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expression through the implementation of
real-time quantitative polymerase chain
reaction (qPCR). MDCK monolayers were
pre-treated with AXOS (200 pg/mL) and
LGG (1x108 CFU/mL) prior to which, they
were exposed to P. mirabilis (1x10°
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CFU/mL) and BAC (20 pg/mL). The study
measured cell viability, cell morphological
changes, and the «cell's ability to
transcriptionally control several genes such
as TNF-a, IL-6, IL-8, occludin, claudin-1,
and ZO-1. In the dual-hit exposed sample,
there was a considerable surge in
proinflammatory cytokines (3.8-6.2-fold; p <
0.01) with concomitant increases in the loss
of tight junctions (2.5-4.1-fold; p < 0.01)
which indicated that there was a major
breakdown of the epithelial layers. The
combination of AXOS and LGG cotreatment
almost completely compensates for this
defect and restores occludin, claudin-1, and
Z0O-1 expression close to its original levels.
Furthermore, the cytokines were suppressed
by 60-75%, and the monolayers were more
intact with less cell detachment in the AXOS
and LGG-treated groups. The strength of the
protective effects of the AXOS and LGG
combination vs. the protective effects of
AXOS alone (p < 0.05). In conclusion, date-
pit AXOS act synergistically with L.
rhamnosus GG to confer significant
cytoprotective and immunomodulatory
effects, thereby attenuating  dual-hit
epithelial injury damage from P. mirabilis
and BAC. These findings support AXOS-
probiotic combinations to be pioneered as
postbiotic therapies for the protection of
renal epithelia.
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Introduction
It has been established that the arabinoxylan oligosaccharides derived from date pits have
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functional polysaccharide properties that can help modify the gut microbiota composition,
decrease inflammation, and aid in the maintenance of epithelial homeostasis, using prebiotic and
postbiotic methodologies (1, 2). According to studies, AXOS from date pits and seeds help foster
the growth of beneficial gut microbiota, enhances the epithelial barrier, and exhibits antioxidant
and immunomodulatory activities, thus categorizing these AXOS as bioactive compounds of great
potential aimed to protect the interface between host and microbiome (1, 2). Meanwhile,
Lactobacillus rhamnosus GG (LGG) probiotic strain has been reported to strengthen tight
junctions of the epithelium, control autophagy, and restore the barrier that has been compromised
by lipopolysaccharide (3, 4). It has been suggested that the probiotics and the phenolic compounds
such as ferulic acid have the potential to enhance the protein expression of tight junctions, and
restore barrier dysfunction to protect from the effects of inflammation, thus suggesting that the
modulation of occludin, claudins, and zonula occludens is a potential pathway (4, 5). Overall,
these findings provide a basis to suggest that the combined use of AXOS and probiotics has the
potential to provide additional epithelial protective effects because of the combined anti-
inflammatory effects and barrier enhancing aspects of these constituents.

Complicated UTlIs (Urinary Tract Infections) and inflammation triggered by virulent factors of
Proteus mirabilis are characterized by kidney injury and injury induced by inflammation,
epithelial cells, and biofilm persistence (6, 7). In parallel, BAC, NLRP3 and of inflammatory
cellular injuries (8-10). It may be conjectured that iatrogenic or environmental BAC exposure
potentiates epithelial damage induced by P. mirabilis (a uropathogen) BAS cationic surfactant)
and BAC, but the impact of AXOS-probiotic combinations on inflammation and tight junction
response damage epithelial cells of the renal surrogates P. mirabilis and BAC, is hitherto
unexplored.

This current study investigates if date-pit AXOS along with L. rhamnosus GG can mitigate the
dual-hit injury of P. mirabilis and BAC in MDCK kidney epithelial cells. The cytoprotective and
immunomodulatory potential of this AXOS—probiotic strategy was delineated by cellular viability
and morphology assessment along with quantification of proinflammatory cytokines, tight-
junction, and genes expression using real-time qPCR methods.

Materials and methods
Preparation and characterization of date-pit arabinoxylans oligosaccharides

To reduce batch variation, date-pit samples were obtained from a single local packing plant, then
fully ripened, and Phoenix dactylifera fruits were washed and air-dried before milling (laboratory
mill, Retsch GmbH, Germany) to a fine powder (<250 um). AXOS were prepared in modified
alkali-assisted enzymatic extractions, as in previous polysaccharide studies (1,2). In brief, date-pit
powder (10% w/v) was suspended in 0.5 M NaOH containing 0.02% (w/v) NaBH. (Sigma-
Aldrich, Germany) and stirred for 2 h at 60 °C. After neutralizing the supernatant with 6 N HCI, it
was treated with endo-xylanase (from Aspergillus niger, >250 U/g, Megazyme, Ireland, Cat. No.
AX0S-01) at 50 °C for 16 h to produce oligosaccharides. The hydrolysate was submitted to
centrifugation (10 000 x g, 20 min, 4 °C) to remove intact polysaccharides and then
chromatographically separated from oligosaccharides using a 3 kDa cut-off dialysis membrane
(Spectra/Por, USA) and freeze-dried to AXOS powder, which was sealed in light-impermeable
containers and stored at —20 °C.

The carbohydrate and phenolic content were ascertained through phenol-sulfuric acid and Folin-
Ciocalteu methods, respectively, while the size distribution and purity of the AXOS were
ascertained through high-performance size-exclusion chromatography with the use of a refractive
index detector (Agilent Technologies, USA) in order to obtain the required consistency for cell
culture exposure experiments.

Bacterial strains, probiotic culture, and benzalkonium chloride
Prior to use, a well-characterized uropathogenic Proteus mirabilis clinical isolate obtained from a
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microbiology laboratory culture collection and was re-identified by standard biochemical tests and
16S rRNA sequencing and subsequently stored at —80 °C in tryptic soy broth (TSB; Oxoid, UK,
Cat. No. TSB-100) with 20% glycerol. Working cultures were prepared by twice sub-culturing in
Luria—Bertani (LB) broth (Difco, USA, Cat. No. LB-250) at 37 °C with shaking (180 rpm) until
reaching mid-log phase, and bacterial density was adjusted to 1 x 10° CFU/mL at the time of
infection. Lactobacillus rhamnosus GG (LGG; ATCC 53103) was acquired and sourced from the
American Type Culture Collection (ATCC, USA) and maintained in de Man-Rogosa—Sharpe
(MRS) broth (Oxoid, UK, Cat. No. MRS-200) at 37 °C in microaerophilic jars for several days.
The cells were harvested, centrifuged, washed twice in sterile phosphate-buffered saline (PBS; pH
7.4; Gibco, Thermo Fisher Scientific, USA, Cat. No. PBS-01), and immediately prior to use, were
resuspended to 1 x 10® CFU/mL. Benzalkonium chloride (BAC, analytical grade, >95%) was
obtained from Sigma-Aldrich (Germany, Cat. No. 857256).

Prevalent studies show that BAC 20 is prepared as 10 mg/mL stock, which is filter-sterilized to
ensure complete asepsis. A stock stored at 4 degrees and in the dark cannot undergo degradation
through hydrolysis. A concentration, prepared in culture medium, should be assessed to determine
if the solution is undersaturated, which is shown through consistent pH and the absence of
precipitate.

MDCK Cell Culture and Dual-Hit Injury Model

MDCK epithelial cells (NBL-2, ATCC CCL-34) were ordered from ATCC (Manassas, VA, USA)
and maintained DMEM (high glucose, 4.5 g/L; Gibco, Thermo Fisher Scientific, USA, Cat. No.
DMEM-HG) containing 10 percent FBS (Gibco, Cat. No. FBS-10) that had been heat inactivated,
1 percent penicillin—streptomycin (100 U/mL penicillin, 100 pg/mL streptomycin: Gibco, Cat. No.
PS-100) and 2 mM L-glutamine (Gibco, Cat. No. GLN-02). These cells were cultured in a
humidified 5 percent CO: incubator and grown at 37 °C. They were routinely passed in culture at
70-80 percent confluence using 0.25 percent trypsin~-EDTA (Gibco, Cat. No. TRP-01). For
experimentation, the cells were seeded in 12-well plates (Corning, USA) at a density of 2x10°
cells/well and allowed for a 48-hour incubation period to form confluent monolayers. The dual-hit
injury model was developed by first subjecting the monolayers to P. mirabilis for 2 hours in
antibiotic-free medium at a multiplicity of infection (MOI) of 10, then BAC was added to a final
concentration of 20 pg/mL for another 4 hours, in conditions that had been previously optimized
to produce sublethal injury conditions in a reproducible manner that were characterized by loss of
viability and tight-junction loss, and a proinflammation response that was increased at the gene
expression level for many pro-inflammatory genes and still left the monolayers intact.

AXOS and Lactobacillus rhamnosus GG treatments and experimental design

To determine the potential protective effects of AXOS and LGG, MDCK monolayers were
randomly assigned to the following experimental conditions, where controls were untreated, and
all treatment cells were pre-incubated with AXOS at 200 pg/mL, a non-toxic and biologically
active dose on epithelial cells reported in the literature (1,5), and LGG at 1x10® CFU/mL: AXOS,
LGG, AXOS + LGG, dual-hit injury (P. mirabilis + BAC), AXOS pre-treatment + dual-hit, LGG
pre-treatment + dual-hit, and dual-hit + pre-treatment with both AXOS and LGG, where the LGG
was added at the target dose (1 x 108 CFU/mL). To characterize the potential conditioning and
coupling protective effects, subsets of experiments after exposure of cells to P. mirabilis and BAC
were also included in which AXOS and/or LGG were maintained with cells during the injury. All
experiments were performed in triplicates and repeated at least 3 times, after which the
supernatants were collected to determine LDH release, the cells were collected for RNA
extraction, and to assess the condition of the monolayer on the bottom of the wells, and some
wells were kept for later use when the cells were processed for microscopy.

Viability and morphology of cells
To evaluate cellular metabolic activity as a measure of cell viability, a colorimetric MTT assay of
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MDCK cells was performed. In brief, after treatments, cells were removed and incubated with
thiazolyl blue tetrazolium bromide (MTT) and DMEM serum free media for three hours, then
centrifuged and soluble formazan was measured. cell viability was expressed as a percentage of
viability for the untreated control. Quantifying lactate dehydrogenase (LDH) release in culture
supernatants was done using a commercial cytotoxicity detection Kit as given in the protocols. The
morphological changes which included rounding up of cells, cell detachment, and break in
monolayer continuity, were observed in the replicate wells using Olympus, CKX53, and a digital
camera. A quantitative assessment of epithelial integrity was performed by one evaluator (who
was blind to the study) to supplement the viability data.

Extraction of RNA and synthesis of cDNA

Total RNA from the MDCK monolayers post-treatment was extracted using TRIzol reagent
(Invitrogen, Thermo Fisher Scientific, USA, Cat. No. TRZ-100). Modifications of the
manufacturer protocol were conducted to maximize the RNA vyield from the confluent
monolayers. In short, 1 mL of TRIzol per well was added, and lysates were transfered to RNase-
free tubes, then chloroform (Merck, Germany) was added for phase separation; RNA was
precipitated using isopropanol, washed using 75% ethanol, and resuspended in nuclease-free water
(Ambion, USA). RNA was quantitated and its purity (A260/A280) was measured using
spectrophotometry (NanoDrop 2000, Thermo Fisher Scientific) and integrity was determined by
agarose gel electrophoresis. Contamination of genomic DNA was mitigated using the RNase-free
DNase | (Thermo Fisher Scientific, Cat. No. DNase-10) for 15 mins at room temperature. First-
strand cDNA was synthesized from 1 pg of total RNA using high-capacity cDNA reverse
transcription kit (Applied Biosystems, USA, Cat. No. cDNA-RT) with random primers in a total
volume of 20 pL as per the manufacturer guidance. cDNA synthesis was conducted in a
programmed thermal cycler (Eppendorf Mastercycler, Germany), and to improve amplification
efficiency and consistency (20,21), the cDNA was diluted 1:5 in nuclease-free water for use in
subsequent gPCR assays.

Quantification using SYBR Green for Real-Time qPCR and for Primer Design

Using SYBR Green real-time qPCR, pro-inflammatory cytokines (TNF-a, IL-6, IL-8), and in
addition, tight-junction markers (occludin, claudin-1, ZO-1), as well as the reference gene,
GAPDH, were quantified. Reactions were run with a 2x PowerUp SYBR Green Master Mix
(Applied Biosystems, USA, Cat. No. SYBR-01), with a total reaction volume of 20 pL where
10 pL of master mix, 0.4 uL of each forward and reverse primer (10 uM), 2 uL of cDNA template,
and nucleate-free water were added. Using Applied Biosystems 7500 Real-Time PCR System,
amplify was performed using the following cycling conditions: 2 min of initial enzyme activation
at 95 °C, follow 40 cycles of 15s of denaturation, 95 °C, 30 s of annealing/extension at 60 °C,
and, as last, a melt-curve analysis of the final product at 65-95 °C in order to confirm product
specificity. In this study, primer sequences (5'-3') were designed from the canine reference mRNA
sequences available in GenBank and UniProt for TNF-a, IL-6, IL-8, occludin, claudin-1, ZO-1,
GAPDH, and synthesized from Macrogen (Seoul, Republic of Korea). In optimizing the efficiency
of RT-qPCR, amplicon sizes were kept below 150 bp.

The primer sets for the study's genes were as follows: TNF-o forward 5'-
CAGCCTCTTCTCCTTCCTGAT-3" along with reverse 5'-GCCAGAGGGCTGATTAGAGA-3’
(132 bp); IL-6 5'-AGACAGCCACTCACCTCTTC-3’ (forward) 5'-
CTCAGGGCTGAGATGCCATA-3’ (reverse) (118 bp); IL-8 forward 5'-
CTGCTCTCTTGGCAGCCTTC-3' and reverse 5'-GTGGCAGACCTCGTTTCCAA-3’ (140 bp);
occludin forward 5'-CCCCATCTGACTATGTGGAAAGA-3' and reverse 5'-
AAAACCGCTTGTCATTCACTTTG-3’ (125 bp); claudin-1 forward 5'-
AAGACGATGAGGTGCAGAAG-3" and reverse 5-GTGAAGGCAGGTCTGTATGG-3" (130
bp); ZO-1 (zonula occludens 1) forward 5'-TGCAGTCTGTGGATGGTTCT-3" and reverse 5'-
CTCTGTCCTCCTGCTTGTTG-3" (138 bp); and for the control gene (GAPDH) - forward 5'-
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GGTGAAGGTCGGAGTGAACG-3' and reverse 5-GAGGTCAATGAAGGGGTCGC-3’ (120
bp). The efficiency (90-110%) and specificity (single melt-curve peak and singular band) were
confirmed prior to the execution of the experiment. The relative levels of each gene were
determined based on the 2-AACt values for each Sample with GAPDH as the target gene, and the
controls accounted for contamination and amplification of extraneous genomic DNA (20,21).

Statistical analysis

Quantitative data across three independent experiments was gathered and analyzed using mean
and standard deviation plus or minus. Standard deviation was calculated. Data were analyzed
using 9.0 version of GraphPad Prism and SPSS 26.0. To implement an appropriate loss of data,
the Shapiro-Wilk test was used. Levene's test checked the overall balance of variance across all of
the data. The appropriate procedure of post-hoc analysis was selected. In cases where the
normality of the region was not much more relaxed than in the initial analysis, the log of the data
was taken prior to tackling the data amelioration. Confidence was instilled regarding the
achievement of the overall aim of statistical analysis in the region so that the loss to so be not
random, and that it was likely to be used effectively. Evidence relating to the Pearson Value was
the variable used. To determine the positive effects of AXOS and LGG. This notated the
mechanistic interpretation of the protective effects of AXOS. This also interpreted the Cytokines
that were used. This indicated the interpretation of the weak dual hit.

Ethical Approval and Biosafety Issues

In this study, the MDCK cell line, which is immortalized and established, was used. There were
no human subjects nor any live experimental animals, which meant that formal human or animal
ethics approval was not necessary according to the national regulations. Nevertheless, while using
the MDCK cell line, pathogenic P. mirabilis isolates, and BAC, the research protocol was
submitted to and obtained approval from the Wasit University, Iraq, Institutional Research and
Biosafety Committee (141-Jan-25-2025). All the activities were performed in a BSL-2 laboratory
as per the institution’s biosafety regulations, and to reduce the environmental and occupational
hazard, all biological and chemical wastes, including BAC-containing media and the bacterial
cultures, were disinfected by autoclaving or other suitable chemical disinfectants before disposal.

Results
Impact of AXOS and Lactobacillus rhamnosus GG on MDCK cell viability and cytotoxicity

According to the data from the MTT assay, the exposure of MDCK monolayers to dual-hit injury
of P. mirabilis and BAC resulted in a significant reduction in metabolic activity, with viability
dropping to about 45-50% of the unexposed control (p < 0.001) (Fig. 1).
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Figure 1. Effect of date-pit AXOS and Lactobacillus rhamnosus GG on MDCK cell viability
and LDH release under dual-hit injury with Proteus mirabilis and benzalkonium chloride.

LGG or AXOS alone did not have a significant influence on the loss of viability or did so only to
the amount of 95-105% of control (p > 0.05). Pre-treatment with AXQOS prior to dual-hit exposure
was able to partially preserve cell viability at around 65-70% of control (p < 0.01 vs dual-hit
only), whereas LGG pre-treatment elevated viability to about 70-75% (p < 0.01 vs dual-hit only).
The combination of AXOS and LGG pre-treatment had the most pronounced protective effect,
restoring viability to 85-90% of the unexposed control (p < 0.001 vs dual-hit, p < 0.05 vs single
pre-treatments). LDH release was 2.5-3.0 times the control level and followed an opposite pattern,
being quite exhaustive (p < 0.001). There was a modest reduction in AXOS or LGG pre-treated
groups (p < 0.01). The AXOS+LGG group had near control levels of LDH release, signifying that
membrane damage was effectively mitigated.

Morphological changes and monolayer integrity in response to treatments

In contrast to affected monolayers, treated MDCK monolayers possessed a continuous
cobblestone morphology with tight cell-to-cell contacts and small intercellular junctions, and they
presented with no signs of cytotoxic morphology. MDCK monolayers treated with AXOS and
LGG, in comparison to AXOS, LGG, and control, also possessed no signs of cytotoxic
morphology and similar to AXOS and LGG control groups. Cells treated with AXOS and LGG
also distinguished themselves in terms of maintained monolayer integrity, compared to control
groups. In comparison to control, cells treated with P. mirabilis and BAC presented with loose cell
morphology and absent cell-to-cell contacts, as well as extensive cell detachment causing exposed
areas on the underlying culture. Controls, in contrast, presented cohesive monolayer morphology
with continuous cell-to-cell contacts. In comparison to control AXOS pretreatment, cells treated
with P. mirabilis and BAC presented with reduced intercellular gaps, and LGG pretreatment,
while improved in terms of monolayer cohesion, presented with a lower mean cell confluence.
Controls lost 48.75 \273 3.11\246 of the monolayer. All these treatments minimized the loss of
cell and cell cohesion meant that cells remained adhered to the underlying culture. Monolayers of
AXOS + LGG combination pre-treatment also presented confluency, with monolayers presenting
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upper cell cohesion that was absent in control. Controls, in contrast to AXOS and LGG, presented
with cohesive monolayer morphology with continuous cell-to-cell contacts. When exposed to the
P. mirabilis + BAC, cells revealed increased gaps with reduced cell detachment, resulting in
exposed areas on the underlying culture. Pretreatment AXOS reduced the loose cell morphology
observed with LGG, however intercellular gaps remained although the mean cell morphology was
enhanced. All these treatments combined the actions of AXOS and LGG to stabilize and support
epithelial monolayer integrity and cohesion under dual-hit stress.

Gene expression modifications caused by pro-inflammatory cytokines, AXOS, and LGG

The combination of P. mirabilis and BAC triggered a substantial remain pro-inflammatory gene
expression response. In comparison to the untreated control, TNF-a mRNA was upregulated by
about 5.0-fold, and IL-6 and IL-8 by 4.2-fold and 6.0-fold, respectively (all p < 0.001). The
individually combined factors AXOS or LGG did not substantially change the levels of base
cytokines (p > 0.05). The cytokine expression levels post dual-hit showed significant reduction to
about 2.8, 2.4 and 3.5-fold of control IL-8, IL-6 and TNF-a respectively after dual-hit exposure.
Pre-treatment with AXOS (p < 0.01 vs dual-hit) and LGG (p < 0.01 vs dual-hit) had similar
effects. Pre-treatment with AXOS and LGG, in combination, also showed the strongest levels of
suppression with respect to IL-8, IL-6 and TNF-a stimulation to 2.0, 1.5, and 1.6-fold of control
respectively (p < 0.001 vs dual-hit; p < 0.05 vs single/AXOS LGG pre-supplement). No-template
and no-RT controls confirmed the the mechanism of amplification. All these results testify to the
statement that LGG and AXOS, especially synergistically, effectively diminished inflammatory
gene response triggered by dual-hit (Fig. 3).
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Figure 2. Phase-contrast micrographs of MDCK monolayers showing the protective effects
of date-pit AXOS and Lactobacillus rhamnosus GG against dual-hit injury induced by
Proteus mirabilis and benzalkonium chloride.

Impact of interventions on gene expression of tight-junctions (occludin, claudin-1, ZO-1)

In the dual-hit model, there was considerable downregulation of tight-junction genes in MDCK
cells, reflecting the disruption of the barrier. Occludin, claudin-1 and ZO-1 mRNA dropped to
0.35, 0.40, and 0.30 in the untreated control, respectively (p < 0.001 for all) (Fig 4). Decreases in
expression in all three genes suggest that the genes continue to be expressed, however at lower
levels. In the presence of AXOS and LGG alone, tight-junction gene expression was baseline (0.9-
1.1 fold, p > 0.05 vs control) which indicates that there were no adverse effects on the integrity of
the junctions.

Prior to the dual-hit challenge, we performed a pre-treatment with AXOS, which was able to
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partially recover the transcripts for occludin, claudin-1, and ZO-1, which were 0.65, 0.70, and 0.60
folds to control, respectively (p < 0.01 vs dual-hit). Similar LGG pre-treatment restored transcripts
from dual-hit to 0.70, 0.75 and 0.65 folds, respectively, to control (p < 0.01 vs dual-hit). The
combination of AXOS and LGG pre-treatment was able to recover transcripts to the greatest
extent, occludin, claudin-1 and ZO-1 were 0.95, 1.0, and 0.90 folds to control and were not
significantly different from the untreated group (p > 0.05) but were significantly higher than the
dual-hit and single pre-treatment groups (p < 0.05). This result suggests that AXOS and LGG
acted together to recover to a greater extent the expression of the tight-junction preserving genes
from the significant drop in occludin, claudin-1, ZO-1 expression that were attributable to P.
mirabilis and BAC.
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Figure 3. Effect of date-pit AXOS and Lactobacillus rhamnosus GG on the expression of
tight-junction genes (occludin, claudin-1, ZO-1) in MDCK cells under dual-hit injury
conditions.

Relationship Between Pro-Inflammatory Cytokines and Tight Junction Markers
The analysis of all groups simultaneously demonstrated significant inverse correlations among all
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pro-inflammatory cytokines and tight junction genes in all groups simultaneously, which provides
evidence of a potential role of inflammation in barrier loss and supports a potential mechanistic
connection between inflammation and cell barrier loss (Figure 4, 5). TNF-a expression exhibited
significant inverse correlation with occludin (r = -0.81, p < 0.001), claudin-1 (r = -0.78, p <
0.001), and ZO-1 (r = -0.84, p < 0.001). Such inverse patterns were also observed with IL-6 and
IL-8, which exhibited significant inverse correlations with tight junction transcripts (r values
between -0.70 and -0.82, all p < 0.01). In AXOS+LGG pre-treated groups, there were no
statistically significant differences in cytokine expression and regression of tight junctions loss,
and the overall analyzed data points clustered around the control area in the correlation graphs,
which indicates that both treatments resulted in a largely low inflammatory, barrier preserving
transcriptional state (Figure 4).
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Figure 4. Correlation between pro-inflammatory cytokine expression and tight-junction
gene expression in MDCK cells treated with date-pit AXOS and Lactobacillus rhamnosus
GG under dual-hit injury.

Discussion

The study indicated that co-treatment with arabinoxylan oligosaccharides (AXOS) and
Lactobacillus rhamnosus GG (LGG) along with date pits significantly reduced the dual-hit injury
caused by Proteus mirabilis and benzalkonium chloride (BAC) as MDCK kidney epithelial cells
demonstrated increased cell viability and tight-junction gene expression, reduced LDH release and
maintained tight-junction gene expression. This corresponds with the growing response to date
pits, AXOS, and probiotic combinations that bolster the epithelial barrier, and precondition the
host to better exploit co-existing microbes. Subhash et al (2024), Leschonski et al (2024), and
other scientists demonstrated similar results that arabinoxylan polymer date-seed polysaccharides
reduced inflammation, awardingly, and deviated the gut microbial ecosystem to restore dominance
of gut eubacteria and augmentation of beneficial microbes by their metabolites, i.e. short-chain
fatty acids (SCFASs) and active agents that attenuate oxidative stress. The suppression of triad pro-
inflammatory cytokines TNF-a, IL-6, and IL-8 expression and secretion was the primary evidence
of the anti-inflammatory potential of AXOS and LGG (Zhang et al. 2024) that had previously
described polysaccharides as agents of microbe-epithelial biota and immunomodulatory
homeostasis. In keeping with the observations of Orlando et al. (2025) that L. rhamnosus GG
defended epithelial cells of the intestine against lipopolysaccharide-induced tight-junction breach
by elevating its autophagy, the data presented recovery of expression of mRNA of occludin,
claudin-1 and ZO-1 captured by tight junction. The reports read together point to the conclusion
that both AXOS and LGG provide synergistic and cytoprotective activity by dampening
inflammatory cytokines and fortifying epithelial junctions. These are consistent with theories
proposing mechanisms that involve the attenuation of oxidative stress and maintenance of the
epithelial barrier.
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Additionally, the dual-hit model made use of here recreates the complicated epithelial damage due
to pathogen—chemical interactions, simulating the injuries from the environment and from clinical
exposures. BAC can be transported via renal organic cation transporters and injure MDCK cell
oxidative membranes, as detailed by Vieira et al. (2024). This mechanism BAC explained the
steep viability drop witnessed in the dual-hit group. However, highly suggestive of the protective
effect of LGG, Torui et al. (2021) demonstrated far less cell death due to the sepsis—induced
inflammation in the challenged mice of their control group. Likewise, Gao et al. (2019) postulated
that the LGG postbiotics enhance matured defense of the epithelium, thus aiding the restored
tight-junction transcription. Nissanka et al. (2025) also supports the anti-virulence aspect of
probiotics against P. mirabilis as the mitigation of host damage from P. mirabilis biofilm
formation by virulence factors is also detailed. As proposed by Zhang et al. (2024) and Groah et
al. (2023), the significant negative correlation between the pro-inflammatory cytokines and the
tight-junction genes seen in this study supports the inflammation-damaging loops of barrier that
propose control of inflammation and thereby directly keep the epithelial integrity intact.

Conclusion

The results obtained from the dual-hit experimental model show that the combination of
lactobacillus rhamnosus GG and arabinoxylan dismissed the cytoprotection and the MDCK cell
expectant viability, the pro-inflammatory cytokines, and the tight junction expression levels of the
cells challenged with BAC and Proteus mirabilis cytotoxic activity. The combination of AXOS
with LGG provides stronger protection against the mdc cytotoxic activity than the single LGG and
AXOS additions, giving proof for synergy between the immune defense modulation and epithelial
layer protection from BAC and Proteus mirabilis. AXOS and LGG formulations could be used for
postbiotic/probiotic alternatives for the protection of infected and disinfected renal epithelium.
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