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Butyrate upregulates the TLR4 expression and the
phosphorylation of MAPKSs and NK-kB in colon cancer cell in vitro
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Abstract. Microbiota and its induced inflammation in
colorectal mucosa have been considered risk factors for the
development of colorectal carcinogenesis. Previous studies
demonstrated that the coexisting elements of microbiota
in the gut, such as short chain fatty acids (SCFAs) and
lipopolysaccharides (LPS), which exhibited regulatory effects
on the intestinal epithelial cells individually. Unfortunately,
the association between butyrate and the toll-like receptor
(TLR) signaling pathway in the development of colon cancer
is not fully elucidated. In the present study, by culturing
human colon cancer SW480 cells or mouse colon cancer CT26
cells with butyrate and/or TLR4 ligand LPS in vitro, it was
identified that butyrate suppressed the growth and promoted
apoptosis of these cancer cells. Notably, the expression
levels of TLR4 and CD14 were markedly increased on these
butyrate-treated cells, but not on LPS-alone treated cells.
Additionally, butyrate treatment induced the phosphorylation
of extracellular signal-regulated kinase, tumor protein 38, c-Jun
NH2-terminal kinase and nuclear factor-xB (NF-«B) p65, and
then promoted the pro-inflammatory cytokine tumor necrosis
factor-a, but not interleukin 6 secretion in SW480 and CT26
cells. Therefore, butyrate treatment regulates the expression
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of TLR4, mitogen-activated protein kinase and NF-xB signal
pathway activation and pro-inflammatory response in vitro.
Although the exact mechanisms have not been fully explored,
these results suggested that butyrate and LPS-TLR4 signaling
mediated innate immunity in colon cancer cells through
two distinct but inter-regulated pathways. Thus, butyrate
can further initiate innate immunity against tumor cells by
upregulating the TLR4 expression and activation to preserve
intestinal homeostasis.

Introduction

Colorectal cancer (CRC) is the third most common cancer type
in the world and is cancer with the second-highest mortality
rate, and its incidence rates continue to increase in a number of
countries, such as Brazil and Russia (1,2). Numerous factors,
including a high-fat diet, which may induce chronic inflam-
mation in the intestine, clearly increase the risk for CRC (3-5).
Accumulating evidence suggests that cancer incidence in
the colon is increased compared with that of the small intes-
tine (6,7). With advances in metagenomics technology and
use of germ-free mice, it has been demonstrated that the
intestinal microbiota serves a vital role in CRC initiation and
development (8.,9). Indeed, the microbiota and mucosal gene
expression profiles in the gut of patients with CRC differ from
those in healthy subjects (10). Although a number of studies
have documented a critical association between the microbiota
microenvironment and development of CRC (11-13), the roles
of toll-like receptors (TLRs) and the underlying mechanisms
have not been investigated as thoroughly.

TLRs are germline-encoded type I transmembrane recep-
tors that serve as pathogen recognition receptors (PRRs) to
identify microbe-associated molecular patterns. TLR4 is one
of the characterized PRRs on a number of intestinal immune
and non-immune cell types, which recognizes lipopolysac-
charide (LPS) from Gram staining-negative bacteria in the
gut. Generally, TLR4 is expressed at low concentrations on
intestinal mucosa under steady-state conditions to maintain
tolerance to commensal bacteria (14). Activation of TLR4
on colonic epithelial cells induces a tumor-promoting micro-
environment to drive the tumorigenesis of colitis-associated
cancer (15-17). In addition, TLR4 innate immune signaling
alters the colorectal cancer chemotherapeutic response
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and radio-sensitivity through regulating the autophagy
pathway (18,19). The administration of a TLR4 inhibitor or
immune-modulator significantly regulates the TLR4 signal
pathway and decreases tumor burden (20,21). Thus, gut micro-
biota are associated with carcinogenesis via modulating TLR,
particularly the TLR4 signal pathway in the colon epithelial
cells.

Generally, the metabolites from microbiota in the gut also
alter host intestinal cancer risk using different mechanisms,
including affecting host cell growth or turnover, regulating
the local immune microenvironment and metabolizing
ingested and host-derived products (22). Previous evidence
revealed that short-chain fatty acids (SCFA), primarily
acetate, propionate and butyrate, are major metabolites
of microbiota with pleiotropic effects on the epithelial and
immune cells (23). SCFA are catabolic end products of the
microbial fermentation of dietary carbohydrates in the gut
and primarily resistant starches and dietary fiber (24). As a C4
fatty acid, butyrate functions as the principle energy source
for colonocytes. It also exerts functions in the differentiation,
maturation and apoptosis of a number of different cell types,
and may decrease the risk of gastrointestinal inflammation,
colon cancer and cardiovascular disease (25). Numerous
studies have indicated that the different activities of butyrate
and its concomitant outcomes should be considered with
the metabolism of target cells (26-29). Indeed, in contrast
to normal colonocytes, cancerous colonocytes prefer to use
aerobic glycolysis for glucose metabolism, and butyrate acts
as a histone deacetylase (HDAC) inhibitor to suppress cell
growth and to induce apoptosis by altering gene expression
profiles (30).

Therefore, as the coexisting elements of microbiota in
the gut, SCFAs and LPS have demonstrated the regulatory
effect on normal intestinal epithelial cells or colon cancer
cells. However, knowledge of the association between SCFAs
and the TLR4 signaling pathway in the development of colon
cancer remains incomplete. The present study, by culturing
human colon cancer SW480 cells or mouse colon cancer
CT26 cells with butyrate in vitro, identified that butyrate
suppressed cell growth and proliferation, and increased the
numbers of apoptotic cells. Notably, the expression levels
of TLR4 and cluster of differentiation 14 (CD14) on these
cells were clearly increased. In addition, butyrate treatment
induced the phosphorylation of extracellular signal-regulated
kinase (ERK), tumor protein 38 (p38), c-Jun NH2-terminal
kinase (JNK) and nuclear factor-«B (NF-kB) p65, and then
promoted pro-inflammatory cytokine tumor necrosis factor-a
(TNF-a) secretion in SW480 and CT26 cells. These results
suggested that butyrate had the ability to regulate innate
immunity in colon cancer cells via promoting TLR4 expres-
sion and the phosphorylation of mitogen activated protein
kinases (MAPKs) and NF-«xB.

Materials and methods

Reagents and antibodies. RPMI-1640 medium and fetal
calf serum was purchased from PAN Biotech (PAN-Biotech
GmbH, Aidenbach, Germany). The CellTrace™ carboxyfluo-
rescein succinimidyl ester (CFSE) Cell Proliferation kit and the
Pierce™ BCA protein assay kit were purchased from Thermo
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Fisher Scientific, Inc. (Waltham, MA, USA). Butyrate, LPS,
bovine serum albumin (BSA) and 2-mercaptoethanol were
purchased from Sigma-Aldrich; Merck KGaA (Darmstadt,
Germany). The 7-aminoactinomycin D (7-AAD), anti-human
CD14-fluorescein isothiocyanate (FITC; cat no. 11-0149-42),
anti-mouse CDI14-FITC (cat no. 11-0141-82), anti-human
TLR4-Alexa Fluor 488 (cat no. 53-9917-42), anti-mouse
TLR4-Alexa Fluor 488 (cat no. 53-9917-42), anti-ERK1/2 (cat
no. LF-MAO0178) and anti-phosphorylated (phosphor)-ERK1/2
(cat no. PA5-36776) antibodies, interleukin (IL)-6 and
TNF-a ELISA kits (human and mouse) and Annexin V
Apoptosis Detection kit were purchased from the Thermo
Fisher Scientific, Inc. Radioimmunoprecipitation assay
(RIPA) cell lysis buffer and phenylmethane sulfonyl fluoride
(PMSF) were purchased from the Beyotime Institute of
Biotechnology (Haimen, China). The Cell Cycle Staining
kit and goat anti-mouse IgG-horseradish peroxidase (HRP)
antibody were purchased from Hangzhou MultiSciences
(Lianke) Biotech Co., Ltd. (Hangzhou, China). Antibodies
against p38, phospho-p38, INK, phospho-JNK, NF-xB p65,
NF-xB phospho-p65 and cleaved caspase-3 were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Goat anti-rabbit IgG-HRP and HRP-conjugated-anti-actin
antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA).

Colon cancer cell lines. The human colon cancer SW480 cell
line and mouse colon cancer CT26 cell line were obtained
from the Chinese Academy of Sciences (Shanghai, China).
Cells were grown in RPMI-1640 medium supplemented with
10% heat-inactivated fetal calf serum, 100 U/ml penicillin and
100 mg/ml streptomycin in a humidified incubator at 37°C
and 5% CO,. In certain experiments, 5 mM butyrate and/or
1 ug/ml LPS were added into the culture wells.

Flow cytometric analysis. Cells were treated with trypsin
for 2 min at room temperature and then terminated with
RPMI-1640 medium containing 10% fetal calf serum. Cells
were dispersed with pipette and washed with PBS twice
and passed through 70 pgm cell strainers (Falcon™, Corning
Incorporated, Corning, NY, USA). Then, the single cell
suspension was incubated with 2% rabbit serum (Stemcell
Technologies, Vancouver, BC, Canada) for 30 min at room
temperature to block Fc receptors on the cell membrane,
followed by staining with anti-TLR4-FITC or anti-CD14-FITC
(both from Thermo Fisher Scientific, Inc.) at 4°C for 30 min.
Following washing with PBS 3 times, cells were re-suspended
with PBS (1 mM EDTA) and analyzed with a FACS Calibur
flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA).
All data were analyzed using CellQuest (version 6.1; BD
Biosciences) or FlowJo (version 8.7; Tree Star, Inc., Ashland,
OR, USA).

Cell proliferation and apoptosis assays. For the cell prolif-
eration assays, SW480 and CT26 cells were harvested with
trypsin and the density of the cell suspension was adjusted
to 2x10%/ml with PBS. An equal volume of 4 uM carboxy-
fluorescein succinimidyl ester (CFSE) labeling buffer
(Invitrogen; Thermo Fisher Scientific, Inc.) was added to the
cell suspension, and the cells were gently re-suspended. The
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cell suspension was then incubated in the dark at 37°C for
20 min. Next, RPMI-1640 complete medium was added to
terminate CFSE labeling and the cell suspension was then
washed twice with PBS. Cells were resuspended with fresh
RPMI-1640 complete medium and cultured in an incubator
at 37°C and 5% CO, for 24 h with or without 5 mM butyrate
treatment. Cells were digested with trypsin as previously
described and pelleted by centrifugation for 5 min in 150 x g
at 4°C, and then stained with 7-AAD (1:100) for 2 min at
room temperature to remove dead cells, and were then imme-
diately analyzed with a flow cytometer (BD FACSCalibur;
BD Biosciences).

For cell apoptosis detection, cells were prepared and
harvested as aforementioned in the cell proliferation
experimental protocol, and then stained with the Annexin
V Apoptosis Detection kit according to the manufacturer's
protocol. Cells were additionally analyzed with a flow cytom-
eter (BD FACSCalibur; BD Biosciences), and the data were
analyzed using FlowJo (version 8.7; Tree Star, Inc., Ashland,
OR, USA).

ELISA. The cell supernatant was collected following centrifu-
gation at 300 x g for 10 min at 4°C. The protein levels of TNF-a
and IL-6 in the supernatant were measured using ELISA Kkits
(Thermo Fisher Scientific, Inc.) following the manufacturer's
protocols.

Western blot analysis assay. Cells were prepared as aforemen-
tioned and washed twice with cold PBS. Then, the cells were
lysed with RIPA cell lysis buffer and mixed with PMSF (100:1)
and 1X phosphatase inhibitor cocktail (Bimake, Houston,
USA) for 20 min on ice. Lysed cells were scraped into the
1.5 ml tube and centrifuged at 12,000 x g for 10 min at 4°C.
The supernatants of the cell lysates were harvested and the
protein concentrations were quantified with the Pierce™ BCA
Protein Assay kit (Thermo Fisher Scientific, Inc.) according to
the manufacturer's protocol. The lysate was mixed with the 5X
loading buffer, to which 5% 2-mercaptoethanol was added and
boiled at 100°C for 5 min. All lysate samples (30 ug per lane)
were subjected to SDS-PAGE for protein separation and then
electrophoretically transferred onto polyvinylidene difluo-
ride (PVDF) membranes (Merck KGaA). Depending on the
molecular weight of the target protein, 10% SDS-PAGE gels
were used. Subsequent to being blocked with TBS containing
5% BSA and 0.1% Tween-20 for 2 h at room temperature,
the PVDF membranes were incubated with HRP-conjugated
anti-actin (cat no., sc-47778; 1:10,000), anti-ERK1/2 mAb
(cat no., 14-9108-82; 1:1,000), anti-phospho-ERK1/2 mAb
(cat no., 14-9109-82; MILANSR; 1:1,000), anti-p38 MAPK
mAb (cat no., 2387; 1:1,000), anti-phospho-p38MAP-
KThri80/Tyr82 1 Ab (cat no., 5175; 1:1,000), anti-SAPK/INK mAb
(cat no., 9252; 1:1,000), anti-phospho-SAPK/JNKThr183/Tyriss
(cat no., 4668; 1:1,000), anti-NF-xB P65 mAb (cat no., 8242;
1:1,000), anti-phospho-NF-kB P6555% (cat no., 3033; 1:1,000)
and anti-cleaved caspase-3 (cat no., 9664; 1:1,000) for at
least 12 h at 4°C. Then, the membranes were incubated with
HRP-conjugated secondary antibodies, including mouse
anti-rabbit IgG-HRP (cat no., sc-2357; 1:2,000) and goat
anti-mouse IgG-HRP (cat no., 70-GAMO0072; 1:10,000) for 2 h
at room temperature. Following washing three times with TBS,
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the PVDF membranes were visualized using the Immobilon™
Western Chemiluminescent HRP Substrate (Merck KGaA)
and quantified by Fusion Solo 6 S Chemiluminescence (Vilber
Lourmat Deutschland GmbH, Eberhardzell, Germany).

Cell cycle assay. For cell cycle detection, cells were prepared
and harvested as aforementioned in the cell proliferation and
apoptosis experiments. Then, cells were labeled with Cell
cycle staining kit following the manufacture's protocols. The
DNA content of cells was detected using flow cytometry (BD
FACSCalibur; BD Biosciences), and the data were analyzed
with Modfit LT 5.0 (American Verity Software House,
Topsham ME, USA).

Statistical analysis. Data were statistically analyzed using the
two-tailed unpaired Student's t-test or post-hoc test (Scheffe)
for two-way analysis of variance (ANOVA) on GraphPad
Prism version 5.0 (GraphPad Software, Inc., La Jolla, CA,
USA). All data are presented as the mean + standard deviation.
P<0.05 was considered to indicate a statistically significant
difference. The representative data presented are from more
than 3 independent experiments.

Results

Butyrate suppresses the proliferation of colon cancer cells.
The effects of butyrate on the growth of colon cancer cells
were first examined. By treating human colon cancer SW480
cells and mouse colon cancer CT26 cells with butyrate, it was
identified that the growth of colon cancer cells was evidently
inhibited and able to be directly observed under the micro-
scope (Fig. 1A). These results were additionally confirmed by
the data of the cell numbers of colon cancer cells (Fig. 1B), and
CFSE tracing cell proliferation experiments (Fig. 1C and D).
After 24 h culturing, the proliferation of the SW480 and CT26
cells were significantly suppressed by butyrate treatment
(Fig. 1C and D). By analyzing the cell cycle with a flow cytom-
eter, an increased number of cells in S phase were identified
in the NC group compared with the Bu group, and butyrate
treatment increased the numbers of cells in G1 and G2 phases
compared with the NC group (Fig. 2). Therefore, the growth
and the proliferation of colon cancer cells are significantly
inhibited by butyrate.

Butyrate promotes apoptosis in colon cancer cells invitro. Next,
the effects of butyrate on apoptosis induction in colon cancer
cells were investigated. As demonstrated in Fig. 3A and B, the
percentages of Annexin V-positive apoptotic SW480 and CT26
cells were significantly increased in butyrate treatment groups
compared with the NC groups. As caspases and their cleaved
substrates contribute to cell apoptosis (31), the levels of cleaved
caspase-3 protein (17 and 19 kD) in SW480 and CT26 cells
was additionally detected using western blot analysis. The data
in Fig. 3C indicates that butyrate treatment evidently increased
the protein levels of cleaved caspase-3 in the SW480 and CT26
cells. Therefore, butyrate treatment induces apoptosis in colon
cancer cells in vitro.

Butyrate upregulates the expression of TLR4 and CDI4
on colon cancer cells. Butyrate is produced in the colonic
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Figure 1. Butyrate suppresses the proliferation of colon cancer cells. Human colon cancer SW480 cells and mouse colon cancer CT26 cells were cultured with
or without 5 mM butyrate treatment for 24 h. (A) Representative cell images were captured under a microscope (magnification, x40). (B) Total cell numbers
were quantified. (C and D) SW480 and CT26 cells were firstly labeled with CFSE and cultured for 24 h. Then the dilutions of CFSE in 7-A AD-negative live
cells were analyzed using a flow cytometer (C), and the q percentages of CFSE-labeled dividing cancer cells (CFSE¥) in different groups were quantita-
tively analyzed. Three replicate wells in each group and all experiments were repeated =3 times, and representative graphs or data are presented. Data in
(B and D) are presented as the mean + standard deviation. "P<0.05 and “"P<0.01. Numbers in graphs indicate the percentage of cells. Bu, butyrate; NC, negative
control; SSC, side scatter; CFSE, carboxyfluorescein succinimidyl ester; 7-ADD, 7-aminoactinomycin D.

lumen, and a high concentration of LPS is detected in the
gut microenvironment (32). Butyrate has been demonstrated
to exert immune modulatory effects on colonic epithelial
cells (32), and to possess a regulatory function on colon
cancer cells (33). TLR4 and CD14 function as the receptor
for LPS recognition (34,35). Next, the effects of butyrate on
the expression of TLR4 and CDI14 in the SW480 and CT26
cells were detected. As demonstrated in Fig. 4, there was
a difference in the baseline expression levels of TLR4 and
CD14 in the human colon cancer SW460 cells and mouse
colon cancer CT26 cells. Markedly low expression levels
of TLR4 and CD14 were detected in the SW480 cells, but
moderate expression of these molecules in CT26 cells
(Fig. 4). Notably, regardless of what the baseline expression
levels of TLR4 and CD14 on the cell membrane were, no
marked effects on the expression of these molecules were
observed in the two types of colon cancer cells following
LPS stimulation. However, if SW480 and CT26 cells were
treated with butyrate itself or butyrate + LPS, the expression
levels of TLR4 and CD14 were significantly increased in the
two cell types (Fig. 4). Therefore, these results suggested that
butyrate upregulated the expression of TLR4 and CDI14 in
SW480 and CT26 cells, and that the effects of butyrate were
species-independent.

Butyrate induces the phosphorylation of ERK, p38, JNK and
NF-kB p65 in colon cancer cells. Stimulation of the TLR4
signaling pathway leads to the activation of three distinct
MAPKs, ERK, JNK, p38 and the activation of NF-«B
p65 (36). The present study therefore elucidated the roles

of the TLR4 signaling pathway in the cellular response to
butyrate and LPS in colon cancer cells. The phosphorylation
status of ERK, p38, JNK and NF-«xB p65 were analyzed using
western blot analysis. In SW480 cells, as indicated in Fig. 5, the
amount of p-ERK, p38, JNK and NF-kB p65 were not altered
by LPS stimulation alone but were evidently increased in the
butyrate and butyrate + LPS groups. Different from SW480,
LPS-alone simulation increased the phosphorylation of P-38
and JNK, but not the phosphorylation of ERK and NF-«xB p65
in CT26 cells. This difference may depend on the different
baseline expression levels of TLR4 and CD14 on SW480 and
CT26 cells (Fig. 4), and indicated the species-specific LPS
response in these colon cancer cells. Notably, butyrate itself
and butyrate +LPS stimulation increased the phosphorylation
of ERK, JNK, p38, NF-kB p65 protein in SW480 and CT26
cells (Fig. 5). These data suggested that butyrate treatment
resulted in the activation of certain MAPKs (ERK, JNK and
p38) and the NF-kB signaling pathway in human and mouse
colon cancer cells, and that the butyrate-mediated activa-
tion of these signaling pathways in these cancer cells was
species-independent.

Butyrate induces TNF-a secretion in colon cancer cells. The
inflammatory cytokine secretion of SW480 and CT26 cells
prior to and following butyrate treatment with or without LPS
was additionally analyzed. The data in Fig. 6A demonstrate
that LPS alone was unable to increase TNF-a production in
SW40 cells, but that butyrate or butyrate + LPS treatment
significantly increased the secretion of TNF-a (Fig. 6). In the
case of CT26 cells, butyrate and LPS individually stimulated
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Figure 2. Butyrate regulates the cell cycles of colon cancer cells. The cell cycles of SW480 and CT26 were (A) analyzed by flow cytometry, and then
(B) quantitatively analyzed. All experiments were repeated =3 times, and representative graphs or data are presented. ‘P<0.05 and “P<0.01; NS, not significant;

Bu, butyrate; NC, negative control.
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Figure 3. Butyrate promotes the apoptosis of colon cancer cells in vitro. SW480 and CT26 cells were cultured and treated with butyrate and the apoptotic cells
were (A) analyzed with Annexin-V-fluorescein isothiocyanate/propidium iodide using a flow cytometer, and then (B) quantitative analyzed. (C) The cleaved
caspase 3 proteins in colon cancer cells were detected using a western blot analysis assay. All experiments were repeated =3 times. “P<0.01; "“P<0.001. PI,

propidium iodide; Bu, butyrate; NC, negative control.

these cells to produce increased levels of TNF-a (Fig. 6B).
Notably, the production of IL-6 was not promoted by butyrate
and LPS in SW480 cells. Concurrently, in the CT26 cells,
LPS itself and butyrate + LPS induced high levels of IL-6, but
butyrate alone did not increase IL-6 production. These data
suggested that butyrate promoted TNF-a secretion, but not
IL-6 production, in colon cancer cells.

Discussion

Microbiota and its induced inflammation in colorectal mucosa
are considered risk factors for the development of colorectal

carcinogenesis (8,37,38), but the potential molecular mecha-
nisms are yet to be elucidated. Previous evidence suggests that
microbiota-derived molecular mediators, including SCFAs,
regulate the metabolic and immune homeostasis in the
colon (39). In the present study, by using culture cells in vitro,
it was identified that butyrate not only induced apoptotic
cancer cell production, but also promoted TNF-a secretion
and enhanced the TLR4 signaling pathway in SW480 and
CT26 cells. So, in the pathological condition in colon cancer,
butyrate exhibits a function in upregulating the TLR4 sensors
on cancer cells, and then initiating bacterial mediated innate
immunity to maintain intestinal homeostasis.
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Figure 4. Butyrate upregulates the levels of TLR4 and CD14 on colon cancer cells. The expression levels of TLR4 and CD14 on the membrane of SW480
cells and CT26 cells treated by butyrate and/or LPS were (A) analyzed using a flow cytometer, and (B) the MFI values of TLR4 and CD14 were quantitative
analyzed. These experiments were repeated >3 times, and representative graphs are presented. Compared with the NC group, "P<0.05, “P<0.01 and "“P<0.001.
NS, not significant; MFI, mean fluorescence index; Bu, butyrate; NC, negative control; LPS, lipopolysaccharide; TLR4, toll-like receptor 4; CD14, cluster of
differentiation 14.
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Figure 5. Butyrate modifies the phosphorylation of ERK, p38, JNK and NF-«xB p65 in colon cancer cells. The phosphorylation of ERK, p38, INK and NF-xB
p65 proteins in SW480 and CT26 cells treated with butyrate and/or LPS were detected using a western blot analysis assay. (A) Representative western blot
analysis images of P-ERK/ERK, P-p38/p38 and P-JNK/JNK are presented. (B) The ratios of P-ERK/ERK, P-p38/p38 and P-JNK/JNK protein intensities
were calculated. (C) Representative western blot analysis images of P-NF-xB p65/NF-kB p65 protein expression in cells are presented. (D) P-NF-kB p65/p65
protein intensities were calculated. $-actin was used as the control. Experiments were performed in triplicate and data are expressed as the mean + standard
deviation. Compared with the NC group, "P<0.03, “P<0.01 and ““P<0.001. These experiments were repeated >3 times, and representative images are presented.
P, phosphorylated; ERK, extracellular signal-regulated kinase; p38, tumor protein 38; JNK, c-Jun NH2-terminal kinase; NS, not significant.

Previous studies have suggested that butyrate exerts energy source and promotes the turnover of the colonic
different anti-proliferative properties in normal colonocytes  epithelium to maintain normal homeostasis of the gut (42).
and colon cancer cells by altering cellular metabolism (40,41).  However, cancerous colonocytes undergo the Warburg effect
For normal colonic epithelia cells, butyrate is the primary  and the preferred energy source for these cells is glucose, not
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Figure 6. Butyrate induces inflammatory cytokine secretion in colon cancer
cells. (A) SW480 cells were cultured and treated with/without butyrate
and/or LPS for 24 h, and the supernatants were collected for inflammatory
cytokine detection using a TNF-a ELIA kit. (B) SW480 cells were cultured
and treated with/without butyrate and/or LPS for 24 h, and the supernatants
were collected for inflammatory cytokine detection using an IL-6 ELISA
kit. (C) CT26 cells were cultured and treated with/without butyrate and/or
LPS for 24 h, and the supernatants were collected for inflammatory cyto-
kine detection using a TNF-a ELISA kit. (D) CT26 cells were cultured and
treated with or without butyrate and/or LPS for 24 h, and the supernatants
were collected for inflammatory cytokine detection using an IL-6 ELISA kit.
The protein levels in the different groups were statistically analyzed. These
experiments were repeated =3 times, and representative data are presented
as the mean + standard deviation. "P<0.05, ““P<0.01 and ““P<0.001. TNF-q,
tumor necrosis factor a; IL-6, interleukin 6; Bu, butyrate; NC, negative
control; LPS, lipopolysaccharide; NS, not significant.

butyrate (42). Therefore, accumulated butyrate functions as
an HDAC inhibitor to promote cell arrest and induce apop-
tosis (40,41). This butyrate-mediated growth inhibition in colon
cancer cells is associated with the direct silencing of HDAC3
expression, the repression of Cyclin B or the upregulation of
cyclin-dependent kinase inhibitor 1 (43,44). Furthermore, the
present study demonstrated that the activation of caspase-3
contributed to butyrate-induced apoptosis in SW480 and CT26
colon cancer cells. In accordance with the results in the present
study, Zhang et al (45) previously demonstrated that butyrate
effectively induces human colon cancer apoptosis through
JNK MAPK activation, characterized by an increased B-cell
lymphoma 2 (Bcl-2)-associated X protein (Bax)-to-Bcl-2 expres-
sion ratio and caspase cascade activation. An additional study
indicated that microRNA transcription regulation or autophagy
induction also contributed to butyrate-mediated colon cancer
cell arrest and apoptosis (46). Therefore, the inhibitory effects of
butyrate on the growth and apoptosis of colon cancer cells may
depend on multiple molecular mechanisms.

In the gut, the expression, localization and signaling of
TLR4 on colonic epithelia are developmentally regulated in
a compartmentalized manner (47). Compared with the high
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expression on postnatal day 1, decreased levels of TLR4 were
detected in crypts in the mature colon of humans and mice (48).
These data indicate that the expression of TLR4 on intestinal
epithelial cells is closely associated with the flora community in
the intestine. Although data concerning the expression levels of
TLR4 on colon cells are contradictory, they indicate an associa-
tion between the TLR4 signaling pathway and the development
of colon cancer (49-51). The present study identified that the
expression levels of TLR4 on human colon cancer SW480
cells and mouse colon cancer CT26 cells were low (Fig. 3),
but were significantly increased following butyrate treatment.
Collectively, these data indicated that butyrate modified the
immune microenvironment in the intestinal tract by regulating
the expression of TLR4 and its signaling pathway in the colon
epithelial or colorectal cancer cells.

The myeloid differentiation primary response gene 88
(MyD88)-dependent and MyD88-independent pathways are
initiated in the TLR4 signaling pathway (52). LPS treatment
alone is not able to induce activation of the TLR4 signaling
pathway, and no differences in the phosphorylation of different
MAPKs (ERK, p38 and JNK) and NF-kB p65 were identi-
fied between the control group and LPS-treated SW480 cells
(Fig. 4). However, the LPS treatment alone significantly
induced the phosphorylation of p38 and JNK in CT26 cells,
although no difference was observed in ERK and p65 in the
control and LPS-treated groups. These different responses
to treatment with LPS alone may be caused by the different
original expression levels of TLR4 on SW480 and CT26 cells.

There are conflicting data about the association between
SCFAs and TLRs in the literature. Certain studies have
suggested that butyrate exhibits anti-inflammatory effects
by downregulating the TLR4-dependent signaling cascade
and the secretion of inflammatory cytokines, but others
demonstrated its function in promoting inflammatory cyto-
kines (53,54). The present study demonstrated that if butyrate
or butyrate + LPS were used, the expression levels of TLR4
on SW480 and CT26 cells were significantly upregulated,
and the protein levels of phosphorylated ERK, p38, JNK and
NF-«B p65 were increased. Similarly, Alva-Murillo et al (55)
identified that butyrate induced p38 phosphorylation and
improved antimicrobial defense in bovine mammary epithe-
lial cells. Butyrate also increased TLR4 expression and the
NF-«B response to TLR ligand stimulation in human L-cells,
HEK?293 or HeLa epithelial cells (56,57). In the present study,
although butyrate upregulated TLR4 expression, MAPKs and
NF-«B phosphorylation in SW480 and CT26 cells, only an
increase in TNF-a production was induced and no change of
IL-6 expression was detected (Fig. 5). Similarly, this specific
effect of butyrate on the expression of different inflamma-
tory cytokine genes was also identified in bovine mammary
epithelial cells (55). The regulatory effects of butyrate on the
production and functions of TNF-a were previously explored
in colonocytes (58,59). Through interacting with TNF-a,
butyrate induced higher NF-«kB activities in adenocarcinoma
HT-29 and fetal FHC human colon cells in vitro (59). Even in
the same types of cells, butyrate exhibited counter-regulatory
effects on TNF-a-induced complement and inflammatory
protein production, which were associated with the modula-
tion of transcription factor activation (58,59). Therefore,
combined with the data in the present study, it is suggested that
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the butyrate mediated pro-inflammatory response may involve
multiple mechanisms of action.

In summary, butyrate inhibited the growth of colon cancer
cells, but also promoted the TLR4 expression, MAPKs and
NF-kB phosphorylation in these cells, and then induced
microbe mediated innate immunity to maintain microen-
vironment homeostasis in the gut. Although, the potential
mechanisms of butyrate in intestinal tolerance and colon
cancer development remain to be elucidated, the findings of
the present study indicated the potential usage of butyrate in
the treatment of colorectal cancer.
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