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Abstract: The intestinal barrier is vital for preventing inflammatory bowel disease (IBD). The objec-
tives of this study were to assess whether the Lactobacillus rhamnosus CY12 could alleviate oxidative
stress, inflammation, and the disruption of tight junction (TJ) barrier functions induced by lipopolysac-
charide (LPS), and therefore to explore the potential underlying molecular mechanisms. Our results
showed that LPS-induced Cancer coli-2 (Caco-2) cells significantly increased the levels of reactive
oxygen species (ROS), lactate dehydrogenase, inflammatory cytokines interleukin-13, interleukin-6,
interleukin-8, and tumor necrosis factor-a (IL-13, IL-6, IL-8, and TNF-«x), and the cell apoptosis
rate while decreasing the levels of T] proteins occludin, zonula occludens-1 (ZO-1), and claudin
and antioxidant enzymes, such as catalase, superoxide dismutase, and glutathione peroxidase(CAT,
SOD, and GSH-Px) (p < 0.05). However, Lactobacillus rhamnosus CY12 could relieve cytotoxicity,
apoptosis, oxidative stress, and pro-inflammatory cytokine expressions, and also inhibit the Toll-
like receptor 4/nuclear factor kappa-B(TLR4/NF-kB) signaling pathway. Furthermore, the gene
expression of antioxidant enzymes, as well as the mRNA and protein expressions of TJ proteins, was
improved. Particularly, the concentration of 108 cfu/mL significantly prevented the inflammatory
injury induced by LPS in Caco-2 cells (p < 0.05). These findings support a potential application of
Lactobacillus rhamnosus CY12 as a probiotic to prevent LPS-induced intestinal injury and treat intestinal
barrier dysfunction.

Keywords: Lactobacillus rhamnosus; lipopolysaccharide; oxidative stress; intestinal tight junction

barrier; intestinal inflammation

1. Introduction

Intestinal barrier function (IBF) not only refers to the capacity of the intestine to regu-
late the transport of nutrients, water, and electrolytes but is also an important defense line
against the invasion of pathogenic bacteria from the external environment [1]. Damage
to the intestinal barrier function caused by pathogens contributes to abnormal intestinal
inflammation and the development of chronic inflammatory diseases such as inflammatory
bowel diseases (IBD) by promoting the release of pro-inflammatory cytokines and the
disruption of tight junctions (TJs) [2]. Therefore, the maintenance of the integrity of the
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intestinal epithelial barrier plays a crucial role in inflammatory bowel diseases, and it
has become a therapeutic and preventive target for IBDs [3,4]. An increasing amount of
evidence demonstrates that inflammatory diseases are associated with the overproduction
of inflammatory cytokines, such as tumor necrosis factora (TNF-w), interleukinl (IL-183),
and interleukin 6 and 8 (IL-6 and IL-8) by NF-kB pathways [5,6]. These pro-inflammatory
cytokines potentially impair IBF and increase intestinal permeability. It has been sug-
gested that several potential mechanisms are referred to as driving the disruption of the
pro-inflammatory-cytokines-induced intestinal barrier, including low expression of TJ-
associated proteins [4,7]. In particular, oxidative stress seems to have great importance in
intestinal barrier dysfunction, inflammation responses, and inflammatory bowel disease as
it decreases the mRNA expression and distribution of T] proteins in an epithelial cell model
in vitro [8,9]. The T] complexes and other alterations in TJ proteins have been implicated
as possible key participants involved in the epithelial barrier function in IBD [10,11].

Lipopolysaccharide (LPS), a vital component of the E. coli outer membrane, can cause
damage to the intestinal epithelial barrier and induce chronic intestinal inflammation [12,13].
LPS contributes to immune defense by interrupting intestinal TJs and inducing systemic
inflammatory responses [14,15]. Consequently, LPS was widely used to establish the
inflammation correlation model. Toll-like receptors (TLRs) are crucial pattern-recognition
receptors of the innate immune system which are indispensable for sensing intestinal
microbiota to maintain the homeostasis of intestinal epithelial cells and to protect from
epithelial injury [16]. LPS is recognized by TLR4, which serves in the activation of the
transcription factor NF-«B and the secretion of inflammatory cytokines, such as TNF-«,
IL-6, and IL-1 [17]. Therefore, it is essential to improve the intestinal barrier by inhibiting
unnecessary inflammatory responses.

As one of the most important bacterial groups in the food industry, the application
of beneficial microbes, also known as ‘probiotics’, is considered to be an important strat-
egy to maintain host health [18]. Increasing evidence has indicated that probiotics have
various potential benefits for the host, such as excluding or inhibiting pathogens [19],
improved digestion [20], strengthening the intestinal epithelial barrier [21], improved im-
munity [22], maintaining intestinal balance [23], and management of inflammatory bowel
diseases [23]. Additionally, potential probiotic microorganisms and probiotics have demon-
strated an astonishing antagonistic activity toward a wide range of sturdy food and clinical
pathogens [24,25]. The importance of probiotics in human-animal nutrition is widely recog-
nized [26]. It was reported that the Bifidobacterium bifidum (B. bifidum) strain could prevent
the TNF-o stimulated damage of the intestinal epithelial barrier in the Caco-2 (Cancer
coli-2) cells model [27]. Another study also has indicated that bifidobacterium dentium N8
significantly relieved LPS-induced intestinal barrier injury by upregulating the T] proteins
and alleviating the inflammatory response in the Caco-2 cells model [28]. Furthermore,
previous studies have demonstrated that Lactobacillus rhamnosus GG plays an important
role in promoting intestine immune development and protection against inflammation-
stimulated damage to the intestinal barrier function [22,29]. Numerous studies have shown
that Lactobacillus rhamnosus could reduce LPS-induced inflammation in the epithelial cells
by inhibiting the NF-«B signaling pathway [27,30]. However, in recent years, a growing
body of research has revealed that the functions of probiotics are highly strain-specific, and
their biological effects should be individually evaluated [22]. Our previous work reported
the isolation of the Lactobacillus rhamnosus CY12 (L. rhamnosus CY12) strain from cattle-yak
milk that displayed potential probiotic characteristics such as a high survival rate in acidic
conditions and bile salts, high antimicrobial activity, and high adhesive potential [31].
Considering the specificity of the strains, the protective effects of the novel L. rhamnosus
CY12 strain isolated from cattle-yak milk on intestinal inflammation are worthy for further
study. In the present study, we aimed to determine the effects of L. rhamnosus CY12 on
LPS-induced oxidative stress, T] destruction, inflammatory responses, and apoptosis in
Caco-2 cells. Moreover, the potential mechanism was also explored. We hypothesized
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that a novel L. rhamnosus CY12 strain isolated from cattle-yak milk would exert inhibitory
effects on damage to the intestinal barrier function induced by LPS in Caco-2 cells.

2. Results
2.1. Effect of L. vhamnosus CY12 on Cell Viability and Cytokines Expression in LPS-Induced
Caco-2 Cells

The results for cell viability showed that L. rhamnosus CY12 had no toxic effects on
Caco-2 cells when the concentrations were less than 10'° cfu/mL (p < 0.05) (Figure 1A).
So, the concentrations of 107, 108, and 10° of L. rhamnosus CY12 were used in the further
experiments by keeping cytotoxicity and previous recommendations in mind [22].
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Figure 1. Effects of the pretreatment of different concentration of L. rhamnosus CY12 on cell viabil-
ity, cytokines expression, LDH and GSH activity in LPS-induced Caco-2 Cells. (A). Cell viability.
(B). IL-1p level. (C) IL-6 level. (D). TNF-o level. (E). LDH activity. (F). GSH activity. Note: C
represents uninduced Caco-2 cells; L, M, and H represent LPS-induced Caco-2 cells co-incubated
with 107, 108 and 10° cfu/mL L. rhamnosus CY12, respectively; LPS represents LPS-induced Caco-2
cells. Data were presented as mean + SEM. Means with the different letters are significantly different
p <0.05.

Compared with the LPS group, downregulation of the levels of IL-1f3, IL-6, and TNF-o
(p < 0.05) was recorded in the C group and L. rhamnosus CY12 pretreated groups (Figure 1B-D).
Moreover, the IL-13 and TNF-« levels in the C and M groups were significantly lower
compared to the L and H groups (p < 0.05). However, no significant difference in the level
of IL-6 was observed between the considered groups (p > 0.05; Figure 1C).

To assess the cytotoxicity effect of L. rhamnosus CY12 on Caco-2 cells, the release of
LDH was detected using the LDH assay kit. As shown in Figure 1E, the activity of LDH in
each group showed a significant difference (p < 0.05). The results revealed that the activity
of LDH in the LPS group significantly increased compared with other groups (p < 0.05),
while the M group showed significantly lower LDH activity (p < 0.05).

2.2. Effects of L. rhamnosus CY12 on Oxidative Stress and Apoptosis in LPS-Induced Caco-2 Cells

The activity of GSH in the C and M groups was significantly higher compared to
other groups (p < 0.05) (Figure 1F). Compared with the LPS group, the L. rhamnosus CY12
significantly decreased the intracellular concentration of ROS (Figure 2), indicating L.
rhamnosus CY12 could alleviate LPS-induced oxidative stress.
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Figure 2. Effects of L. rhamnosus CY12 on the intracellular concentrations of ROS levels in LPS-induced
Caco-2 Cells. Note: C represents uninduced Caco-2 cells; L, M, and H represent LPS-induced Caco-2
cells co-incubated with 107, 108, and 10° cfu/mL L. rhamnosus CY12, respectively; LPS represents
LPS-induced Caco-2 cells. Data were presented as mean + SEM. Means with the different letters are
significantly different p < 0.05. The magnification of these picture is 100X, and scale bar is 50 um.
Intracellular ROS showed green fluorescent light in the microscope.

Compared to the control group, the apoptotic rate in LPS-induced cells was signifi-
cantly higher (p < 0.05) (Figure 3). Moreover, L. rhamnosus CY12 remarkably reduced the
cell apoptosis rate.

2.3. Effects of L. rhamnosus CY12 on the Expression of Genes Related to Inflammation in
LPS-Induced Caco-2 Cells

Compared with the LPS group, L. rhamnosus CY12 groups significantly decreased
the expression of genes related to inflammation (p < 0.05), as shown in Figure 4A-D. The
expression level of IL-1f3 in the C and M groups was remarkably lower than that of other
groups (p < 0.05). In comparison with the L and LPS groups, TNF-o and IL-8 mRNA
levels significantly decreased in other groups (p < 0.05). In addition, IL-6 mRNA showed
lower expression in the L and M groups compared with the H and LPS groups (p < 0.05).
The Caco-2 cells pretreated with L. rhamnosus CY12 showed significant downregulation of
mRNA levels of TLR4 and NF-kB in a dose-dependent manner (p < 0.05). The expression
of NF-kB levels in the M and H groups was lower compared with the LPS group (p < 0.05)
(Figure 4E,F). However, the mRNA level of TLR4 showed no significant difference in the L
and M groups compared to the control group (p > 0.05).
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Figure 3. Effects of L. rhamnosus CY12 on the intracellular concentrations of apoptosis in LPS-induced
Caco-2 Cells. Note: C represents uninduced Caco-2 cells; L, M, and H represent LPS-induced Caco-2
cells co-incubated with 107, 108, and 10° cfu/mL L. rhamnosus CY12, respectively; LPS represents LPS-
induced Caco-2 cells. Means with the different letters (annexin V/IP positive rate) are significantly
different p < 0.05. The magnification of these picture is 100X, and scale bar is 50 um. The early
apoptotic cells showed green fluorescent light under the microscope. The late apoptotic cells showed
red and green fluorescent light under the microscope, and normal cells displayed no fluorescence.

2.4. Effects of L. rhamnosus CY12 on Gene Expression of T| Proteins in LPS-Induced Caco-2 Cells

Compared to the control group, the Caco-2 cells stimulated with LPS for 4 h showed a
significant downregulation of gene expression for occludin, ZO-1, and claudin (p < 0.05),
as shown in Figure 4G-I. The gene expression of T] proteins was noticeably higher in a
dose-dependent manner in Caco-2 cells pretreated with L. rhamnosus CY12 (p < 0.05).

Compared to the L group, the mRNA level of occludin in the M group was higher
(p < 0.05). The mRNA level of ZO-1 was significantly upregulated in the L and M groups
compared to the H and LPS groups (p < 0.05), while the H group showed higher expression
than the LPS group (p < 0.05). Moreover, compared with the LPS group, the claudin showed
higher expression in the L, M, and H groups (p > 0.05).
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Figure 4. Effects of L. rhamnosus CY12 on mRNA expressions related to inflammation, TJ proteins,
and antioxidant enzymes in LPS-induced Caco-2 Cells. (A): mRNA expression of IL-13. (B): mRNA
expression of TNF-«. (C): mRNA expression of IL-6. (D): mRNA expression of IL-8. (E): mRNA
expression of NF-kB. (F): mRNA expression of TLR4. (G): mRNA expression of occludin. (H): mRNA
expression of ZO-1. (I): mRNA expression of claudin. (J): mRNA expression of CAT. (K): mRNA
expression of SOD. (L): mRNA expression of GSH-Px. Note: C represents uninduced Caco-2 cells;
L, M, and H represent LPS-induced Caco-2 cells co-incubated with 107, 108, and 10° cfu/mL L.
rhamnosus CY12, respectively; LPS represents LPS-induced Caco-2 cells. Data were presented as mean
+ SEM. Means with the different letters are significantly different p < 0.05.
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2.5. Effects of L. rhamnosus CY12 on Gene Expression of Antioxidant Enzymes in LPS-Induced
Caco-2 Cells

The genes related to oxidative stress showed significantly increased expression in
L. rhamnosus-CY12-treated cells (p < 0.05) (Figure 4]-L). The mRNA levels of CAT and
GSH-Px in the M group were significantly higher than in the L, H, and LPS groups
(p < 0.05), while no change between the L and H groups (p > 0.05) was observed. The
gene of SOD showed higher expression in the H group than in the L, M, and LPS groups
(p < 0.05), and lower expression in the LPS group was observed compared with the M
group (p < 0.05). These results indicated that L. rhamnosus CY12 enhanced the antioxidation
and effectively inhibited oxidative stress in LPS-induced Caco-2 cells.

2.6. Effects of L. rhamnosus CY12 on T] Proteins and TLR4/NF-xB p65 Protein Expression in
LPS-Induced Caco-2 Cells

As shown in Figure 5, the Caco-2 cells in the LPS group showed an upregulated
expression of TLR4 and p65 proteins compared to the control group (p < 0.05), while
the expression levels of T] proteins significantly increased in Caco-2 cells treated with L.
rhamnosus CY12 (p < 0.05). Compared with the L, H, and LPS groups, the expression levels
of claudin and occludin proteins were remarkably upregulated in the M groups (p < 0.05).
The group treated with L. rhamnosus CY12 showed upregulation in the expression of the
Z0O-1 protein compared with LPS group (p < 0.05). No change in the L, M, and H groups
(p > 0.05) was recorded.
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Figure 5. Effects of L. rhamnosus CY12 on tight junction and TLR4/p65 protein expression in LPS-
induced Caco-2 Cells. Note: C represents uninduced Caco-2 cells; L, M, and H represent LPS-induced
Caco-2 cells co-incubated with 107, 108, and 10° cfu/mL L. rhamnosus CY12, respectively; LPS
represents LPS-induced Caco-2 cells. Data were presented as mean = SEM. Means with the different
letters are significantly different p < 0.05.

Compared to the control group, LPS remarkably upregulated the expression of TLR4
and p65 (p < 0.05) proteins in Caco-2 cells. On the other hand, L. rhamnosus-CY12-treated
cells showed downregulated expression of TLR4 and p65 (p < 0.05) proteins. Compared
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with the L and H group, the expression levels of TLR4 proteins decreased in the M group
(p < 0.05), while the p65 protein displayed no significant difference in the L, M, and H
groups (p > 0.05). The TLR4 protein showed no significant difference between the L and
H groups (p > 0.05). These results indicated that L. rhamnosus CY12 downregulated the
inflammatory response by inhibiting the TLR4/NF-«B signaling pathway.

We also examined the capacity of L. rhamnosus CY12 to recover the T] barrier function
with immunocytochemistry. Our results found that LPS decreased the abundance of TJ
proteins compared to the control group. The treatment of LPS-induced Caco-2 cells with
L. rhamnosus CY12 significantly increased the integrity of the TJ barrier function. The
distribution of ZO-1 (Figure 6A) and occludin (Figure 6B) proteins in the M group was
significantly improved compared to the L, H, and LPS groups, and the H group displayed
better distribution compared to the L and LPS groups. Moreover, to further confirm the
effects of the L. rhamnosus CY12 strain on the TLR4/NF-«B signaling pathway, the relative
fluorescence intensity of the TLR4 (Figure 7A) and p65 (Figure 7B) was also verified with
immunofluorescence. Similar to the mRNA and protein expressions, a significant decrease
in the nuclear accumulation of TLR4 and p65 was observed after treatment of LPS-induced
Caco-2 cells with the L. rhamnosus CY12 strain. These results indicated that the L. rhammnosus
CY12 strain could inhibit TLR4 and p65 translocation.
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Figure 6. Effects of L. rhamnosus CY12 on immunolocalization and the relative fluorescence intensity
of tight junction proteins in LPS-induced Caco-2 Cells. (A). ZO-1. (B). Occludin. Note: C represents
uninduced Caco-2 cells; L, M, and H represent LPS-induced Caco-2 cells co-incubated with 107, 108
and 10° cfu/mL L. rhamnosus CY12, respectively; LPS represents LPS-induced Caco-2 cells. Data were
presented as mean + SEM. Means with the different letters are significantly different p < 0.05. The
magnification of these picture is 100X, and scale bar is 50 um.
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Figure 7. Effects of L. rhamnosus CY12 on the immunolocalization and relative fluorescence intensity
of TLR4 and NF-«B p65 in LPS-induced Caco-2 Cells. (A). TLR4. (B). NF-kB p65. Note: C represents
uninduced Caco-2 cells; L, M, and H represent LPS-induced Caco-2 cells co-incubated with 107,108
and 10° cfu/mL L. rhamnosus CY12, respectively; LPS represents LPS-induced Caco-2 cells. Data were
presented as mean + SEM. Means with the different letters are significantly different p < 0.05. The
magnification of these picture is 100X, and scale bar is 50 um.
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3. Discussion

The intestinal epithelial cells act as a frontline defensive barrier of host mucosal
immunity by tightly regulating the tight junctions against pathogenic microorganisms
and potential xenobiotics [10,11,32]. The damage to the intestinal epithelial function pro-
motes the release of pro-inflammatory cytokines, cell apoptosis, and the disruption of
tight junctions (TJs), thereby contributing to increased intestinal permeability, infection,
and provoked chronic inflammatory diseases [33]. Lipopolysaccharide (LPS) is a prin-
cipal component of Gram-negative bacteria cell walls that is widely used in establish-
ing in vitro inflammation models and plays a crucial role in the initiation and develop-
ment of the epithelial barrier dysfunction [12,13,22]. Similar to previous LPS-induced-cell
studies [13,32,34], our results found that the L. rhamnosus CY12 strain relieved the oxidative
stress, the disruption of the intestinal T] barrier function, and inflammatory response in
LPS-induced Caco-2 cells through increasing the antioxidant enzymes (CAT, SOD, and
GSH-Px) and tight junction proteins (claudin, occludin, and ZO-1) and inhibiting the
pro-inflammatory cytokines and the TLR4/NF-«B signaling pathway. The regulatory mech-
anism induced by the L. rhamnosus CY12 inhibited damage to the LPS-induced intestinal
barrier function in Caco-2 cells, as shown in Figure 8.

LPS

: CAT
Cell Membrane L. rhamnosus SO
E %H -px

ROS

70-1
Occludin
Claudin

Oxidative stress
a Inflammatory Apoptosis

responses

Intestinal barrier function
and barrier integrity

Figure 8. L. rhamnosus CY12 prevented LPS-induced intestinal barrier function damage in Caco-2
cells by increasing tight junction protein expression and decreasing oxidative stress and inflammation.
Note: green 1: upregulation of genes or proteins expression; red |: downregulation of genes or
proteins expression; all black —: promote or result in; purple L: the genes or proteins expression
were inhibited.

It is well known that the imbalance between enhanced levels of ROS and the lower
activity of antioxidant enzymes is a crucial reason for oxidative stress, resulting in damage
to DNA and protein, cell apoptosis, and gastrointestinal diseases [35,36]. Probiotics have
been demonstrated to possess the remission effect on oxidative stress and cell apoptosis by
upregulating the antioxidant enzymes, including CAT, SOD, and GSH-Px, as well as GSH
contents [37-39]. Similar results were recorded in the present study indicating the potential
use of the L. rhamnosus CY12 strain as a promising probiotic candidate.

The TJ proteins such as claudin, occludin, and ZO-1 comprise the major intestinal
epithelial barrier. The damaged intestinal barrier function causes abnormal expression of
TJ proteins, which allows LPS, pathogens, and other harmful substances to pass through
the intestinal wall into the blood circulation and increase the activation of the immune
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system and the inflammatory response [14,15,40]. A previous study showed that Lacto-
bacillus rhamnosus Gorbach-Goldin (LGG) played an important role in the strengthening
of the mucosal immune barrier, protection against inflammation-induced damage, and
maintaining intestinal homeostasis [29]. Some studies have demonstrated that probiotics
prevented inflammation-induced intestinal barrier function damage by increasing the dis-
tribution and expression levels of T] proteins [29,41-43]. A study reported the restoration of
disturbed gut microbiota by increasing T] proteins expression and inhibiting LPS-mediated
NF-kB activation when treated with the Lactobacillus plantarum LC27 strain [34]. In this
study, we also recorded improved expression of TJ genes and proteins when Caco-2 cells
were treated with the L. rhamnosus CY12 strain, indicating its ability to maintain intestinal
barrier function.

It is generally known that LPS can stimulate the pro-inflammatory cytokines, the major
representatives of which are IL-6, TNF-«, and IL-1f3. The production of pro-inflammatory
cytokines through the intestinal epithelial cell can cause damage to the intestinal barrier
function [5,6]. Therefore, LPS is often used to build the inflammation-associated model.
Reports have shown that Lactobacillus could prevent the inflammatory response by down-
regulating the expression of TNF-«, IL-1f3, and IL-6 [22,44], which is in line with our
findings. We assumed that effectively inhibited LPS-stimulated inflammation responses
in vitro by L. rhamnosus CY12 might be due to the inhibition of pro-inflammatory cytokines
such as IL-6, TNF-«, and IL-18.

The transcription factor NF-«B can be activated by oxidative stressors and inflamma-
tion, and it plays an essential role in regulating many cellular processes such as immune
response, inflammatory diseases, as well as cell growth and apoptosis [45-47]. In recent
years a growing number of studies suggested that inflammatory diseases involve the over-
expression of inflammatory cytokines by the NF-«B pathway, and that TLR4 is the major
receptor for LPS recognition [17]. Activation of TLR4 was reported to induce the NF-«B
pathway and cause the overexpression of pro-inflammatory cytokines, contributing to
intestinal barrier damage and an inflammation response [33,48]. A study reported that L.
rhamnosus JL-1 decreased the inflammation responses of LPS induced by the inhibition of
the NF-kB signaling pathway [22]. Another study showed that L. rhamnosus GG reduced
inflammation of LPS induced in epithelial cells through the NF-xB and MAPK signaling
pathway [30]. In the present study, we also recorded the inhibition of the TLR4/NF-«xB
signaling pathway upon inoculation of the L. rhamnosus CY12 strain. Based on the results
of this study, the action mechanism of L. rhamnosus CY12 initiated with the prevention of
the damage of the intestinal epithelial function in LPS-induced Caco-2 cells by upregu-
lating TJ protein expressions and reducing ROS accumulation, as well as overproducing
inflammatory cytokines that activated TLR4/NF-«B signaling pathway.

4. Materials and Methods
4.1. Culture of L. rhamnosus CY12 Strain

The L. rhamnosus CY12 strain was cultured in de Man, Rogosa, and Sharpe agar (MRS;
Guangdong huankai microbial SCI&TECH. Co., Ltd., Guangzhou, China) at 37 °C with
shaking at 170 rpm overnight. The culture was then centrifuged at 6000x g for 10 min, and
the strain was obtained in a pellet. This later was washed with sterile PBS three times, and
cells were resuspended in non-supplemented MEM with different concentrations to use for
in vitro experiments.

4.2. Cell Culture

Human colorectal adenocarcinoma cell line Caco-2 (China Cell Line Bank, Shanghai,
China) was cultured in Minimum Essential Medium (MEM) supplemented with 10%
(vol/vol) heat-inactivated fetal bovine serum (FBS), 1% MEM Non-Essential Amino Acids
(NEAA), 1% Sodium Pyruvate (SP), and 1% L-glutamine (all reagents were from Gibco,
Thermo Fisher Scientific, Shanghai, China). The Caco-2 cells were incubated in a humidified
incubator with 5% CO, at 37 °C for all experiments.
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4.3. Cell Viability Assay

To detect the influence of bacteria on cell viability, Caco-2 cells were cultured into
96-well plates. When the density of cells reached 60-80%, the Caco-2 cells were treated with
and without different bacteria concentrations (10°, 107, 108, 10%, and 10'° cfu/mL). After
incubation for 24 h, the cell viability was evaluated using a Cell Counting Kit 8 (CCK-8)
(Biosharp, Shanghai, China) according to the manufacturer’s instructions. Briefly, the cells
were washed twice with sterile PBS, and 10 pL of CCK-8 solution was added to each 100 pL
of cell medium. After incubation for 2—4 h in a humidified incubator, the absorbance was
measured with the enzyme-labeling measuring instrument at 450 nm (ODg5p nm), which is
directly proportional to the viability of Caco-2 cells.

4.4. Enzyme-Linked Immunosorbent Assay (ELISA)

The Caco-2 cell line was cultured in 96-well and 6-well plates. The Caco-2 cells were
treated with different bacterial (107, 108, and 10° cfu/mL) cultures for 4 h. After 4 h, the
bacterial suspension was discarded, and cells were treated with and without 1 ug/mL LPS
from Escherichia coli 0111:B4 (Sigma, St. Louis, MO, USA) for 4 h according to a previous
study, with slight modifications [22]. The Caco-2 cells were treated with the following:
(1) the control group (C): without L. rhamnosus CY12 or LPS for negative control group;
(2) Low-dose group (L): treated with 107 cfu/mL L. rhamnosus CY12 and 1 nug/mL LPS;
(3) Middle-dose group (M): treated with 108 cfu/mL L. rhamnosus CY12 and 1 pg/mL
LPS; (4) High-dose group (H): treated with 10° cfu/mL L. rhamnosus CY12 and 1 pug/mL
LPS; (5) LPS group (LPS): 1 pg/mL LPS induced Caco-2 cells for positive control group.
The supernatants were harvested from Caco-2 cells after 4 h, and the levels of cytokines
IL-1pB, IL-6, and TNF-o were measured using the corresponding ELISA kits according to
the manufacturer’s instructions (Meimian, Yancheng, China).

4.5. Lactate Dehydrogenase (LDH) Activity Assay

To evaluate the LDH activity, the Caco-2 cell line was cultured in 96-well plates
and treated correspondingly. The supernatants were obtained in eppendorf tubes and
centrifuged at 12,000 rpm for 20 min at 4 °C. The LDH assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) was used to detect LDH activity according
to the manufacturer’s instructions. Nicotinamide adenine dinucleotide was reduced by
1 oxidized pumol per minute and was regarded as one unit of enzyme activity. Each
treatment had three independent replicates.

4.6. Glutathione (GSH) Activity Assay

The 96-well plates were used to culture Caco-2 cells with corresponding treatments.
Cells were obtained, washed twice with sterile PBS, and sonicated in ice-cold PBS. Then,
0.1 mL precipitant was added to 0.1 mL lysates and centrifuged at 3500 rpm for 10 min.
Lastly, the GSH activity in Caco-2 cells was detected according to the instructions of the
GSH assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

4.7. Assessment of Intracellular Reactive Oxygen Species (ROS)

The ROS levels were measured by ROS assay kit as described previously [36]. Briefly,
the 12-well culture plates were used to culture Caco-2 cells after the corresponding treat-
ments. The culture medium was discarded, and cells were washed with sterile PBS. Then,
cells were treated with DCFH-DA in the dark. Lastly, a laser scanning confocal microscope
(ZEISS, LSM800, Oberkochen, Germany) was used to scan 12-well plates. Intracellular ROS
showed green fluorescent light in the microscope.

4.8. Apoptosis Assay

To assess apoptosis, 12-well culture plates were used to culture Caco-2 cells with the
corresponding treatments. The apoptosis was assessed using Annexin V/PI apoptosis
kits (Yeasen, Shanghai, China). Briefly, the culture medium was discarded, cells were
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washed with sterile PBS, 500 pL of 1x binding buffer (2 uL of Annexin V-FITC and 5 uL
of PI) was added to each well uniformly in the dark, and they were incubated at room
temperature for 15 min. Then, cells were washed with 1x binding buffer, and a laser
scanning confocal microscope (ZEISS, LSM800, Oberkochen, Germany) was used to scan
plates. The early apoptotic cells showed green fluorescent light under the microscope.
The late apoptotic cells showed red and green fluorescent light under the microscope, and
normal cells displayed no fluorescence.

4.9. Assessment of mRNA Expression Levels

The 6-well plates were used to culture Caco-2 cells to evaluate mRNA expression
levels. After the corresponding treatments, the total cellular RNA was extracted by a
total extraction reagent (Vazyme, Nanjing, China) following the manufacturer’s protocol.
The Agilent 2100 Bioanalyzer was used to detect RNA integrity (Agilent Technologies,
Santa Clara, CA, USA). Then, the cDNA was synthesized from isolated total RNA by
the cDNA synthesis kit (Accurate Biology, Changsha, China). PCR amplification and
Real-time PCR analysis of gene expression were performed using a fluorescence thermal
cycler (CFX96, Bio-Rad, Shanghai, China) according to SYBR green premix pro taq HS
qPCR kit (Accurate biology, Changsha, China). The 2-42¢T method was used to determine
the relative expression of each candidate gene [49], while GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was used for normalization. The PCR primers for tight junction,
oxidative stress, and inflammation are shown in Supplementary Table S1.

4.10. Protein Expression Analysis

The 6-well plates were used to culture Caco-2 cells to evaluate protein expression
levels. After the corresponding treatments, the capillary Western blot (Wes, Protein Simple;
San Jose, CA, USA) was used to evaluate the expression levels of the ZO-1, Occludin,
Claudin, TLR4, and p65. All experimental steps were performed according to the manufac-
turer’s protocol. Briefly, the protein was extracted from Caco-2 cells using RIPA lysis buffer
(Solarbio, Beijing, China). Moreover, the BCA protein assay kit (Beyotime, Shanghai, China)
was used to detect the protein concentration. Then, the automated capillary electrophoresis
Western System (protein Simple, San Jose, CA, USA) was used to complete all post-sample
separations including sample loading, fractionation, immunoprobing, and immunode-
tection. The calculation and analysis of protein expression were performed according to
previous studies [50-52]. Meanwhile, primary antibodies of the following proteins were
used: glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Cat# ab181602, abcam, 1:100),
zonula occludens protein 1(ZO-1, Cat# ab276131, abcam, 1:50), occludin (Cat# ab216327,
abcam, 1:50), claudin (Cat# ab180158, abcam, 1:50), Toll-like receptor 4 (TLR4, Cat# ab13556,
abcam, 1:25), and p65 (Cat# 4764S, CST, 1:25).

4.11. Immunofluorescence Staining

Caco-2 cells were cultured in 12-well plates to assay the relative intensity of ZO-1,
occluding, TLR4, and NF-«B p65 through immunofluorescence. After the corresponding
treatments, the cells were washed with sterile PBS three times for 5 min and fixed with
4% stationary liquid at 4 °C for 10 min, then washed with sterile PBS three times for
5 min. Then, 600 uL/well of PBST (0.5% Triton X-100) was added for 10 min, washed once
with sterile PBS for 5 min, and blocked with 10% goat serum for 1 h at room temperature.
Cells were incubated with ZO-1(1:500), Occludin (1:200), TLR4 (1:100), and NF- kB p65
(1:100) overnight at 4 °C. The cells were washed with PBST three times for 5 min. Then,
400 pL/well of Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody (Cat#
ab150077, abcam, 1:500) was added for 1 h at 37 °C in the dark and washed with PBST
three times for 5 min. Finally, 400 uL/well of Hoechst 33258 was added to counterstain cell
nuclei for 5 min. The cells were imaged with a laser scanning confocal microscope (ZEISS,
LSM800, Oberkochen, Germany), and the relative fluorescence intensity was acquired using
Image J (V1.8.0, National institutes of health, Bethesda, USA).
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4.12. Statistical Analysis

All statistical analyses were performed by the one-way analysis of variance (ANOVA)
using the SPSS19.0 (SPSS Inc., Chicago, IL, USA). Duncan’s multiple ranges were performed
when the data did not follow a normal distribution. Graphpad Prism 8 (GraphPad Software
Inc., La Jolla, CA, USA) was used to detect differences among the groups. All data were
presented as mean + SEM, and p < 0.05 was considered to be statistically significant.

5. Conclusions

In conclusion, the treatment of LPS-induced Caco-2 cells with the L. rhamnosus CY12
strain effectively relieved the oxidative stress and improved the intestinal TJ barrier function
by increasing the levels of antioxidant enzymes such as CAT, SOD, and GSH-Px and reduc-
ing inflammatory cytokine levels, apoptosis, and the destruction of TJ proteins (claudin,
occludin, and ZO-1). Different concentrations of the L. rhamnosus CY12 strain relieved
the degree of inflammatory injury stimulated by LPS; in particular, the concentration of
108 cfu/mL significantly prevented the inflammatory injury induced by LPS in Caco-2 cells.
The mechanism was that L. rhamnosus CY12 prevented damage to the intestinal epithelial
function in LPS-induced Caco-2 cells by upregulating T] protein expression and reducing
ROS accumulation, as well as overproducing inflammatory cytokines that activated the
TLR4/NF-kB signaling pathway. Therefore, the L. rhamnosus CY12 strain as a novel strain
isolated from cattle-yak milk possesses potential effects on the maintenance of overall
health and should be considered as a dietary supplementation for food and a promising
approach to treat intestinal barrier dysfunction or promote the intestinal T] barrier function.
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com/article/10.3390/ijms231911162/s1.

Author Contributions: Conceptualization, X.D. and X.L.; methodology, ].Z., Y.Y.,, WS., Z.L., A AA,,
M.F. and | .S.; software, ].Z. and Y.Y,; validation, ]J.Z., Z.L. and W.S.; formal analysis, ].Z.; data curation,
J.Z.; writing—original draft preparation, J.Z.; writing—review and editing, X.D., X.L.,].Z. and A.A.A;;
supervision, X.D. and X.L.; project administration, X.D.; funding acquisition, X.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by a grant from the Innovation Program of the Chinese Academy
of Agricultural Sciences (25-LZIHPS-04), and the International Cooperation and Exchange Program
of the National Natural Science Foundation of China (31461143020).

Informed Consent Statement: Not applicable for studies not involving humans or animals.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Arbizu, S.; Chew, B.; Mertens-Talcott, S.U.; Noratto, G. Commercial whey products promote intestinal barrier function with
glycomacropeptide enhanced activity in downregulating bacterial endotoxin lipopolysaccharides (LPS)-induced inflammation
in vitro. Food Funct. 2020, 11, 5842-5852. [CrossRef] [PubMed]

Fries, W.; Belvedere, A.; Vetrano, S. Sealing the broken barrier in ibd: Intestinal permeability, epithelial cells and junctions. Curr.
Drug Targets 2013, 14, 1460-1470. [CrossRef] [PubMed]

Ramakrishna, B.S. Probiotic-induced changes in the intestinal epithelium: Implications in gastrointestinal disease. Trop. Gastroenterol.
2009, 30, 76-85. [PubMed]

Zong, X.; Hu, W;; Song, D.; Li, Z.; Du, H,; Lu, Z.; Wang, Y. Porcine lactoferrin-derived peptide LFP-20 protects intestinal barrier by
maintaining tight junction complex and modulating inflammatory response. Biochem. Pharmacol. 2016, 104, 74-82. [CrossRef]
Oh, H,; Park, S.H.; Kang, M.K.; Kim, Y.H.; Lee, E.J.; Kim, D.Y;; Kim, S.I.; Oh, S; Lim, S.S.; Kang, Y.H. Asaronic acid attenuates
macrophage activation toward M1 Phenotype through Inhibition of NF-kappaB Pathway and JAK-STAT signaling in glucose-
loaded murine macrophages. J. Agric. Food Chem. 2019, 67, 10069-10078. [CrossRef]

Dou, W.; Zhang, J.; Sun, A.; Zhang, E.; Ding, L.; Mukherjee, S.; Wei, X.; Chou, G.; Wang, Z.; Mani, S. Protective effect of naringenin
against experimental colitis via suppression of Toll-like receptor 4/NF-kB signalling. Br. |. Nutr. 2013, 110, 599-608. [CrossRef]
Turner, J. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 2009, 9, 799-809. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms231911162/s1
https://www.mdpi.com/article/10.3390/ijms231911162/s1
http://doi.org/10.1039/D0FO00487A
http://www.ncbi.nlm.nih.gov/pubmed/32633745
http://doi.org/10.2174/1389450111314120011
http://www.ncbi.nlm.nih.gov/pubmed/24060148
http://www.ncbi.nlm.nih.gov/pubmed/19760989
http://doi.org/10.1016/j.bcp.2016.01.009
http://doi.org/10.1021/acs.jafc.9b03926
http://doi.org/10.1017/S0007114512005594
http://doi.org/10.1038/nri2653

Int. . Mol. Sci. 2022, 23, 11162 150f 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

Chen, F; Wang, H.; Chen, J; Liu, Y.; Wen, W.; Li, Y.; Huang, X. Lactobacillus delbrueckii ameliorates intestinal integrity and
antioxidant ability in weaned piglets after a lipopolysaccharide challenge. Oxidative Med. Cell. Longev. 2020, 2020, 6028606.
[CrossRef]

Basuroy, S.; Seth, A.; Elias, B.; Naren, A.; Rao, R. MAPK interacts with occludin and mediates EGF-induced prevention of tight
junction disruption by hydrogen peroxide. Biochem. J. 2006, 393, 69-77. [CrossRef]

Bian, Y.; Dong, Y.; Sun, J.; Sun, M.; Hou, Q.; Lai, Y.; Zhang, B. Protective effect of kaempferol on LPS-induced inflammation and
barrier dysfunction in a coculture model of intestinal epithelial cells and intestinal microvascular endothelial cells. J. Agric. Food
Chem. 2020, 68, 160-167. [CrossRef]

Chang, J.; Leong, R.; Wasinger, V.; Ip, M.; Yang, M.; Phan, T. Impaired intestinal permeability contributes to ongoing bowel
symptoms in patients with inflammatory bowel disease and mucosal healing. Gastroenterology 2017, 153, 723-731.el. [CrossRef]
[PubMed]

Nighot, M.; Al-Sadi, R.; Guo, S.; Rawat, M.; Nighot, P.; Watterson, M.; Ma, T. Lipopolysaccharide-induced increase in intestinal
epithelial tight permeability is mediated by toll-like receptor 4/myeloid differentiation primary response 88 (MyD88) activation
of myosin light chain kinase expression. Am. J. Pathol. 2017, 187, 2698-2710. [CrossRef] [PubMed]

Wu, H; Luo, T; Li, YM.; Gao, Z.P,; Zhang, K.Q.; Song, ].Y.; Xiao, J.S.; Cao, Y.P. Granny Smith apple procyanidin extract upregulates
tight junction protein expression and modulates oxidative stress and inflammation in lipopolysaccharide-induced Caco-2 cells.
Food Funct. 2018, 9, 3321-3329. [CrossRef] [PubMed]

Fan, J.; Liu, S.; Ai, Z.; Chen, Y.; Wang, Y.; Li, Y;; Li, X,; Xiao, S.; Wang, Y. Fermented ginseng attenuates lipopolysaccharide-induced
inflammatory responses by activating the TLR4/MAPK signaling pathway and remediating gut barrier. Food Funct. 2021, 12,
852-861. [CrossRef] [PubMed]

Zhang, B.; Xu, Y,; Lv, H.; Pang, W.; Wang, J.; Ma, H.; Wang, S. Intestinal pharmacokinetics of resveratrol and regulatory effects of
resveratrol metabolites on gut barrier and gut microbiota. Food Chem. 2021, 357, 129532. [CrossRef]

Xie, M.Y;; Hou, LJ.; Sun, J.J.; Zeng, B.; Xi, Q.Y;; Luo, J.Y.; Chen, T.; Zhang, Y.L. Porcine Milk Exosome MiRNAs attenuate
LPS-induced apoptosis through inhibiting TLR4/NF-kappaB and p53 pathways in intestinal epithelial cells. J. Agric. Food Chem.
2019, 67, 9477-9491. [CrossRef] [PubMed]

Zhao, L.; Li, M,; Sun, K;; Su, S.; Geng, T.; Sun, H. Hippophae rhamnoides polysaccharides protect IPEC-]2 cells from LPS-induced
inflammation, apoptosis and barrier dysfunction in vitro via inhibiting TLR4/NF-«B signaling pathway. Int. ]. Biol. Macromol.
2020, 155, 1202-1215. [CrossRef] [PubMed]

Prabhurajeshwar, C.; Chandrakanth, R.K. Probiotic potential of Lactobacilli with antagonistic activity against pathogenic strains:
An in vitro validation for the production of inhibitory substances. Biomed. ]. 2017, 40, 270-283. [CrossRef]

Segers, MLE.; Lebeer, S. Towards a better understanding of Lactobacillus rhamnosus GG—Host interactions. Microbial Cell Factories
2014, 13 (Suppl. 1), S7. [CrossRef]

Jger, R.; Purpura, M,; Farmer, S.; Cash, H.A; Keller, D. Probiotic bacillus coagulans GBI-30, 6086 improves protein absorption and
utilization. Probiot. Antimicrob. Proteins 2017, 10, 611-615. [CrossRef]

Jones, R.; Desai, C.; Darby, T.; Luo, L.; Wolfarth, A.; Scharer, C.; Ardita, C.; Reedy, A.; Keebaugh, E.; Neish, A. Lactobacilli
modulate epithelial cytoprotection through the Nrf2 pathway. Cell Rep. 2015, 12, 1217-1225. [CrossRef]

Li, X,; Hu, D;; Tian, Y.; Song, Y.; Hou, Y.; Sun, L.; Zhang, Y.; Man, C.; Zhang, W.; Jiang, Y. Protective effects of a novel Lactobacillus
rhamnosus strain with probiotic characteristics against lipopolysaccharide-induced intestinal inflammation in vitro and in vivo.
Food Funct. 2020, 11, 5799-5814. [CrossRef]

Yu, P; Ke, C.; Guo, J.; Zhang, X.; Li, B. Lactobacillus plantarum L15 alleviates colitis by inhibiting LPS-mediated NF-«B activation
and ameliorates DSS-induced gut microbiota dysbiosis. Front. Immunol. 2020, 11, 575173. [CrossRef]

Zommiti, M.; Chevalier, S.; Feuilloley, M.; Connil, N. Special issue “enterococci for probiotic use: Safety and risk”: Editorial.
Microorganisms 2022, 10, 604. [CrossRef]

Zommiti, M.; Feuilloley, M.; Connil, N. Update of probiotics in human world: A nonstop source of benefactions till the end of
time. Microorganisms 2020, 8, 1907. [CrossRef] [PubMed]

Seerengeraj, V. Probiotics: The marvelous factor and health benefits. Biomed. Biotechnol. Res. ]. 2018, 2, 1-8. [CrossRef]

Hsieh, C.; Osaka, T.; Moriyama, E.; Date, Y.; Kikuchi, J.; Tsuneda, S. Strengthening of the intestinal epithelial tight junction by
Bifidobacterium bifidum. Physiol. Rep. 2015, 3, e12327. [CrossRef]

Zhao, L.; Xie, Q.; Etareri Evivie, S.; Liu, D.; Dong, J.; Ping, L.; Liu, E; Li, B.; Huo, G. Bifidobacterium dentium N8 with potential
probiotic characteristics prevents LPS-induced intestinal barrier injury by alleviating the inflammatory response and regulating
the tight junction in Caco-2 cell monolayers. Food Funct. 2021, 12, 7171-7184. [CrossRef] [PubMed]

Han, X.; Lee, A.; Huang, S.; Gao, ].; Spence, J.; Owyang, C. Lactobacillus rhamnosus GG prevents epithelial barrier dysfunction
induced by interferon-gamma and fecal supernatants from irritable bowel syndrome patients in human intestinal enteroids and
colonoids. Gut Microbes 2019, 10, 59-76. [CrossRef] [PubMed]

Qi, S.; Cui, Y,; Liu, J.; Luo, X.; Wang, H. Lactobacillus rhamnosus GG components, SLP, gDNA and CpG, exert protective effects on
mouse macrophages upon lipopolysaccharide challenge. Lett. Appl. Microbiol. 2020, 70, 118-127. [CrossRef]

Zheng, J.; Du, M,; Jiang, W.; Zhang, J.; Shen, W.; Ma, X,; Liang, Z.; Shen, J.; Wu, X; Ding, X. In vitro probiotic characteristics and
whole genome sequence analysis of lactobacillus strains isolated from cattle-yak milk. Biology 2021, 11, 44. [CrossRef] [PubMed]


http://doi.org/10.1155/2020/6028606
http://doi.org/10.1042/BJ20050959
http://doi.org/10.1021/acs.jafc.9b06294
http://doi.org/10.1053/j.gastro.2017.05.056
http://www.ncbi.nlm.nih.gov/pubmed/28601482
http://doi.org/10.1016/j.ajpath.2017.08.005
http://www.ncbi.nlm.nih.gov/pubmed/29157665
http://doi.org/10.1039/C8FO00525G
http://www.ncbi.nlm.nih.gov/pubmed/29808220
http://doi.org/10.1039/D0FO02404J
http://www.ncbi.nlm.nih.gov/pubmed/33404578
http://doi.org/10.1016/j.foodchem.2021.129532
http://doi.org/10.1021/acs.jafc.9b02925
http://www.ncbi.nlm.nih.gov/pubmed/31429552
http://doi.org/10.1016/j.ijbiomac.2019.11.088
http://www.ncbi.nlm.nih.gov/pubmed/31730993
http://doi.org/10.1016/j.bj.2017.06.008
http://doi.org/10.1186/1475-2859-13-S1-S7
http://doi.org/10.1007/s12602-017-9354-y
http://doi.org/10.1016/j.celrep.2015.07.042
http://doi.org/10.1039/D0FO00308E
http://doi.org/10.3389/fimmu.2020.575173
http://doi.org/10.3390/microorganisms10030604
http://doi.org/10.3390/microorganisms8121907
http://www.ncbi.nlm.nih.gov/pubmed/33266303
http://doi.org/10.4103/bbrj.bbrj_87_17
http://doi.org/10.14814/phy2.12327
http://doi.org/10.1039/D1FO01164B
http://www.ncbi.nlm.nih.gov/pubmed/34269367
http://doi.org/10.1080/19490976.2018.1479625
http://www.ncbi.nlm.nih.gov/pubmed/30040527
http://doi.org/10.1111/lam.13255
http://doi.org/10.3390/biology11010044
http://www.ncbi.nlm.nih.gov/pubmed/35053042

Int. . Mol. Sci. 2022, 23, 11162 16 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

Chen, M.; Liu, Y.; Xiong, S.; Wu, M.; Li, B.; Ruan, Z.; Hu, X. Dietary l-tryptophan alleviated LPS-induced intestinal barrier injury
by regulating tight junctions in a Caco-2 cell monolayer model. Food Funct. 2019, 10, 2390-2398. [CrossRef]

Peterson, L.; Artis, D. Intestinal epithelial cells: Regulators of barrier function and immune homeostasis. Nat. Rev. Immunol. 2014,
14, 141-153. [CrossRef] [PubMed]

Kim, W.G.; Kim, H.I.; Kwon, E.K.; Han, M.]J.; Kim, D.H. Lactobacillus plantarum LC27 and Bifidobacterium longum LC67 mitigate
alcoholic steatosis in mice by inhibiting LPS-mediated NF-kappaB activation through restoration of the disturbed gut microbiota.
Food Funct. 2018, 9, 4255-4265. [CrossRef] [PubMed]

Uttara, B.; Singh, A.; Zamboni, P.; Mahajan, R. Oxidative stress and neurodegenerative diseases: A review of upstream and
downstream antioxidant therapeutic options. Curr. Neuropharmacol. 2009, 7, 65-74. [CrossRef]

Zhou, X.; Gan, F; Hou, L.; Liu, Z; Su, J.; Lin, Z; Le, G.; Huang, K. Aflatoxin B1 induces immunotoxicity through the DNA
methyltransferase-mediated JAK2/STAT3 pathway in 3D4/21 cells. ]. Agric. Food Chem. 2019, 67, 3772-3780. [CrossRef]

Feng, T.; Wang, J. Oxidative stress tolerance and antioxidant capacity of lactic acid bacteria as probiotic: A systematic review. Gut
Microbes 2020, 12, 1801944. [CrossRef]

Kinoshita, H.; Jumonji, M.; Yasuda, S.; Igoshi, K. Protection of human intestinal epithelial cells from oxidative stress caused by
mercury using lactic acid bacteria. Biosci. Microbiota Food Health 2020, 39, 183-187. [CrossRef]

Zhao, D.; Shah, N.P. Synergistic application of black tea extracts and lactic acid bacteria in protecting human colonocytes against
oxidative damage. J. Agric. Food Chem. 2016, 64, 2238-2246. [CrossRef]

Wang, G.; Sun, S.; Wu, X.; Yang, S.; Wu, Y.; Zhao, ].; Zhang, H.; Chen, W. Intestinal environmental disorders associate with the
tissue damages induced by perfluorooctane sulfonate exposure. Ecotoxicol. Environ. Saf. 2020, 197, 110590. [CrossRef]

Yang, E; Wang, A.; Zeng, X.; Hou, C.; Liu, H.; Qiao, S. Lactobacillus reuteri 15007 modulates tight junction protein expression in
IPEC-J2 cells with LPS stimulation and in newborn piglets under normal conditions. BMC Microbiol. 2015, 15, 32. [CrossRef]
[PubMed]

Nam, B.; Kim, S.; Nam, W.; Jeung, W.; Park, S.; Lee, J.; Sim, J.; Jang, S. Lactobacillus plantarum HY7714 Restores TNF-« Induced
Defects on Tight Junctions. Prev. Nutr. Food Sci. 2019, 24, 64-69. [CrossRef] [PubMed]

Donato, K.; Gareau, M.; Wang, Y.; Sherman, P. Lactobacillus rhamnosus GG attenuates interferon-{gamma} and tumour necrosis
factor-alpha-induced barrier dysfunction and pro-inflammatory signalling. Microbiology 2010, 156, 3288-3297. [CrossRef]
[PubMed]

Wang, Y; Tian, Y.; Zhang, N.; Li, X.; Wang, X.; Wang, W.; Zhang, J.; Piao, C.; Wang, Y.; Liu, J. Pediococcus pentosaceus PP04 improves
high-fat diet-induced liver injury by the modulation of gut inflammation and intestinal microbiota in C57BL/6N mice. Food Funct.
2021, 12, 6851-6862. [CrossRef] [PubMed]

Baeuerle, P. Function and activation of NF-kappa B in the immune system. Annu. Rev. Immunol. 1994, 12, 141-179. [CrossRef]
Li, P; Ye,].; Zeng, S.; Yang, C. Florfenicol alleviated lipopolysaccharide (LPS)-induced inflammatory responses in Ctenopharyn-
godon idella through inhibiting toll/NF-«B signaling pathways. Fish Shellfish Immunol. 2019, 94, 479-484. [CrossRef]

Zhao, Z.; Tang, X.; Zhao, X.; Zhang, M.; Zhang, W.; Hou, S.; Yuan, W.; Zhang, H.; Shi, L.; Jia, H.; et al. Tylvalosin exhibits anti-
inflammatory property and attenuates acute lung injury in different models possibly through suppression of NF-«kB activation.
Biochem. Pharmacol. 2014, 90, 73-87. [CrossRef]

Bein, A.; Zilbershtein, A.; Golosovsky, M.; Davidov, D.; Schwartz, B. LPS Induces Hyper-Permeability of Intestinal Epithelial
Cells. J. Cell Physiol. 2017, 232, 381-390. [CrossRef]

Schmittgen, T.D. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101-1108. [CrossRef]

Xu, J.; Gao, H.; Zhang, L.; Rong, S.; Yang, W.; Ma, C.; Chen, M.; Huang, Q.; Deng, Q.; Huang, F. Melatonin alleviates cognition
impairment by antagonizing brain insulin resistance in aged rats fed a high-fat diet. J. Pineal Res. 2019, 67, €12584. [CrossRef]
Huang, W.; Gao, F; Hu, F,; Huang, J.; Wang, M.; Xu, P; Zhang, R.; Chen, J.; Sun, X.; Zhang, S.; et al. Asiatic acid prevents retinal
ganglion cell apoptosis in a rat model of glaucoma. Front. Neurosci. 2018, 12, 489. [CrossRef] [PubMed]

Zhai, R;; Xu, H.; Hu, F; Wu, J.; Kong, X.; Sun, X. Exendin-4, a GLP-1 receptor agonist regulates retinal capillary tone and restores
microvascular patency after ischaemia-reperfusion injury. Br. ]. Pharmacol. 2020, 177, 3389-3402. [CrossRef] [PubMed]


http://doi.org/10.1039/C9FO00123A
http://doi.org/10.1038/nri3608
http://www.ncbi.nlm.nih.gov/pubmed/24566914
http://doi.org/10.1039/C8FO00252E
http://www.ncbi.nlm.nih.gov/pubmed/30010169
http://doi.org/10.2174/157015909787602823
http://doi.org/10.1021/acs.jafc.8b07309
http://doi.org/10.1080/19490976.2020.1801944
http://doi.org/10.12938/bmfh.2019-049
http://doi.org/10.1021/acs.jafc.5b05742
http://doi.org/10.1016/j.ecoenv.2020.110590
http://doi.org/10.1186/s12866-015-0372-1
http://www.ncbi.nlm.nih.gov/pubmed/25888437
http://doi.org/10.3746/pnf.2019.24.1.64
http://www.ncbi.nlm.nih.gov/pubmed/31008098
http://doi.org/10.1099/mic.0.040139-0
http://www.ncbi.nlm.nih.gov/pubmed/20656777
http://doi.org/10.1039/D1FO00857A
http://www.ncbi.nlm.nih.gov/pubmed/34126631
http://doi.org/10.1146/annurev.iy.12.040194.001041
http://doi.org/10.1016/j.fsi.2019.08.073
http://doi.org/10.1016/j.bcp.2014.04.015
http://doi.org/10.1002/jcp.25435
http://doi.org/10.1038/nprot.2008.73
http://doi.org/10.1111/jpi.12584
http://doi.org/10.3389/fnins.2018.00489
http://www.ncbi.nlm.nih.gov/pubmed/30079010
http://doi.org/10.1111/bph.15059
http://www.ncbi.nlm.nih.gov/pubmed/32232832

	Introduction 
	Results 
	Effect of L. rhamnosus CY12 on Cell Viability and Cytokines Expression in LPS-Induced Caco-2 Cells 
	Effects of L. rhamnosus CY12 on Oxidative Stress and Apoptosis in LPS-Induced Caco-2 Cells 
	Effects of L. rhamnosus CY12 on the Expression of Genes Related to Inflammation in LPS-Induced Caco-2 Cells 
	Effects of L. rhamnosus CY12 on Gene Expression of TJ Proteins in LPS-Induced Caco-2 Cells 
	Effects of L. rhamnosus CY12 on Gene Expression of Antioxidant Enzymes in LPS-Induced Caco-2 Cells 
	Effects of L. rhamnosus CY12 on TJ Proteins and TLR4/NF-B p65 Protein Expression in LPS-Induced Caco-2 Cells 

	Discussion 
	Materials and Methods 
	Culture of L. rhamnosus CY12 Strain 
	Cell Culture 
	Cell Viability Assay 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Lactate Dehydrogenase (LDH) Activity Assay 
	Glutathione (GSH) Activity Assay 
	Assessment of Intracellular Reactive Oxygen Species (ROS) 
	Apoptosis Assay 
	Assessment of mRNA Expression Levels 
	Protein Expression Analysis 
	Immunofluorescence Staining 
	Statistical Analysis 

	Conclusions 
	References

