibco, USA)
supplemented with 10% fetal bovine serum (Biochrom, Berlin, Germany) and 1% penicillin-streptomycin (Sigma Aldrich, UK) to reach
the final optical density concentration (OD) of 0.08 at 600 nm (1 x 108 CFU/ml). Cultures were performed at 37 °C in a 5% CO and
95% filtered air atmosphere. The cells were detached by 0.25% Trypsin-EDTA (Gibco, USA), washed twice with PBS, and counted.
Finally, the cell suspension was centrifuged, the precipitate was diluted with RPMI-1640, and 2 x 10° cells/cm? per well were seeded
into the 6-well plates with a volume of 2 ml for 24 h. This study was performed according to the relevant guidelines and regulations,
and ethical approval for the previous study was obtained from the Pasteur Institute of Iran Committee (IR.PII. REC.1398.060). In
accordance with ethical research standards, all participants were required to provide their signature on a document indicating their
full understanding and consent of the study’s objectives and procedures prior to any data collection. Sonicated pathogen and
probiotics treatments.

HT -29 cells were exposed to various bacteria, either alone or as mixtures. The constituent agents consisted of sonicated entero-
toxigenic E. coli (SP-ETEC) and sonicated Salmonella typhi (SP-ST), employed as inducers of inflammation. It should be noted that the
use of the sonication procedure resulted in the extraction of the inflammatory substances, including lipopolysaccharide (LPS), which
cause inflammation. Lactobacillus spp. alone, Bifidobacterium spp. alone, Lactobacillus/Bifidobacterium mixture (Lac/Bif) were used as
putative probiotic strains. In the present study, we aimed to evaluate the effects of using probiotic strains during the presence of
inflammation. Therefore, to study the effect of probiotics during the inflammatory state, 1 ml of each strain of Lactobacillus spp.,
Bifidobacterium spp., and Lac/Bif were added simultaneously along with 1 ml of each of SP-ETEC and SP-ST, for 6 h. After 6 h, each well
was washed twice with PBS to remove the non-adherent bacteria. These treatments were performed in duplicate and the cell culture
was maintained at 37 °C and 5% CO2 for up to 48 h. Three biological repetition were used in cell culture assay. The determination of
the Moment of Inertia (MOI) was executed in accordance with the previously specified methodology [16].
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2.2. Cytokine assays

To evaluate the phenotypic affects of probiotic intervention on the alleviation of inflammation, an examination was conducted on
cytokine production through employment of the ELISA assay (Roche Diagnostics, Germany). After SP and probiotic treatments, the
supernatant of the cell culture was centrifuged at 4427 g, and the supernatant was collected to evaluate the production of pro-
inflammatory cytokines, including IL-6 and IL-1f. All experiments were performed in duplicate.

2.3. RT- PCR of inflammatory signaling pathway genes

An RNA extraction kit (Roche, Germany) and the cDNA synthesis kit (Yekta Tajhiz, Iran) were used according to the manufacturer’s
instructions. The online website Primer Bank (http://pga.mgh.harvard.edu/primerbank) was used to select qPCR primers (Table 1).
All reactions were performed in duplicate. The formula RQ = 2722 was used to obtain the relative gene expression in the comparative
CT method [17]. The RT- PCR method was performed according to our previous study [14]. All reactions were performed in duplicate.

2.4. Statistical analysis

Graphs and statistical analysis of the data were performed using SPSS (ver.25) and GraphPad Prism software (ver. 8) to compare
variables of different groups. Statistically significant distinctions were evaluated between numerous groups, encompassing control (C),
sonicated pathogen (SP), Lactobacillus spp., and SP that were added concurrently (P + L), Bifidobacterium spp., and SP that were added
concurrently (P + B), and Lac/Bif and SP that were added concurrently (P + LB) using ordinary one-way ANOVA. P-values < 0.05 were
considered statistically significant. The results were presented as Standard Deviation (SD).

3. Results
3.1. The results of pro-inflammatory cytokines production

The results of pro-inflammatory cytokines production are shown in Fig. 1. Cytokine production was significantly higher after SP
treatments (p < 0.0001). However, probiotic treatments (6 h after SP treatment) significantly decreased cytokine production (p <

0.0001). No significant difference was observed between Lactobacillus spp., Bifidobacterium spp. and Lac/Bif at any time point after the
treatments.

Table 1
Primer sequences used in this study.

Gene Primer Sequence [5* > 3] Primer Bank ID Product Size [bp]

STAT1 F CGGCTGAATTTCGGCACCT 189458859¢3 81
STAT1 R CAGTAACGATGAGAGGACCCT

STAT2 F CTGCTAGGCCGATTAACTACCC 291219923c3 87
STAT2 R TCTGATGCAGGCTTTTTGCTG

STAT3 F ACCAGCAGTATAGCCGCTTC 47080104c2 124
STAT3 R GCCACAATCCGGGCAATCT

STAT4 F GCTTAACAGCCTCGATTTCAAGA 345110659¢c2 91
STAT4 R GAGCATGGTGTTCATTAACAGGT

STATS F CGACGGGACCTTCTTGTTG 221316717¢3 80
STAT5 R GTTCCGGGGAGTCAAACTTCC

STAT6 F CGAGTAGGGGAGATCCACCTT 296010867c2 92
STAT6 R GCAGGAGTTTCTATCAAGCTGTG

JAK1 F CTTTGCCCTGTATGACGAGAAC 102469033c1 101
JAK1 R ACCTCATCCGGTAGTGGAGC

JAK2 F ATCCACCCAACCATGTCTTCC 223671934c2 121
JAK2 R ATTCCATGCCGATAGGCTCTG

JAK3 F CTGCACGTAGATGGGGTGG 189095272c2 78
JAK3 R CACGATCAGGTTGGACTTTTCT

TYK2 F GAGATGCAAGCCTGATGCTAT 187608614cl 76
TYK2 R GGTTCCCGAGGATTCATGCC

RIP2 F GCCCTTGGTGTAAATTACCTGC 93141034c2 138
RIP2 R GGACATCATGCGCCACTTT

NEMO F AAGAGCCAACTGTGTGAGATG 142381344cl 69
NEMO R TTCGCCCAGTACGTCCTGA

TIRAP F GACCCCTGGTGCAAGTACC 89111123c2 133
TIRAP R CGACGTAGTACATGAATCGGAG

IRAK4 F CTTGGATGGTACTCCACCACT 223671887c¢3 76

IRAK4 R AAAATTGATGCCATTAGCTGCAC
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Red circle: The relatedness between C24 and C48 with other treatments.
Blue diamond: The relatedness between SP24 with other treatments.
Empty circle: The relatedness between SP48 with other treatments.
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Fig. 1. Different levels of concentrations of (a) IL-6 and (b) IL-1p. Data were represented as mean SD. The number 24 and 48 refers to different time
orders of HT-29 cell line treatments. C, control; SP, Sonicated Pathogen; P + L, sonicated pathogen, and Lactobacillus spp. were added simulta-
neously.; P + B, sonicated pathogen, and Bifidobacterium spp. were added simultaneously; P + LB, sonicated pathogen, and Lac/Bif were added
simultaneously. Data were considered as statistically significant when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).

3.2. The results of gene expression

The efficacy of probiotics in up- or down-regulating the studied genes was examined by comparing probiotic + SP treated HT -29
cells with control cells (unexposed HT -29 cells as negative controls, i.e., C24 and C48) and HT -29 cells exposed to the sonicated
pathogen as positive controls (i.e., SP24 and SP48).

3.2.1. Probiotic strains had different up- and down-regulations of STAT genes

Data on STAT gene expression are shown in Fig. 2. Comparative analysis of the STAT genes showed various alters in gene expression
levels. Some of the probiotic treatments significantly up-regulated the gene expression, while the others decreased the expression level.
The comparative analysis of STAT gene expression between the sonicated pathogens and the negative controls showed that SP-ETEC
and SP-ST could significantly increase the level of gene expression in most STAT genes.

In STAT1, Lactobacillus spp. and Bifidobacterium spp. along with Lac/Bif had opposite effects on gene expression. Lactobacillus spp.
had the strongest effect on upregulating expression after 48 h of treatment (P + L48) compared to negative and positive controls (p <
0.0001). On the other hand, in comparison to the positive control (SP48), Bifidobacterium spp. and Lac/Bif had the most significant
effects on reducing the expression level, especially after 48 h of treatment (P + B48 and P + LB48) (p < 0.0001).

Comparative analysis of STAT2 gene expression revealed that Lactobacillus spp. (P + L48) could significantly increase gene
expression (p < 0.0001), however, Bifidobacterium spp. at 48 h (P + B48) and Lac/Bif (P + LB48) could decrease expression level (p <
0.05). Also, concerning 48-h treatment, Bifidobacterium spp. (P + B48) had a stronger reduction effect compared to Lac/Bif (P + LB48)
(p < 0.01).

In STATS3, after 48 h of treatment, Bifidobacterium spp. (P + B48) was the only probiotic that could significantly upregulate the
expression level compared to the negative and positive controls (p < 0.0001), while Lactobacillus spp. decreased the expression level in
both different time sequences (P + L24 and P + L48) together with Bifidobacterium spp. in the first 24 h of treatment (P + B24) (p <
0.0001).

In STAT4, it can be said that the general trend of gene expression in terms of Bifidobacterium spp. (P + B48) together with P + LB24
was downward. Actually, P + LB24 had the most reduction effect (p < 0.0001). On the other hand, Lactobacillus spp. showed the most
significant increase in expression level in both time series (P + L24 and P + L48) (p < 0.0001).

Comparative analysis of STAT5 gene expression showed that Bifidobacterium spp. was the only probiotic treatment that exhibited a
significant difference in the level of gene expression compared to positive controls (SP24 and SP48) and could significantly up-regulate
the level of gene expression in both time series, including 24 and 48 h (P + B24, P + B24) (p < 0.0001).

In STAT6, most treatments were able to decrease gene expression, except Bifidobacterium spp. and Lac/Bif after 48 h of treatment (P
-+ B48 and P + LB48), which were able to significantly up-regulate gene expression (p < 0.0001). In other words, the overall effect of
Lactobacillus spp. was to decrease gene expression, whereas Bifidobacterium spp. and Lac/Bif decreased expression in the first 24 h of
treatment but increased expression after 48 h.



Red circle: The relatedness between C24 and C48 with other treatments.
Blue diamond: The relatedness between SP24 with other treatments.
Empty circle: The relatedness between SP48 with other treatments.
Brackets: The relatedness between the probiotic treatments.
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Fig. 2. Relative gene expression (mean fold change) of (a) STATI, (b) STATZ2, (c) STAT3, (d) STAT4, (e) STAT5, and (f) STAT6 in the different groups of treatments. Data were normalized with gapdh.
Data were represented as mean SD. The number 24 and 48 refers to different time orders of HT-29 cell line treatments. C, control; SP, Sonicated Pathogen; P + L, sonicated pathogen, and Lactobacillus
spp. were added simultaneously.; P + B, sonicated pathogen, and Bifidobacterium spp. were added simultaneously; P + LB, sonicated pathogen, and Lac/Bif were added simultaneously. Data were
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3.2.2. The various results of probiotic treatments on JAK genes expression

Data on JAK expressions are shown in Fig. 3. Comparative analysis of JAK gene expression between sonicated pathogens and
negative control showed that SP-ETEC and SP-ST could significantly increase gene expression.

Comparative analysis of JAK1 showed that Lactobacillus spp. up-regulated the expression level, especially after 48 h of treatment (P
+ L48) (p < 0.001). In contrast, Bifidobacterium spp. and Lac/Bif decrease gene expression in both time periods.

For JAK2, Lactobacillus spp. and Lac/Bif (P + L48 and P + LB48) were able to increase the expression level after 48 h of treatment,
with P 4+ LB48 having the most significant effect (p < 0.001), while the expression level decreased in the first 24 h of treatment. In
contrast, Bifidobacterium spp. were able to down-regulate gene expression in both time periods (P + B24 and P + B48) (p < 0.0001).

Comparative analysis of JAK3 showed a downward trend in expression. All probiotic treatments could significantly decrease the
expression level compared to positive controls (p < 0.0001).

Comparative analysis of TYK2 showed that Lactobacillus spp. up-regulated the expression level mainly after 24 h of treatment (P +
L24) (p < 0.0001), while Bifidobacterium spp. and Lac/Bif were able to decrease the expression level in both time sequences (p < 0.05).
It should be noted that P + LB48 had the strongest reduction effect (p < 0.0001).

Red Circle: The relatedness between C24 and C48 with other treatments.
Blue diamond: The relatedness between SP24 with other treatments.
Empty circle: The relatedness between SP48 with other treatments.
Brackets: The relatedness between the probiotic treatments.
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Fig. 3. Relative gene expression [mean fold change] of (a) JAK1, (b) JAK2, (c) JAK3, and (d) TYKZ in the different groups of treatments. Data were
normalized with gapdh. Data were represented as mean SD. The number 24 and 48 refers to different time orders of HT-29 cell line treatments. C,
control; SP, Sonicated Pathogen; P + L, sonicated pathogen, and Lactobacillus spp. were added simultaneously.; P + B, sonicated pathogen, and
Bifidobacterium spp. were added simultaneously; P + LB, sonicated pathogen, and Lac/Bif were added simultaneously. Data were considered as
statistically significant when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).
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3.2.3. Probiotic treatments lead to a downward trend in inflammatory genes expression

Inflammatory gene expression data are shown in Fig. 4. Comparative analysis of inflammatory gene expression, including NEMO,
TIRAP, IRAK, and RIP between sonicated pathogens and negative controls showed that SP-ETEC and SP-ST could significantly increase
gene expression, especially after 48 h (p < 0.0001). A downward trend in gene expression was observed for all studied genes and all
probiotic treatments down-regulated inflammatory genes (p < 0.001). Although all probiotics had a reducing effect, the extent varied
somewhat. For example, Lactobacillus spp. had the weakest reducing effect concerning IRAK expression level (P + L48) (p < 0.0001),
whereas Lactobacillus spp. had almost the strongest reducing effect on the RIP gene in the 24-h treatment (P + L24) (p < 0.05).

4. Discussion

As a relapsing disease, IBD is usually recognized between the ages of 15 and 25, however, most treatments are used to control
symptoms, and patients usually need to continuously use various treatment options [18]. Subtypes of IBD, including ulcerative colitis,
may have a more severe course and require more aggressive strategies, including surgery, to reduce severity [19]. According to various

Red circle: The relatedness between C24 and C48 with other treatments.
Blue diamond: The relatedness between SP24 with other treatments.
Empty circle: The relatedness between SP48 with other treatments.
Brackets: The relatedness between the probiotic treatments.
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Fig. 4. Relative gene expression [mean fold change] of (a) NEMO, (b) TIRAP, (c) IRAK, and (d) RIP in the different groups of treatments. Data were
normalized with gapdh. Data were represented as mean SD. The number 24 and 48 refers to different time orders of HT-29 cell line treatments. C,
control; SP, Sonicated Pathogen; P + L, sonicated pathogen, and Lactobacillus spp. were added simultaneously.; P + B, sonicated pathogen, and
Bifidobacterium spp. were added simultaneously; P + LB, sonicated pathogen, and Lac/Bif were added simultaneously. Data were considered as
statistically significant when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).
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studies, the medical cost of IBD is $4 billion (USD) per year, especially if the patient requires hospitalization [20]. Therefore, the
implementation of the experimental procedure to improve the effective treatment options with the least side effects may be necessary
to improve the quality life of IBD patients. As mentioned above, immune system overactivity in IBD along with suppression of reg-
ulatory T cells (Tregs) has been demonstrated in IBD, and probiotics may play a critical role in modulating the signaling pathways
involved in the immune system and progression of IBD [18]. Thus, in the present study, we aimed to investigate the precise molecular
mechanisms of probiotics in three formats Lactobacillus spp., Bifidobacterium spp, and Lac/Bif (mixed form of Lactobacillus spp. and
Bifidobacterium spp.) to find out, first, whether probiotics can influence the signaling pathway and, second, which probiotic version has
the best effects. We also used sonicated pathogens as inflammatory triggers and probiotics simultaneously to elucidate the effects of
probiotics on the occurrence of inflammation and to understand the efficacy of taking probiotics even in the early stages of IBD
detection.

In the present study, comparative analysis of JAK/STAT genes revealed differential changes in gene expression. The general trend
for almost all JAK/STAT genes was downward. One of the remarkable results is that Lactobacillus spp. and Bifidobacterium spp. seem to
have opposite effects on most JAK/STAT genes. The results showed that, Lactobacillus spp. could significantly upregulate the
expression level of STAT1, STAT2, STAT4, JAK1, JAK2, and TYK2, while, Bifidobacterium spp. and Lac/Bif almost had a significant
reduction effect. For STAT3, STAT5, and STAT6 Bifidobacterium spp. together with Lac/Bif increased gene expression levels, especially
compared to negative controls and SP48, while Lactobacillus spp. was able to downregulate the expression levels, especially of STAT3
and STAT6.

These observations have been confirmed by other reports. According to various reports, STATs, including STAT1 and STAT3, may
play an important role in triggering inflammation and, together with NF-kB signaling pathways, activate the progression of IBD [21,
22]. In addition, studies have shown that Th1 and Th17 are associated with STAT1 and STAT3. Since dysregulation of Th1l and Th17
may lead to the development of IBD, the use of agents with inhibitory effects on STAT1 and STAT3 may target Th1l and Th17 and be
useful to prevent IBD [23]. Some of the reports also focused on other components of STATs, including STAT4, and showed the crucial
role of STAT4 in autoimmune diseases such as autoimmune encephalomyelitis, rheumatoid arthritis, and IBD. They demonstrated that
increased expression and activation of the IL-12-induced STAT4 signaling was generally found in the mucosa of patients with UC [24].
Regarding STAT6, studies have shown that activation of STAT6 was observed in ulcerative colitis [25]. Therefore, it seems that finding
an inhibitory agent to suppress STAT4 and STAT6 may play a crucial role in the treatment of IBD. However, it appears that the different
components of STATs sometimes may play different roles in controlling IBD. For example, activation of STAT3, as mentioned above,
plays different roles in IBD progression. On the contrary, according to Zundler et al. STAT3 might promote IL-10-dependent Treg
function and thus have effects on Treg activity and improve inflammatory status in IBD patients [26]. As shown by the current study,
the inactivation of STATSs could be helpful in controlling IBD. However, activation of STATs might also play a crucial role in controlling
of IBD. Thus, it could be concluded that STATs have different roles that sometimes seem to be opposite.

Concerning JAK expression, as could be seen in Fig. 2, Bifidobacterium spp. and Lac/Bif almost downregulated the expression of JAK
genes, while, Lactobacillus spp. increased the expression level, especially for JAK1, JAK2, and TYK2. According to various studies that
were conducted to introduce different treatments for IBD, key cytokines in the pathogenesis of IBD are targeted by Janus kinase (JAK)
inhibitors [27]. Indeed, probiotics act as JAK inhibitors here and thus could play a crucial role in controlling IBD. In this case, Bifi-
dobacterium spp. was able to decrease gene expression in all JAK genes. However, JAKs are associated with anti-inflammatory cyto-
kines, including IL -4 and IL-10, so increasing gene expression may have some anti-inflammatory effects [28].

The current study also examined the effect of probiotics on the NF-xkB pathway. The role of pathogens in causing inflammation was
completely clear, as the expression of inflammatory genes was clearly observed after exposure to pathogens. However, probiotic
treatments had a remarkable reducing effect. All probiotic versions had a reducing effect on the expression of inflammatory genes. A
reduction to zero was observed for the genes TIRAP and RIP. Since these genes play an important role in inflammatory signaling
pathways, a reduction in their expression could lead to a reduction in the production of pro-inflammatory cytokines [29].

On the other hand, the ELISA assay also showed that using probiotics simultaneously with inflammatory agents could significantly
decrease the production of the pro-inflammatory cytokines, including IL-6 and IL-1f. According to other reports, various cytokines,
including IL-1a, IL-1p, IL-2, IL-6, TNF-a, and IFNy are associated with the development and progression of ulcerative colitis and
Crohn’s disease as two types of IBD. Indeed, the production of inflammatory cytokines has such a great effects on the development of
the IBD that blocking the function of these cytokines could be considered as one of the most important therapeutic options to control
IBD [30,31]. According to our results, probiotics as safe agents with the least side effects could be an appropriate option to control the
symptoms of IBD.

It is worth mentioning that our study may have certain limitations that should be taken into consideration. As mentioned in the
Material and Methods section, the duration of probiotic administration was up to 48 h. It seems that a longer administration of
probiotics would lead to clearer and more meaningful results on the anti-inflammatory and immunomodulatory effects of our probiotic
strains. Furthermore, by adding another treatment group in which probiotic treatments were performed alone and without the use of
sonicated pathogens, we were able to show the usefulness of using probiotic strains even in a healthy situation without the presence of
an inflammatory status.

5. Conclusion
The present study provides remarkable evidence for the effect of probiotics on immune system modulation and anti-inflammatory

activity even in the presence of inflammation. Our previous study has shown that the use of probiotic strains, especially Lactobacillus
spp. prior to inflammation induction could have remarkable anti-inflammatory effects [14]. Here, we used three different formats of
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probiotic treatment to determine which format might have the best anti-inflammatory effect during inflammation. Considering the
idea that reducing the expression of JAK/STAT along with NF-kB might have a better effect on controlling inflammation, it seems that
Bifidobacterium spp. with the greatest reduction in effect on JAK/STAT and NF-«B was the most effective probiotic during the presence
of inflammation in the current study. Also, the comparison of the data between in vivo and phenotypic results with the current mo-
lecular examination showed the high probability of clinical relevance of probiotic strains in reducing inflammation. As mentioned
earlier, IBD is a relapsing disease and the current study was able to confirm the hypothesis that probiotics may play a crucial role at the
onset of inflammation. The utilization of probiotics that have minimal adverse reactions may prove to be beneficial in enhancing the
overall health of patients. It is imperative to discover the most effortless approach to enhancing the quality of life of individuals with
IBD, thereby emphasizing the crucial significance of such probiotics.
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