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Abstract

Background: Probiotic administration can be an effective treatment against intestinal inflammation. This study
aimed to assess the potential effects of spores isolated from probiotic strains Bacillus subtilis natto and Bacillus
coagulans Hammer on inflammation induced by lipopolysaccharide (LPS) in human colon epithelial cells in
vitro.

Materials and Methods: The viability of HT-29 cells treated with spores derived from B. subtilis natto and B.
coagulans Hammer (MOI 10, 100, 1000), as well as LPS (10 pg/ml) was assessed. The anti-inflammatory
effects of spores were examined on HT-29 cells that were pre-stimulated with LPS. The expression level of IL-
6 and TLR4 genes in HT-29 cells was quantified after 24 h using RT-qPCR.

Results: There was no significant reduction in the viability of HT-29 cells after exposure to LPS and various
MOiIs of probiotic spores. Stimulation of HT-29 cells with LPS significantly increased the expression level of
IL-6 and TLR4 in comparison to control (P < 0.0001). Spores isolated from both probiotic strains, B. subtilis
natto and B. coagulans Hammer, caused a significant reduction in the gene expression of IL-6 and TLR4 in HT-
29 cells compared to LPS control (P < 0.0001).

Conclusion: The findings of this study suggest that probiotics-derived spores may exert anti-inflammatory
effects through interference with the LPS signaling pathway in colon cancer HT-29 cell line.
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Introduction of microorganisms, including bacteria, fungi, viruses,
and archaea, which form the most intricate microbial
The human gastrointestinal tract consists of a plethora consortium  within the hostl. These microbial
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companions have established a symbiotic relationship
with the host, wherein diverse beneficial microbes and
their metabolic byproducts influence gastrointestinal
homeostasis and modulate susceptibility to disease?.
The profound genetic and metabolic potentials of the
gut microbiome highlight the pervasive influence of
this community of microbes across diverse facets of
human physiology, encompassing physical health,
development, aging, and pathogenesis of diseases®®.
Thus, judicious manipulation of the gut microbiota via
microbiome-oriented strategies offers promising
therapeutic options to improve human health® 7.

Probiotics are live microorganisms that, in adequate
quantities, can fortify the individual's immune
defenses against prospective ailments or provide
health benefits for treating patients’®. These
beneficial microorganisms exert their therapeutic
influence by modulating the equilibrium of the gut
microbiota, which is a fundamental determinant of
overall health'®. An accumulating body of evidence
has illuminated that probiotics exert their
immunomodulatory effects predominantly through
the enhancement of intestinal barrier integrity and
attenuation of inflammatory processes'14. As
ongoing research continues to reveal the link between
probiotics and human physiology, their incorporation
into clinical practice holds substantial promise to start
a new epoch of preventive and therapeutic modalities
to improve health outcomes and heighten well-being.
Lipopolysaccharide (LPS) is the key component of the
Gram-negative bacterial cell wall, which stands as an
important contributor in activating inflammatory
response and helps the persistence of bacterial
infection®. Empirical evidence substantiates the
adverse effects of LPS on the equilibrium of the gut
microbiota and its potential to disrupt gut cellular
function, thereby eliciting immune reactions?®. At the
core of this interaction lies toll-like receptor (TLR)-
dependent pathways, which are integral components
of the innate immune system charged with detecting
and responding to microbial entities, namely LPSY.
Upon engagement with TLR4, LPS initiates the
secretion of proinflammatory cytokines and
perpetuates immune dysregulation in the gut
environment®8, Furthermore, LPS can compromise
intestinal barrier integrity, impeding its role as a
critical defense mechanism against pathogenic agents
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and toxins'®. Within the realm of probiotics, extensive
studies have been dedicated to the positive impact of
Bacillus subtilis natto and Bacillus coagulans Hammer
on gastrointestinal diseases?’. These microbes can exist
as either vegetative cells or enter dormant states and
produce spores®. It has been suggested that the
diminutive size of spores can facilitate direct
interactions with intestinal epithelial cells and the
immune system, thereby potentially averting the
activation of inflammatory mediators??.

This study aimed to investigate the anti-inflammatory
effects of spores derived from probiotic strains B.
subtilis natto and B. coagulans Hammer on the
expression of IL-6 and TLR4 genes in the LPS-
stimulated HT-29 cell line.

Methods

Bacterial growth conditions and spore isolation:
Probiotic strains, including B. subtilis natto and B.
coagulans Hammer, were obtained from World
Intellectual Resource Co., Taiwan, and Natures Only,
INC., USA, respectively. Briefly, a suspension of each
strain was primed in brain heart infusion broth (Merck,
Darmstadt, Germany). Subsequently, 100 pl of each
suspension was plated onto Muller Hinton agar (Merck,
Darmstadt, Germany) and incubated under aerobic
conditions at 37°C for 24 h. Bacterial colonies were
further incubated at room temperature for an additional
week to enforce the process of sporulation.

A loop full of B. subtilis natto as well as B. coagulans
Hammer colonies was suspended in phosphate-buffered
saline (PBS, pH 8) to extract the spores. Subsequently,
the suspension was treated with 50 pg/ml lysozyme
prepared in Tris-HCI (pH 7.5) at 37°C for 30 min.
Furthermore, cell debris was removed by washing
lysates with PBS and centrifugation (12,000 x g, 10
min) five times. The purified spores were stored at -
20°C for further cell experiments?2.

Cell culture: The HT-29 cell line (ATCC HTB-38)
was acquired from the Research Institute of
Gastroenterology and Liver Diseases, Shahid Beheshti
University of Medical Sciences, Tehran, Iran. Cells
were maintained in high-glucose Dulbecco’s modified
Eagle’s minimal essential medium (H-DMEM, Gibco,
USA) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS, Gibco, USA), 100 U/ml
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penicillin (Sigma-Aldrich, USA), and 100 U/ml
streptomycin (Sigma-Aldrich, USA), and incubated
in a 5% CO; humidified atmosphere at 37°C. The
media were renewed every 24 hours to reach 80%
confluent.

Cell viability assay: To evaluate the cytotoxic effects
of varying concentrations of spores derived from B.
subtilis natto and B. coagulans Hammer, as well as
LPS on HT-29 cells, cell viability assay with MTT (3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium
bromide) was performed using the commercial Cell
Proliferation Kit | (Sigma-Aldrich, St. Louis,
Missouri, USA) per the manufacturer’s instruction.
Briefly, HT-29 cells were seeded in a 96-well plate
and incubated at 37°C to reach confluency.
Subsequently, cells were washed with PBS and
exposed to 10 pug/ml LPS (E. coli O111:B4, Sigma,
USA) for 1, 3, 6, 12, 18, and 24 h periods. In addition,
HT-29 cells were separately treated with varying
concentrations of spores (MOI 10, 100, 1000) derived
from B. subtilis natto and B. coagulans Hammer for
24 hours.

Following treatment, 0.5 mg/ml MTT solution was
added to each well; then, the plates were incubated at
37°C for four hours. The reaction ceased when cells
were contaminated with 200 pl of dimethyl sulfoxide
(DMSOQO, Thermo Fisher Scientific Inc., MA, USA) for
15 min. The wells without cells served as blank. The
optical density (OD) of each well was calculated using
an ELISA microplate reader (BioTek, USA) at 550
nm, with a reference wavelength of 600 nm. to
evaluate the viability of HT-29 cells.

Treatment of HT-29 cells with LPS and spores:
According to the results of the cell viability assay, the
highest concentrations of spores of B. subtilis natto
and B. coagulans Hammer, which had no significant
impact on the viability of HT-29 cells (MOI 1000),
were applied in downstream cell treatment assays.
HT-29 cells were treated with 10 pg/ml LPS at 37°C
for three hours. Following incubation, cells were
treated with spores for 24 h. All experiments were
carried out in triplicate.

Total RNA extraction, cDNA synthesis and RT-
gPCR: The adherent cells were trypsinized with
0.25% trypsin-EDTA solution (Sigma, USA) and
washed with PBS. The total RNA of HT-29 cells was
extracted using the RNeasy Mini Kit (Qiagen,
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Germany) according to the manufacturer's instructions.
The quality and concentration of obtained RNA
samples  were  determined by  NanoDrop
spectrophotometer (ND-1000, Thermo Scientific,
USA). Moreover, cDNA synthesis was done using
PrimeScript™ RT reagent Kit (Takara, Japan) as per the
manufacturer’s instructions. The cDNA samples were
preserved at -20°C until further use.

RT-gPCR assay was performed using Rotor-Gene® Q
(Qiagen, GmbH, Germany) real-time PCR system and
BioFACT™ 2X Real-Time PCR Master Mix
(BIOFACT CO., Ltd. Daejeon, South Korea), with -
actin serving as the reference gene. The oligonucleotide
sequences used to quantify the expression level of IL-6
and TLR4 genes are presented in Table 1224 The
experiments were run in triplicate.

Statistical Analysis: The relative expression level of
target genes was measured by the 2724Ct method.
Statistical analysis was conducted using GraphPad
Prism software (v.10). The one-way analysis of
variance (ANOVA) was carried out to determine the
statistical significance between groups. The data were
presented as the mean of three independent
experiments, and error bars show the standard
deviations (SD). Differences were statistically
significant when P < 0.05.

Ethics approval and consent to participate: The
study was approved by the Institutional Ethics Review
Committee  of the Research |Institute for
Gastroenterology and Liver Diseases at Shahid
Beheshti  University ~ of  Medical  Sciences
(IR.SBMU.RIGLD.REC.1399.011).

Results

Viability of HT-29 cells: MTT assay was performed to
determine the cytotoxic effect of LPS and spores
derived from B. subtilis natto and B. coagulans

Table 1. Oligonucleotide sequences used in this study.

Target . - ' ar P.S
gene Oligonucleotide sequences (5'-3") (bp)
IL-6 F: GCACTGGCAGAAAACAACCT 119

R: TCAAACTCCAAAAGACCAGTGA

TLR4 F: ATGCATGGATCAGAAACTCAGCAA 104
R: AAACTTCCTGGGGAAAAACTCTGG

-actin F: ATGTGGCCGAGGACTTTGATT 107
£ R: AGTGGGGTGGCTTTTAGGATG

PS (Product size (bp))
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assay. (A) HT-29 cells treated with LPS at concentration of
10 pg/ml for 1, 3, 6, 12, 18, 24 h time points. (B) HT-29
cells treated with varying MOIs (10, 100, 1000) of B.
subtilis natto spores for 24 h. (C) HT-29 cells treated with
varying MOIs (10, 100, 1000) of B. coagulans Hammer
spores for 24 h. Data are presented as mean + SD from three
independent experiments.

Hammer on HT-29 cells. As shown in Figure 1,
although LPS (at different time points) and spores (at
various MOIs) caused a minor reduction in the
viabilityof HT-29 cells, no significant cytotoxic
effects were detected in comparison to untreated
control cells.

Spores isolated from B. subtilis natto and B.
coagulans Hammer decreased the gene expression
of IL-6 and TLR4: As shown in Figure 2, LPS
significantly induced the expression of IL-6 in HT-29
cells compared to untreated control (P < 0.0001). In
contrast, treatment of HT-29 cells with B. subtilis
natto and B. coagulans Hammer (P < 0.0001) spores
reduced the expression level of the IL-6 gene in LPS-
stimulated HT-29 cells after 24 h. As presented in
Figure 3, B. subtilis natto and B. coagulans Hammer
spores similarly caused a significant reduction in the
gene expression of TLR4 in HT-29 cells compared to
LPS control (P < 0.0001). Also, spores of B. subtilis
natto demonstrated a greater impact on reducing the
expression level of IL-6 and TLR4 genes in LPS-
stimulated HT-29 cells compared to spores of B.
coagulans Hammer. This difference was detected to
be statistically significant (P < 0.05).
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Figure 2. Relative gene expression of IL-6 by using RT-
gPCR assay in HT-29 cells upon treatment with B. subtilis
natto and B. coagulans Hammer spores, and LPS for 24 h.
Genes expression data were normalized to f-actin as the
reference gene. Data are presented as mean + SD from three
independent experiments. A P value of <0.05 was
considered significant (*P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001) by one-way ANOVA statistical analysis.
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Figure 2. Relative gene expression of TLR4 by using RT-
gPCR assay in HT-29 cells upon treatment with B. subtilis
natto and B. coagulans Hammer spores and LPS for 24 h.
Genes expression data were normalized to S-actin as the
reference gene. Data are presented as mean + SD from three
independent experiments. A P value of <0.05 was
considered significant (*P <0.05; **P < 0.01; ***P < 0.001;
****P < (0.0001) by unpaired student’s t test and one-way
ANOVA statistical analysis.

Discussion

The present study demonstrated the immunomodulatory
potential of spores obtained from B. subtilis natto and
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B. coagulans Hammer against LPS-induced
inflammation in HT-29 cells. Recently, bacterial
spores as probiotics have shown promising advantages
over live bacterial cells?®. Spores are composed of a
robust and protective coat, such as proteins and other
molecules that safeguard genetic material and
essential cellular components 26. Furthermore, early
colonization by Bacillus spores can potentially trigger
immunomodulatory responses within the gut?’.
Accordingly, the interaction between certain spore
coat ligands and immune receptors, such as TLRs on
intestinal  epithelial cells, could induce an
immunomodulatory  effect in  the inflamed
gastrointestinal tract in response to enteric pathogens
or their antigens?®.

A previous study illustrating the interplay between B.
subtilis spores and TLRs revealed that B. subtilis
spores elicited nonspecific cellular immune responses,
indicative of innate immunity stimulation in mice?.
The spores obtained from B. subtilis can promote the
development of the gut-associated lymphoid tissue
(GALT) and pre-immune antibody complex after
growth and sporulation in the murine gut®. Previous
research has indicated that orally ingested B. subtilis
spores are immunogenic and can induce TLR1 and
TLR2; however, the correlation of this immune
activity with the probiotic function remains
incompletely understood 3.

The complex interaction between LPS and TLR4
within the gastrointestinal milieu participates in
orchestrating inflammatory cascades that are crucial
for gut homeostasis®?. Upon LPS recognition by
TLR4, downstream signaling cascades are activated,
culminating in the activation of NF-kB and MAPK
pathways, perpetuating an inflammatory condition
within the gut microenvironment®3. Moreover, the
crosstalk between LPS and TLR4 extends beyond
conventional signaling pathways, influencing the gut
epithelial integrity and microbiota composition, thus
shaping a delicate balance between gut inflammation
and immune tolerance®*. Consequently, understanding
the nuanced interplay between LPS and TLR4 holds
significant  implications  for  elucidating the
pathogenesis of gastrointestinal disorders and
underscores potential therapeutic strategies targeting
this intricate axis.

The NF-xB signaling pathway operates downstream
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of the TLR4/MYDB88-dependent signal transduction
cascade. Following external stimulation, activation of
the TLR4/MYD88 signaling pathway regulates the
expression of target genes such as IL-/p, IL-6, and
TNF-¢3. Previous studies have demonstrated that
Bacillus SC06 markedly downregulates TNF-¢ and IL-
1o gene expression in the intestinal mucosa while
upregulating IL-6 and IL-8 transcription, thereby
enhancing the integrity of the intestinal mucosa to
bolster the barrier function of intestinal epithelial cells
and immune response®. Our study findings reveal a
significant increase in the expression of inflammatory
proteins, including TLR4 and IL-6, in response to LPS
stimulation. Notably, supplementation with probiotic
spores substantially mitigates this response, suggesting
a potential inhibition of NF-xB activation and
downstream proinflammatory factor expression, thus
safeguarding cells from LPS-induced inflammation. It
is noteworthy that both spores of B. subtilis natto and B.
coagulans Hammer were capable of reducing the gene
expression of IL-6 and TLR4 compared to LPS control.
In a study using acute lung injury (ALI) murine models,
IL-6, IL-74, and TNF-a exhibited significant elevation
in the experimental LPS group compared to the control
group, accompanied by a decrease in IL-4 content.
Conversely, supplementation with TL3 reversed these
trends markedly. Wang, Y. et al. confirmed the ability
of B. coagulans Hammer to enhance immune function
by inhibiting proinflammatory cytokine secretion,
increasing anti-inflammatory cytokine secretion, and
mitigating oxidative stress through the regulation of the
TLR4/MyD88/NF-«B and Nrf2 signal pathways, along
with modulation of intestinal microflora®. The findings
of the present study revealed that B. subtilis natto spores
more significantly reduced the gene expression of TLR4
in LPS-stimulated HT-29 cells in comparison with
spores of B. coagulans Hammer.

Conclusion

The present study showed that spores isolated from B.
subtilis natto and B. coagulans Hammer can modulate
the gene expression of IL-6 and TLR4 in HT-29 cells in
vitro. Overall, it can be suggested that these spores
might have great potential as probiotics with
immunomodulatory effects. However, additional in
vivo research is warranted to analyze the various
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interactions of these beneficial spores with immune
cells in both human and animal gastrointestinal tracts.
Further elucidation of the underlying mechanisms
governing these effects is crucial for understanding
the therapeutic potential of spore-based probiotics in
modulating host immune response and promoting gut
health.
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