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ABSTRACT

Background: Colon microbiome composition in CRC patients undergoes
remarkable changes. The present study was designed to assess the impact
of Lactobacillus mixture on the regulating the CRC by influencing the TGF-B
signaling pathway in both in vitro (HT-29 cancer cells) and in vivo (BALB/c
mice) models.

Methods: In this study, the antiproliferative effect of a native potential
probiotic Lactobacillus mixture on HT-29 cancer cells was evaluated using
the MTT assay method. Also, gRT-PCR was performed to assess the RNA
expression level of genes associated with the TGF-B signaling pathway at
three levels: receptor, regulatory, and inhibitory SMADs. Finally, the in vivo
assays were investigated by three groups of mice: a naive group (PBS), a
disease group (AOM/DSS + PBS), and a treatment group (AOM/DSS +
Lactobacillus mixture in PBS).

Results: The MTT results showed a significant decrease in proliferation of
HT-29 cancer cells after 120 h of treatment. Furthermore, gRT-PCR
demonstrated the downregulation of the smad2/3 gene expression in HT-
29-treated cells and also reduction in the level of smad4 gene expression. In
addition, in the mouse model, the tgf-8R1 gene was downregulated in the
group treated with AOM/DSS/Lactobacillus, but not the AOM/DSS group. A
downregulation of smad4 gene expression was also observed in in vivo
models.

Conclusion: The obtained results suggest that our novel probiotic
Lactobacillus mixture could have a positive impact on the inhibition of
the CRC progression by downregulating the TGF-B signaling pathway.
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INTRODUCTION

olorectal cancer is one of the most prevalent

types of neoplasia in people. Despite remarkable

progress in diagnosing and treating this illness,
CRC continues to be a major cause of death in women
and men. Regrettably, the worldwide burden of CRC is
predicted to surge by 60% until the year 20302,
According to the Global Cancer Observatory,
the number of new CRC cases was estimated to be more
than 1.9 million in 2020, and it is predicted to exceed
over 3.1 million in 20408,

Carcinogenesis is mainly attributed to the disruption
of different signaling pathways. Among various
pathways, the TGF-f pathway is involved in cell-to-cell
communication and has been conserved throughout
human evolution. It has been established that the proper
function of this pathway is essential for the development
and differentiation of cells¥l. The abnormal TGF-B
signaling pathway and mutations in the genes associated
with this pathway, affect cell tumorigenicity in various
cancers. Of note, disruption of the TGF-B superfamily
signaling pathway has frequently been identified in
CRCE, Earlier studies have indicated that mutations in
components of the TGF-p signaling pathway are
present in 27% and 87% of non-hypermutated and
hypermutated neoplasia. Additionally, activating this
pathway in CRC mainly increases invasion and
metastasis. Furthermore, function of TGF-f pathway in
the tumor microenvironment often hampers tumor
immunity and facilitates the survival of cancer cells(Sl.

The TGF-B gene family comprises two receptors, tgf-
BRI and tgf-BR2, that perceive the TGF-B signal input(’.
Other components of this pathway include SMAD
proteins, which trigger a SMAD signaling cascade
associated with cell proliferationt®l. Indeed, TGF-BR-
mediated phosphorylation of SMAD2 and SMAD3
induces complex formation with the SMADA4, which is
then translocated to the cell nucleus. The SMAD4
complex, a downstream mediator of this pathway, binds
to specific regulatory DNA sequence elements and is
involved in controlling target gene transcriptionl.
Conversely, inhibitory SMADs, specifically SMAD6
and SMAD?7, play a negative regulatory role in TGF-
signaling. SMAD?Y binds to the activated TGF- BRI and
prevents the activation of the SMAD cascade, while
SMADSG can directly bind to receptors and prevent the
formation of an R-CO-SMAD heterodimer complex!0l,

The status of the colon microbiome is intricately
connected to the advancement and growth of
gastrointestinal cancer, which includes CRCI'!, The gut
microbiota may influence colorectal carcinogenesis
through various mechanisms, including microbial
factors such as opportunistic metabolites, regulation of
the inflammatory process, and immune response in the

Iran. Biomed. J. 28 (4): 168-178

tumor-associated microenvironment?l, Studies have
reported that the gut microbiota in CRC patients,
compared to healthy individuals, is different in terms of
bacterial number and species(*®!4, The most common
type of gut microbiota with health-promoting properties
is lactic acid bacteria, which have a beneficial effect
when consumed in sufficient quantities*®.. As a specific
example, the amount of L. plantarum and L. acidophilus
significantly increases in healthy individuals compared
to patients suffering from CRCI*€l,

In our previous investigation, we isolated two strains
of L. plantarum and one strain of L. brevis and L.
rhamnosus from the feces of healthy Iranian
volunteers(*’l. A combination of these strains has been
shown to have anti-inflammatory effects by modulating
the Wnt and Notch signaling pathways*81°l, Based on
this background, this study evaluated the impact of our
native potential probiotic mixture on CRC progression
by modulating the TGF-B signaling pathway to
understand how it affects other signaling pathways.

MATERIALS AND METHODS

Cocktail preparation

In the previous study conducted by our team, L.
rhamnosus and L. brevis, as well as two strains of
L. plantarum, were collected from the stool samples of
healthy volunteers with average ages between 20 and 36
years[t’l, In the next step, bacterial isolates were grown
in a De Man, Rogosa, and Sharpe medium (Sigma
Aldrich, UK) and incubated at 37 °C overnight. The
bacteria were collected through the process of
centrifugation (room temperature, 4000 xg, 10 min) and
adjusted to a suitable concentration (0.5 Mc Farland) by
using RPMI-1640 medium[&. The strains were
combined in a tube to create a mixture of Lactobacillus.

Cell culture

The anticancer properties of the probiotic mixture
were investigated using the HT-29 cell line, which was
acquired from the Pasteur Institute of Iran, Tehran. The
HT-29 cells were cultivated in a controlled environment
(5% CO2 and 37 °C) using a Dulbecco’s Modified Eagle
Medium medium enriched with a high glucose
concentration.

MTT assay

The antiproliferative effect of the probiotic mixture on
the HT-29 cell growth was assessed by the MTT assay
kit (BIO-IDEA, Iran). The HT-29 cells were seeded at a
cell density of 5 x 108 cells/well and then treated with
live Lactobacillus mixture at a multiplicity of infection
of 100 in an incubator containing a CO, concentration
of 5% at 37°C for 24, 72, and 120 h. This study used
untreated HT-29 cells at corresponding time points as
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negative controls. The cells underwent two rounds of
washing with PBS (pH 7.4). Subsequently, the culture
medium was replaced by a fresh medium every 6 h for
72 h. The number of viable cells in each well was
detected by the Trypan blue before incubating cells with
MTT solution at a defined concentration (0.5 mg/ml) at
37 °C for about 4 h. Then blue formazan crystals were
formed and dissolved in DMSO (50 pl) for 20 minutes.
The microplate reader (Bio-Rad, USA) was utilized to
determine the cell viability at 570 nm. The analysis for
each group was replicated three times. To analyze the
viability, we used the following formulation in which
the OD sample, OD medium, and OD control indicate
the absorbance of the treated cells, background, and

control cells, respectively.
_(oD sample— 0D medium)

Proliferation of cells = - x 100
(0D control—0D medium)

Animal treatment with Lactobacillus mixture

This study used 15 female BALB/c mice (six to eight
weeks) for all investigations. The mice were housed in
polycarbonate cages (each contained five mice) in a
suitable room with controlled conditions and kept in
quarantine for one week under a 12/12 h light-dark
cycle. The animals were categorized into three different
groups: (1) naive (ordinary dietary foods + PBS
administration), (2) disease control (PBS gavage +
AOM/ DSS-induced mice, and (3) treatment
(AOM/DSS-induced mice + Lactobacillus mixture in
PBS). The naive and disease control groups were
administered by 0.2 mL of PBS daily, whereas the
treatment group received 0.2 mL of Lactobacillus
mixture in PBS, orally. Orogastric administration of
PBS or Lactobacillus mixture began seven days before
tumor induction and carried on daily. For induction of
CRC, disease control and treatment groups were
injected with a single dose of AOM (10 mg/kg; Sigma-
Aldrich) as a carcinogenic agent intraperitoneally. After
seven days, water containing 2% DSS was administered
to the disease control and treatment groups for five days.
Following a 14-day recovery period in which the DSS
water was replaced with DSS-free water. Mice were
administered two more rounds of water containing 2%
DSSI?% and were sacrificed 64 days after AOM injection
by rapid cervical dislocation. Subsequently, the distal
parts of the colon were removed and cleaned with ice
PBS. The segments of the colon were frozen for future
examinations.

Tumor assessment  and
examinations

Colon samples were washed with PBS. Then distal
colon segments were stained with H&E based on the
defined protocol®l, An experienced pathologist

histopathological
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classified all tumors based on the indexes used for
classifying mouse colon tumors. The stage of cancers
was detected through an Olympus-BX51 microscope at
a magnification of x100. The tumor stage was
determined based on the examination of several factors,
including the tumor primary location, tumor size,
involvement of regional lymph nodes, and the presence
of multiple tumors.

Measurement of the expression of TGF-§ signaling
pathway genes

The gRT-PCR was employed to measure the gene
expression related to the TGF-p signaling pathway. For
this purpose, the total RNA from each group was
extracted using a total RNA extraction kit, following the
manufacturer’s instructions. The RNA quality and
guantity were evaluated by assessing the absorbance at
260/280 nm. By following the protocols, we generated
complementary DNA templates utilizing the
PrimeScript cDNA synthesis kit (Takara Bio, Japan).
Then in various mouse groups gene expression were
quantified by employing SYBR Premix Ex Taq (Takara
Bio).
Primers used in this study were obtained from the online
Primer Bank website (http://pga.mgh.harvard.edu/
primerbank) (Table 1). Each experiment was conducted
using a StepOnePlus™ Real-Time PCR system. The
GAPDH gene was used as a normalizer.

Statistical analysis

For comparison among multiple groups, the
One-way ANOVA method was conducted through
GraphPad Prism version 8. The student's t-test
was employed to compare the two groups. Statistical
significance was determined for p values less than 0.05.

RESULTS

Lactobacillus species inhibited the proliferation of
cancer cells

The inhibitory effects of the Lactobacillus mixture
were examined in vitro on HT-29 cancer cells using the
MTT assay. The obtained results demonstrated that the
Lactobacillus species significantly inhibited the
multiplication of CRC cells by 72% when treated for 24
to 120 h (Fig. 1). Based on the MTT obtained results, an
incubation time of 24 to 120 h was selected as the most
appropriate time for the treatment of HT-29 cells with a
Lactobacillus mixture (108 CFU/mL) for further study.

Lactobacillus mixture reduced the carcinogenesis
rate in mice

Animal experiment results revealed that administering
our native potential probiotic mixture of Lactobacillus

Iran. Biomed. J. 28 (4): 168-178
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Table 1. The sequences, length, primer ID, and annealing temperature of primers used in this study

(bp) cC)
e el s Al o T
o CASITSATICCCTE s w3
o SYSNOACITOCNC w2 1 8
o GASHSMOCIEMN  peona 0 (5
e [ SAIACAITNE,  sna w5 U
it OSSN o w58
mionn SISASAONCICANE ey 0 %
womcs | GASSCTISCCICACOTING s 7
i SCSHTICTIENTE  wouos 0 43
wiics | LALSHMOMEAOT oo w2
mionmn STETTTCTC it 0 83
miorics | OACCETIACATION oo w5
wnn SISO it w83
wmos GOSN iz 15
o GOSN apsos w5
e AN s 5 2
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Fig. 1. Effects of Lactobacillus mixture at a multiplicity of

infections of 100 on the viability of HT-29 cell line after 24, 72,
and 120 h. Data were represented as mean + SD (p < 0.05).

to mice, reduced colon tumor numbers. In the treated
mice, tumor formation was more observed in the distal
region of the colon compared to the other areas, and the
colon length decreased in this group compared to the
PBS group (7.5 in PBS group and 6.5 in treated group).
However, the AOM/DSS-consuming mice indicated
greater tumor nodules in comparison to the
AOM/DSS/Lactobacillus mixture group (Fig. 2A). The
decrease in cancer development was obtained in the
AOM/DSS/Lactobacillus-induced group relative to the
cancer mice (Fig. 2C). Indeed, AOM/DSS is a colitis-
associated CRC model. The H&E examination revealed
that inflammation in AOM/DSS/Lactobacillus-induced
mice was less pronounced compared to the DSS group
(Fig. 2B). Furthermore, different factors, including
crypt abscess, muscle thickening, degree of
inflammation, and crypt architecture, were used to
analyze CRC status. Only two mice from the group
treated with our native potential probiotic Lactobacillus
mixture were found to be in the adenocarcinoma stage
(Fig. 2C). Overall, the treatment with our native
potential probiotic Lactobacillus mixture has been
shown to effectively reduce the rate of carcinogenesis in
mice using the AOM/DSS/Lactobacillus model of CRC.

Lactobacillus mixture modulates the expression of
TGF-p signaling pathway genes

The gRT-PCR was performed to evaluate the
expression level of genes involved in the TGF-B
signaling pathway receptors, regulatory SMADs, and
inhibitory SMADs. The results demonstrated that the
Lactobacillus mixture remarkably downregulated the
tof-6R(1/2) expression in HT-29 cancer cells compared
to the control cells during 24 to 120 h incubation in the
in vitro model. Data from the in vivo model confirmed
the in vitro results. Indeed, the expression of tgf-fR1
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was notably suppressed in the AOM/DSS/Lactobacillus
mice compared to the AOM/DSS mice; however, it was
not statistically significant for tgf-5R2 (Fig. 3). On the
other hand, treatment with a Lactobacillus mixture
downregulated TGF-p regulatory SMADs at the mRNA
level compared to the untreated controls. Indeed, the
expression of smad2/3 genes was effectively suppressed
after treatment with the Lactobacillus mixture, resulting
in the downregulation of the smad4 gene (p < 0.05).
Consistent with our in vitro results, the expression of the
smad4 gene effectively decreased in the
AOM/DSS/Lactobacillus-treated mice compared to the
AOM/DSS mice in the in vivo model. The results are
depicted in Figure 4.

Inhibitory effects of Lactobacillus mixture on SMAD
gene expression

Furthermore, the results demonstrated a reduction of
the smad7 mRNA level in the AOM/DSS/Lactobacillus-
induced group compared to the AOM/DSS-induced
mice. However, the change in the level of this gene was
not statistically significant in HT-29 cancer cells.
Treatment with the Lactobacillus mixture increased the
smad6 gene expression in HT-29 cells in both models

(Fig. 5).

DISCUSSION

CRC is a fatal malignancy with high clinical
importance and ranks among the primary factors
contributing to mortality. The stability and safety of
chemoradiotherapy and synthetic drugs used to treat
cancer are in doubt. Indeed, these therapies impair the
quality of life or contribute to the development of drug
resistance, which are not affordable for many
patients[?ll. Researchers are trying to find new strategies
with high safety and efficiency for preventing and
treating CRC. In this regard, manipulation of the gut
microbiota by probiotics to improve the safety of cancer
treatment and reduce its side-effect profile has been
explored in a few studies??. Hence, it is crucial to
identify promising probiotics, determine optimal
administration dosages, and understand the underlying
molecular pathways of their effectiveness.

The underlying mechanisms for the anticancer effects
of probiotics are multifaceted, including altering the
tumor microenvironment through the production of
metabolites and factors, suppressing the growth of
gut microbiota involved in the production of mutagens,
and protecting DNA from oxide damage as well as
regulating the immune system[?3]. Besides, the quorum-
sensing system facilitates the attachment and
accumulation of bacteria to membrane receptors.
Subsequently, it transmits messages to cancer cells,

Iran. Biomed. J. 28 (4): 168-178
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40+
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Decrees inflammation

Adenocarcinoma  Stage IA

BAOM/DSS
I . L
Stage IIIA Lymph node
metastasis

Cancer status assessment

Fig. 2. Histopathological evaluation of colic tumors in mice. (A) Macroscopic appearance of colic tumors; a large number of tumor
nodules were observed in the AOM/DSS-consuming group compared to the AOM/DSS/Lactobacillus mixture group in the distal. (B)
Representative H&E-stained images of distal colon tissues in the PBS-treated mice, AOM/DSS/Lactobacillus-treated mice, and
AOM/DSS-treated mice; inflammation in AOM/DSS/L.M mice were fewer compared to the AOM/DSS group (scale bars: 100 pm). (C)
Analysis of cancer status in mouse colon tissue. To analyze CRC status, five mice from each treated group were examined for different
factors, including crypt abscess, muscle thickening, degree of inflammation, and crypt architecture. PBS: PBS-treated mice as negative
control; AOM/DSS/Lactobacillus-treated mice: AOM/ DSS/Lactobacillus-treated mouse; AOM/DSS: AOM/ DSS-treated mouse (n =5

mice) in an in vivo experiment.

modifying vital signaling pathways that regulate the cell
growth and programmed cell death. These pathways
include Wnt, Notch, and TGF-p?4l. These signaling
pathways in the colonic crypt starts with elevated levels
of Notch and Wnt expression during the initial stages of
proliferation, and followed by progressing towards the
differentiation with increased TGF-B signaling.[?]. In
our previous studies, the Lactobacillus mixture
demonstrated the antiproliferative and inhibitory effects
in CRC through the modulation of Notch and Wnt
signaling pathways[81°1, While the inhibitory role of the
Lactobacillus mixture used in our study was confirmed
in the earliest stages of the cell proliferation , little was
known about its effect on the differentiated stage. In this
study, the anticancer activity of our native potential
probiotic Lactobacillus mixture was evaluated by

Iran. Biomed. J. 28 (4): 168-178

modulating the TGF-B signaling pathway and its
regulatory genes involved in antiproliferation in both in
vitro and in vivo models.

The results from the MTT assay revealed that the
Lactobacillus mixture caused notable growth inhibition
in HT-29 cancer cells after 120 h of incubation. The
antiproliferative effect of this Lactobacillus mixture was
approved in our previous study by inducing apoptosis
(early and late) and necrosis after 120 h incubation using
the flow cytometry method!*®l. Other studies have also
shown that consuming Lactobacillus strains can hamper
proliferation by activating pro-apoptotic pathways in
CRC cells[?627], The present investigation demonstrated
that live potential Lactobacillus produces antiapoptotic
molecules in tumors that could disrupt mitochondrial
membrane integrity by releasing antimicrobial peptides
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Fig. 3. Relative fold change of tgf-pgR1 and tgf-SR2 genes in the presence of Lactobacillus mixture in (A) HT-29 cancer cells and (B)
murine model that were compared with the control group. Control (c; untreated HT-29 cells in corresponding time point); PBS: PBS-
treated mice as control; AOM/DSS/Lactobacillus: AOM/DDS/Lactobacillus-treated mouse; AOM/DSS: AOM/DDS-treated mouse.
Data were normalized with the GAPDH gene. Results were expressed as mean, and error bars (SD). Statistical analysis was performed
using a one-way ANOVA test compared with control+ (*p < 0.05, ™p < 0.01, and **p < 0.001). ns: not significant.

and metabolites. Furthermore, animal studies have
shown that the intake of Lactobacillus strains leads to
decreased number and size of colon tumors in mouse
models?8l,

The results of real-time PCR revealed that remarkably
treatment  with  the  Lactobacillus  mixture
downregulatesthe expression of tgf-pR1/2 compared to
the untreated HT-29 cells. Moreover, the Lactobacillus
mixture significantly suppressed the overexpression of
tgf-5R1 in Lactobacillus-treated mice compared to the
disease control; however, this result was not notable for
tgf-pR2. Indeed, the Lactobacillus mixture affected cell
proliferation by suppressing tgf-5R1 in vivo and in vitro.
Some studies have shown that tgf-$R1 overexpression is
significantly associated with the risk of developing CRC
in humans and may have a major role in tumor
metastasis?>%°l, There is also a widespread belief that
tgf-6R1 significantly facilitates ECM remodeling,
potentially influencing the interaction between tumor
cellsand the differentiation of matrix/epithelial cellsfl.

174

In addition, the polymorphic variant in the promoter
region of tgf-pR2 has previously been reported in
patients with various types of cancerf®?,

In the present study, smad6 as inhibitory SMADs
increased after treatment with the Lactobacillus mixture
in HT-29 cancer cells. Additionally, smadé mRNA level
was elevated in Lactobacillus-treated mice compared to
the disease control group. Indeed, smad6, as the primary
inhibitory SMAD, competes with R-SMADs for binding
to tgf-pR and preventing TGF-B signalingt®¥l. The
smad7, which has an inhibitory effect on the interaction
between R-SMAD and tgf-pR1, is another I-SMAD
evaluated in this investigation. The gRT-PCR
demonstrated that smad7 mRNA expression decreased
in the disease group compared to the naive in the in vivo
model. In addition, the Lactobacillus mixture increased
smad7 mRNA level in the treated mice. However,
regarding smad7, the results were found to be
insignificant. Indeed, the dissimilarities between both
models regarding smad7 expression might be attributed

Iran. Biomed. J. 28 (4): 168-178
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Fig. 4. Relative fold change of smad2, smad3, and smad4 genes in the presence of Lactobacillus mixture in (A) in HT29 cancer cells
and (B) murine model that were compared with the control group. Control (c; untreated HT-26 cells); PBS: PBS-treated mice as control;
AOM/DSS/Lactobacillus: AOM/DDS/Lactobacillus-treated mouse; AOM/DSS: AOM/SSD-treated mouse. Data were normalized with
the GAPDH gene. Results were expressed as mean, and error bars (SD). Statistical analysis was performed using a one-way ANOVA

test ("p < 0.05, “p < 0.01, and *"p < 0.001). ns: not significant.

to the impact on the physiological system, the
involvement of AOM or DSS interventions, and the
cross-regulation with an alternative pathway such as f3-
catenin. In the present study, the real-time PCR results
showed that R-SMADs (smad2/3) was significantly
overexpressed, which led to the overexpression of the
smad4 in the treated group in in vivo and in vitro
models. The study performed by Yu and Feng showed
that smad4 overexpression in CRC results in blocking
tumor-suppressive responses®l. Consistent with our
results, the study by Jia et al. revealed that the
upregulation of smad4 was remarkable in 209 sporadic
CRC patients®]. Actually, this pathway serves as a

Iran. Biomed. J. 28 (4): 168-178

promoter of cell proliferation in the later phases of
tumor progression and metastasis(®4l.

CONCLUSION

Substantial evidence supports the positive impact of
probiotics in reducing the advancement of cancer,
including CRC, through various signaling pathways.
Dysregulation of signaling cascades results in the
acquisition of a malignant phenotype. However, their
relative importance in CRC is not completely
understood. This investigation showed that our native
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Fig. 5. Relative fold change of smad6 and smad7 genes in the presence of Lactobacillus mixture in (A) HT-29 cancer cells and (B)
murine model that were compared with the control group. Control (c; untreated HT-26 cells); PBS: PBS-treated mice as control;
AOM/DSS/Lactobacillus: AOM/DDS/Lactobacillus-treated mouse; AOM/DSS: AOM/DDS-treated mouse. Data were normalized with
the GAPDH gene. Results were expressed as mean, and error bars (SD). Statistical analysis was performed using a one-way ANOVA

test ("p < 0.05, “p < 0.01, and **p < 0.001). ns: not significant.

potential probiotic Lactobacillus mixture affects CRC
by modulating the TGF-B signaling pathway in both
models. Besides our previous studies, the results of this
study revealed that consumption of our potential
probiotics could be beneficial in improving colon
health. Although our results support the beneficial
effects of this native potential probiotic mixture,
additional studies about how this mixture affects other
signaling pathway elements are needed to find new
strategies for combating CRC incidence and
progression.
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