www.nature.com/scientificreports

scientific reports

W) Check for updates

Toll-like receptor 4
regulates intestinal fibrosis
via cytokine expression

and epithelial-mesenchymal
transition
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Intestinal fibrosis induced by chronic and recurrent colitis, which is exacerbated by bowel stenosis,
stricture, and obstruction, is challenging to treat. Toll-like receptor 4 (TLR4) stimulates innate and
acquired immunity in response to specific microbial components, but the role of TLR4 in intestinal
fibrosis is largely unknown. We investigated its role in intestinal fibrosis using not only a murine
fibrosis model but also human myofibroblasts and intestinal epithelial cells. Colon fibrosis was
induced in TLR4-deficient (TLR47") mice and its wild-type counterparts with 3% dextran sulfate
sodium. Absence of TLR4 gene attenuated chronic inflammation and colonic macrophages infiltration;
intestinal fibrosis and collagen deposition were suppressed. Also, the production of tumor necrosis
factor-a, interleukin-12p40, and transforming growth factor- was reduced in TLR4-deficient
peritoneal macrophages. TLR4 was silenced in CCD-18Co cells by small interfering RNA (siRNA), and
matrix metalloproteinase-1, tissue inhibitor of metalloproteinase, and collagen ol expression was
evaluated. Role of TLR4 in epithelial-mesenchymal transition (EMT) was evaluated in HCT116 cells.
Suppression of TLR4 transcription by siRNAs affected myofibroblasts activity, collagen synthesis,
and EMT in the human cancer cell line. Thus, we suggest that TLR4 can be an essential mediator in
intestinal chronic inflammation and fibrosis, indicating that TLR4 signaling is a potential therapeutic
target for intestinal fibrosis.

Intestinal fibrosis is a chronic progressive process involving excessive deposition of extracellular matrix (ECM)
components in the intestinal wall. Fibrosis develops as a result of failed wound healing in the mucosa during
inflammatory responses. Multiple immune cells, including macrophages and neutrophils contribute to tissue
injury by releasing oxygen radicals, cathepsin, and matrix metalloproteinase (MMP)'. As a counterpart, myofi-
broblasts, activated by inflammation, contract wound area, and produce ECM components. In chronic and
recurrent inflammation, the inflammatory cascade is activated for extended time period and the negative feed-
back, which terminates proliferative and fibrotic response, is not enough to regulate the physiological balance
between fibrosis and regeneration.

Epithelial-mesenchymal transition (EMT) is a physiological process responsible for not only intestinal fibrosis
but also embryogenesis, organ development, and carcinogenesis®®. During EMT, existing epithelial cells lose
their polarity and become mesenchymal cells both functionally and morphologically. Interestingly, these cells can
possess both epithelial markers such as E-cadherin or cytokeratin 8 and 20, and mesenchymal markers, such as
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a-smooth muscle actin (a-SMA) or vimentin*. Thus, fibrosis results in the collapse of normal tissue architecture,
permanent scarring, structural change, and organ malfunction®.

Intestinal fibrosis can occur as a long-term complication of numerous diseases such as inflammatory bowel
disease (IBD), radiation enterocolitis, chronic ischemic enterocolitis, collagenous colitis, eosinophilic enter-
opathy, drug-induced enteropathy, and cystic fibrosis®. In IBD, it is manifests as complications, including ste-
nosis, stricture, and obstruction. Bowel stenosis and stricture provoke abnormal bowel movement and result in
abdominal pain, nausea, vomiting, anorexia, and weight loss in patients with IBD. About 50% of patients with
Crohn’s disease (CD) suffered from serious intestinal fibrosis that required surgery during a 10-year disease
course’. Even after surgery, the relapse rate of intestinal fibrosis in patients with CD was too high to ignore.
Patients with ulcerative colitis (UC) experience fewer intestinal fibrosis-related complications than patients with
CD. The prevalence of stricture in patients with UC was reported various outcomes which were 11.2%8, 5%°, or
3.2%", respectively. Therefore, the early detection and prevention of intestinal fibrosis are important to improve
prognosis of patients with IBD.

Clinically-used anti-inflammatory agents to treat IBD cannot prevent the intestinal fibrosis once excessive
ECM deposition process begins'!. Although some studies reported infliximab to be a treatment for small bowel
stenosis in patients with CD, the sample size was small and the treatment was far less effective than endoscopic
treatment or surgery'>'>. Moreover, patients with fibrostenotic CD, even subclinical, were more likely to be non-
response to infliximab treatment, and they had to eventually undergo surgery'*. Therefore, development of new
anti-fibrotic agents for IBD is urgently required.

Damage-associated molecular patterns (DAMPs) are host-derived molecules released by damaged or dead
cells’>!®. Pathogen-associated molecular patterns (PAMPs) are microbe-derived molecular compounds, includ-
ing lipopolysaccharide (LPS), flagellins, fungal glucans, bacterial DNA, and double-strand RNA'. DAMPs and
PAMPs provoke inflammatory responses through activating pattern recognition receptors such as Toll-like recep-
tors (TLRs). TLRs consist of TLR1 to TLRY and induce the activation and maturation of innate and acquired
immunity'®. TLR4 is one of the TLRs and can be activated by Gram-negative-derived exogenous LPS and endog-
enous DAMP ligands'®. TLR4 is expressed on intestinal epithelial cells (IECs), macrophages, and dendritic cells.
The TLR4 signaling pathways mainly consist of myeloid differentiation primary response gene 88 (MyD88)-
dependent pathway which stimulates nuclear factor-kB (NF-kB), members of the mitogen-activated protein
kinase (MAPK) pathway, interleukin (IL)-1 pathway, and produces multiple pro-inflammatory cytokines®. In
addition, TLR4 establishes MyD88-independent pathway responsible for late activation of NF-xB*'. Although
its contribution of intestinal inflammation is well known, the role of TLR4 in intestinal fibrosis remains unclear.
Therefore, we investigated the role of TLR4 in intestinal inflammation and thereby the importance in intestinal
inflammation as well as fibrosis.

Results

TLR4-deficiency attenuated the severity of chronic inflammation and fibrosis in murine model
of colitis. To evaluate the role of TLR4 in chronic colon inflammation and fibrosis, we studied a dextran
sulfate sodium (DSS)-induced murine chronic colitis model. We analyzed phenotypic characteristics of the
DSS-administered mice, such as body weight and disease activity index (DAI) every five days. Wild-type mice
showed significantly greater weight reduction and higher DAI as compared to TLR4~/~ mice (Fig. 1A,B); while
the weight of wild-type mice rapidly decreased, TLR4~/~ mice did not show definite weight loss. Wild-type mice
had higher DAI than TLR4~/~ mice from day 5 to 20, and both groups recovered to score zero after day 20. The
colon samples from wild-type mice showed higher degree of bowel wall edema and fibrotic changes (Fig. 1C).
Unlike wild-type mice, solid feces were detected in TLR4~/~ mice colon. The colon length of wild-type mice was
significantly reduced as compared to that of TLR4~~ mice (Fig. 1D). These results indicated that TLR4 deletion
alleviated colitis and fibrotic changes, suggesting that it may aggravate chronic colon inflammation and fibrosis.

TLR4% induced collagen deposition in colon submucosa along with colonic infiltration of mac-
rophages and myofibroblasts. The severity of colitis and intestinal inflammation was assessed by his-
topathological analysis using hematoxylin-eosin (H&E) staining (Fig. 2A). Histopathological examination
revealed severe inflammation and fibrosis in the colon of wild-type mice exposed to DSS. Distorted crypt
architecture, multiple inflammatory cells, and extensive edema in the mucosa and submucosa were detected. In
contrast, TLR4~~ mice exposed to DSS showed well-preserved mucosal integrity. Additionally, the histological
grades between the two groups were markedly different. Masson’s Trichrome (MT) staining of collagen within
the colon tissue revealed suppressed collagen deposition in the submucosa of TLR4™~ mice, and showed severe
colon fibrosis in wild-type mice (Fig. 2B). Next, to determine macrophage and myofibroblast distribution in the
colon, we performed immunohistochemical staining using respective markers, F4/80 and a-SMA (Fig. 2C,D).
We noted that a higher number of F4/80- or a-SMA-positive cells infiltrated the lamina propria in wild-type
mice as compared to that in TLR4™~ mice.

Intestinal fibrosis might promote the expression of tumor necrosis factor-a (TNF-a) and
IL-12p40 in LPS-treated murine peritoneal macrophages. To assess the role of TLR4 and elucidate
the mechanisms responsible for intestinal fibrosis, the transcription levels of TNF-a, IL-12p40, and transforming
growth factor-B (TGF-p) were investigated in LPS-treated peritoneal macrophages from TLR4~'~ and wild-type
mice (Fig. 3A-C). LPS stimulation resulted in reduced transcription levels of TNF-a and IL-12p40 in peritoneal
macrophages from TLR4~/~ mice. The transcription levels of TNF-a and IL-12p40 in macrophages from LPS-
stimulated TLR4~/~ and wild-type mice were significantly different. Otherwise, TGF-f expression was not shown
any statistical significance.
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Figure 1. Comparison of clinical indices, gross appearance, and histologic grading in toll-like receptor
4-deficient (TLR47") (n=5) and wild-type mice (n=5). (A) Wild-type mice experienced extensive weight loss
compared to TLR4™~ mice during post dextran sulfate sodium treatment. (B) Disease activity index from day
5 to day 20 was higher in wild-type as compared to TLR4~ mice. (C) Gross appearance of extracted colons
showed bowel edema and fibrotic change in wild-type mice. However, in TLR4~"~ mice, bowel edema was not
marked. (D) Colon from TLR4~~ mice was longer than that from wild-type mice. Asterisks indicate significant
differences (P-values <0.05) between TLR4~~ and wild-type mice.

TLR4 facilitated the expression of tissue inhibitor of metalloproteinase (TIMP) and collagen
ol in human colon myofibroblasts. Intestinal inflammation play a key role in fibrotic process?2. How-
ever, recent studies suggest that fibrotic mechanisms can be distinct from intestinal inflammation®. To confirm
the role of TLR4 signaling in colon myofibroblasts, we investigated the effect of TLR4 silencing with or without
LPS stimulation on the activation of myofibroblasts. TLR4 knockdown without LPS stimulation in CCD-18Co
cells resulted in increased MMP-1 expression as compared to those transfected with control small interfering
RNA (siRNA) (Fig. 4A). However, transfection with TLR4 siRNA significantly suppressed the expression of
TIMP (Fig. 4B), and collagen al (Fig. 4C). When stimulating with LPS in CCD-18Co cells, there was no signifi-
cant difference in the expression of MMP-1 (Fig. 4D). However, similar results were shown in TIMP and col-
lagen al expression. (Fig. 4E, and 4F). This indicated that TLR4 is an essential for TIMP expression and collagen
production in myofibroblasts.

TLR4 modulated EMT in human IECs.  Previously, hypoxia-inducible factor-1a (HIF-1a) and vimentin
have been known as mesenchymal markers**?. Therefore, we investigated whether TLR4 signaling facilitated
EMT in IECs (Fig. 5A,B). TLR4 silencing with LPS stimulation in CCD-18Co cells resulted in significant sup-
pression of vimentin expression.

Discussion

Our current study is the first to demonstrate that TLR4 may have an essential function in not only intestinal
inflammation but also intestinal fibrosis. In a DSS-induced murine chronic colitis model, the genetic deletion
of TLR4 strongly suppressed colon inflammation and fibrosis. In LPS-stimulated peritoneal macrophages, the
expression of TNF-a and IL-12p40 was decreased in TLR4~/~ mice as compared to that in wild-type mice. The
silencing of TLR4 through siRNA transfection weakened the activation of human myofibroblasts and collagen
synthesis. In addition, TLR4 might regulate EMT in human IECs. To our knowledge, this is the first study to
demonstrate the role of TLR4 in colon fibrosis.

TLR4, stimulated by Gram-negative bacteria-produced LPS or endogenous ligand-produced by damaged
host cells, can facilitate inflammatory responses through the maturation of innate immunity*>?’. Further, TLR4
has a potential function in IBD development; the frequency of TLR4 Asp299Gly polymorphism was higher in
patients with UC, and TLR4 expression was increased in the intestine of patients with active UC?. In the present
study, TLR4 regulated not only chronic colitis but also fibrosis. TLR4 exacerbated collagen deposition in colon
wall along with macrophages and myofibroblasts infiltration into colon. Taken together, we believe that TLR4
signaling contributes colon fibrosis as well as chronic inflammation, TLR4 signaling pathway is a potential target
for the prevention of colon fibrosis in IBD.
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Figure 2. Representative hematoxylin-eosin (H&E) staining, Masson’s Trichrome (MT) staining, and
immunohistochemistry. (A) H&E staining revealed prominent mucosal disruption and infiltration of
inflammatory cells in wild-type colon. (magnification: x 100). Histological grading, determined by H&E
staining, was higher in wild-type than TLR4~/~ mice. (B) MT staining of colon tissue samples revealed more
severe fibrosis in wild-type than in TLR4™~ mice (magnification: x 100). The proportion of MT-positive

area, analyzed using ImageJ program, was significantly lower in TLR4~~ than in wild-type colon tissue. (C)
Immunohistochemistry detected increased migration of F4/80-positive cells in wild-type, as compared to
TLR47~ mice (magnification: x 100 and x 400). The proportion of F4/80-positive region was markedly lower
in TLR47/~ as compared with wild-type mice. (D) The proportion of a-smooth muscle actin (a-SMA)-positive
cells was higher in distorted mucosal structure of wild-type than TLR4~~ mice (magnification: x 100 and x 400).
Statistically significant results: *P-values <0.05.
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Figure 3. Comparison between the expression levels of inflammatory cytokines in peritoneal macrophages
obtained from TLR4™'~ mice (n=3) and wild-type mice (n=3) after lipopolysaccharides (LPS) stimulation

(10 ng/mL for four hours). The transcription levels of tumor necrosis factor-a (TNF-a), interleukin (IL)-12p40,
and transforming growth factor-p (TGF-p) were measured by real-time reverse transcription-polymerase
chain reaction (RT-PCR). The results are representative data of three separate experiments. Asterisks indicate
significant differences (P-values <0.05) between two groups.
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Figure 4. The effect of TLR4 silencing on gene expression in human colon myofibroblasts. Transfection with
TLR4 small interfering RNA (siRNA) (n=5) or control siRNA (n=>5) with or without LPS (10 ng/mL for four
hours) stimulation was performed in CCD-18Co cells. The transcription levels of matrix metalloproteinase-1
(MMP-1), tissue inhibitor of metalloproteinase (TIMP), and collagen al were evaluated by real-time RT-PCR.
The expressions of TIMP and collagen al were decreased when TLR4 siRNA was treated regardless LPS
stimulation. The expression of MMP-1 increased when TLR4 siRNA was treated without LPS, but it decreased
when LPS was administrated. The results are representative data of three separate experiments. Statistically
significant results: *P-values <0.05.

During chronic colitis and tissue injury, macrophages contribute to the development of intestinal fibrosis®*.

M1 macrophages produce pro-inflammatory cytokines such as IL-1p and TNF-a, which initiate fibrotic processes.
M2 macrophages produce pro-fibrotic cytokines such as TGF-p, connective tissue growth factor, platelet-derived
growth factor, fibroblast growth factor, and insulin-like growth factor®!. TNF-a produced by macrophages can
facilitate mucosal remodeling and fibrosis*. TNF-a-stimulated macrophages promote production of TGF-
B1 and MMP in myofibroblasts®. Synergic effect between TNF-a and TGF-p also promote EMT?*. IL-12p40
favors M1 polarization and can induce inflammation and fibrosis®. In the present study, TLR4 was critical for
peritoneal macrophages to activate signaling cascade through TNF-a and IL-12p40 expression. However, there
was no significant difference on the expression of TGF-p between peritoneal macrophages from wild-type and
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Figure 5. The effect of TLR4 silencing on epithelial-mesenchymal transition in HCT116 cells. HCT116 cells
were transfected with TLR4 siRNA (n=5) or control siRNA (n=5). After TLR4 silencing, LPS (10 ng/mL for
four hours) was treated. The gene expression levels of vimentin were suppressed. The results are representative
data of three separate experiments. Statistically significant results: *P-values <0.05.

TLR4~~ mice. Based on these, we suggest that TLR4 signaling may play a role in colon fibrosis by M1 mac-
rophages rather than M2 macrophages.

The role of TLR4 signaling on the expression of MMPs remains obscure. Previously, TLR4 activation by LPS
leads to increased MMP-1 expression in small airway cells and nasal polyp-derived fibroblasts**. However, a
previous study has shown that MMP-2 expression was not affected by LPS-induced TLR4 activation in corneal
fibroblasts®. In our study, knockdown of TLR4 without LPS stimulation resulted in significant suppression
of MMP-1 expression in CCD-18Co cells. However, silencing of TLR4 was not associated with the increased
expression of MMP-1, suggesting the effect of TLR4 signaling on the expression of MMPs might depend on the
cell types or culture environment. Under homeostatic conditions, MMPs are constitutively expressed at a low
level and are closely regulated by TIMPs. In damaged tissues, myofibroblasts facilitate TIMP-1 production that
inhibits MMPs and may thus cause enhanced deposition of ECM proteins, contributing to intestinal fibrosis®”.
Our results demonstrated that silencing of TLR4 was associated with the increased expression of TIMP regardless
of LPS stimulation. Based on these results, TLR4 signaling-induced TIMP-1 expression in colon myofibroblasts
may play an important role in the process of intestinal fibrosis. More studies are required for demonstrating the
role of MMP-1 in intestinal fibrosis.

Studies have reported that mesenchymal stem cells migrate to the damaged intestine in response to the hom-
ing signal generated by chemotactic factors such as TGF-1%*#. However, myofibroblasts may be derived from
non-mesenchymal origins, including epithelial cells via EMT. We found reduced number of myofibroblasts in the
colon tissues from TLR4~ mice. Therefore, we further evaluated the effect of TLR4 silencing on the expression
of EMT-related genes in HCT116 cells. Our study revealed that TLR4 might promote EMT pathway in HCT116
cells via activation of vimentin. Therefore, we suggest that TLR4 signaling pathway may contribute to EMT,
thereby regulating intestinal fibrosis. To our knowledge, this is the first study to demonstrate the role of TLR4
in cell migration associated with intestinal fibrosis.

In conclusion, findings of the present study indicated that TLR4 might act as a key mediator in intestinal
inflammation and fibrosis by regulating cytokines expression on intestinal macrophages and myofibroblasts.
Therefore, TLR4 signaling pathway may be a potential treatment target for intestinal fibrosis and help patients
with chronic colitis prevent or overcome fibrostenosis.

Methods

Mice. TLR47~ mice with C57BL/6 background aged 7 to 8 weeks were used. Age- and gender-matched wild-
type mice (C57/6NCrljBgi), purchased from Orient (Seongnam, Korea), were used as control. The mice were
maintained under specific pathogen-free housing with standard conditions of humidity, temperature, and a
light/dark cycle in the Laboratory of Experimental Animal Research of Boramae Medical Center. Mice were
euthanized with isoflurane inhalation either on day or early, when mice exhibited severe body weight loss (25%
of their pre-experimental body weight), according to the protocol.

Induction and evaluation of DSS-induced colon fibrosis. DSS (MP Biochemical, Irvine, CA, USA),
a water-soluble, negatively charged sulfated polysaccharide, can cause intestinal inflammation. To induce colon
fibrosis, 3% DSS dissolved in drinking water was administrated for five days*'. Five mice were randomly assigned
to each group. It has already been proven that control group treated with normal water without DSS did not
develop chronic fibrotic colitis*>*. Therefore, negative control groups with normal water were not assigned in
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our experiments due to ethical concerns. Mice were assessed every five days for behavior, water/chow consump-
tion, body weight, stool consistency, and evidence of gross hematochezia. DAI for assessment of colitis severity
was determined as the sum of parameters, consisting of the changes in body weight loss, stool consistency, and
presence of rectal bleeding*. Weight loss was calculated as the percent difference between the original weight
(day 0) and the weight on any particular day.

On day 33, colon tissue samples were obtained under anesthesia, fixed in 10% buffered formalin, and embed-
ded in paraffin. Sections were stained with H&E. The severity of colitis was scored by two examiners not involv-
ing experimental procedures as described previously®. In brief, three independent parameters were measure:
inflammation severity (0, none; 1, mild; 2, moderate; 3, severe), inflammation extent (0, none; 1, mucosa; 2,
mucosa and submucosa; 3, transmural), the extent of crypt damage (0, none; 1, damage to the basal one-third
portion; 2, damage to the basal two-thirds portion; 3, damage to the entire crypt with surface epithelium intact;
4, erosion). Sum of these scores were quantified as to the percentage of tissue involvement (0, 0%; 1, 1-25%; 2,
26-50%; 3, 51-75%; 4, 76-100%). To identify intestinal fibrosis, colon tissue samples were stained with MT. The
difference in location and extent of positive area in MT-stained tissues were analyzed under an optical microscope
and measured as the percent positive area using Image] software (available at https://rsbweb.nih.gov/ij/). The
average of three regions from each slide was considered.

Immunohistochemical staining of mouse colon tissues. Immunohistochemistry for F4/80 and
a-SMA, markers for macrophages and myofibroblasts, respectively, was performed on colon tissue samples as
previously described*. Thin slices obtained from the formalin-fixed paraffin-embedded colon tissue blocks were
stained. Paraffin wax was removed from the samples and the samples were rehydrated. The slides were then
immersed three times in a citrate buffer (pH 6.0), maintained just below the boiling temperature for five minutes
each, and then cooled for 20 minutes. After washing with Tris-buffered saline (TBS) containing 0.025% Triton
X-100, the slides were stained with primary F4/80 antibody (Abcam, Cambridge, MA, USA) or a-SMA antibody
(Abcam). The slides were washed with TBS containing 0.025% Triton X-100 and incubated with a secondary
antibody. After developing with a chromogen, the slides were counterstained using hematoxylin. Inmunoreac-
tivity of F4/80 was measured as the percent positive area using Image] software program. More than five areas
encompassing both mucosa and submucosa were evaluated for each slide.

Isolation of murine peritoneal macrophages. We extracted murine peritoneal macrophages as
described previously?’~*. Briefly, mice were intraperitoneally injected with 2 mL of 4% thioglycolate (Sigma-
Aldrich, St. Louis, MO, USA). After four days from the injection, 10 ml of HanK’s balanced salt solution (Corning
Cellgro, Manassas, VA, USA) was intraperitoneally injected at the site and extracted with a syringe. The collected
peritoneal fluid was centrifuged, and cells were resuspended in Roswell Park Memorial Institute (RPMI)-1640
medium (Invitrogen, Carlsbad, CA, USA). After culturing for two hours, cells were washed, and the remaining
cells were collected as peritoneal macrophages.

To elucidate mechanisms responsible for intestinal fibrosis, isolated peritoneal macrophages were exposed to
bacterial endotoxin, LPS. TLR4™'~ peritoneal macrophages and their wild-type counterparts were pretreated with
sulforaphane and challenged with 10 ng/mL LPS (Sigma-Aldrich). After four hours of LPS stimulation, the tran-
scription levels of inflammatory cytokines were measured through real-time reverse transcription-polymerase
chain reaction (RT-PCR).

Culture and preparation of human cell lines. The human colon myofibroblasts, CCD-18Co cells
(Korean Cell Line Bank 21,459, Seoul, Korea) were cultured in a Dulbecco’s modified Eagle medium (DMEM)/
Earle’s balanced salt solution (EBSS) medium supplied with 10% fetal bovine serum (FBS), 1 mM non-essential
amino acids, 1 mM sodium pyruvate, and 2 mM sodium bicarbonate without antibiotics. HCT116 human IECs
(Korean Cell Line Bank 10,247, Seoul, Korea) were cultured in the RPMI-1640 medium containing 5% FBS. All
cells were incubated at 37 °C in a humidified 5% CO, incubator.

TLR4 was silenced by transfecting CCD-18Co cells or HCT116 cells with siRNAs specific for human TLR4
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). TLR4 siRNAs were transfected using WelFect-EX reagents
(Welgene, Daegu, Korea) as per the manufacturer’s instructions. Scrambled siRNAs (Santa Cruz Biotechnology)
were used as controls. After transfections, CCD-18Co cells were treated with or without 10 ng/mL LPS for four
hours. HCT116 cells were treated with 10 ng/mL LPS after transfections.

RT-PCR. The role of TLR4 in LPS-treated murine peritoneal macrophages was assessed by evaluating the
expression of TNF-a, IL-12p40, and TGF-f by real-time RT-PCR. Total RNA was isolated from murine perito-
neal macrophages, and complementary DNA (cDNA) was synthesized using amfiRivert cDNA Synthesis Plati-
num Master Mix (GenDEPOT, Texas, USA) from total RNA isolated from peritoneal macrophages. The primers
used were as follows: TNF-qa, (5'-CAT CTT CTA AAA ATC GAG TGA CAA-3' and 5'-TGG GAG TAG ACA
AGG TAC AAC CC-3"); IL-12p40, (5-GGA AGC ACG GCA GCA GAA TA-3' and 5-AAC TTG AGG GAG
AAG TAG GAA TGG-3); TGF-p, (5-TGG AAA TCA ACG GGA TCA G-3"and 5'-GTC CAG GCT CCA AAT
ATA GG-3'). The relative changes in gene expression were calculated by normalizing the expression level of the
target gene to the level of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Similarly, the expressions of MMP-1, TIMP, and collagen al in CCD-18Co cells treated with TLR4 siRNA,
and those of HIF-1a and vimentin in HCT116 cells were also evaluated by real-time RT-PCR. The primers were
as follows: MMP-1, (5'- GGT GAT GAA GCA GCC CAG-3'and 3'- CAG TAG AAT GGG AGA GTC-5'); TIMP,
(5'- ART CAA CSA GAC CAC CTT ATA CCA-3'and 3’- ASC TGR TCC GTC CAC AAR CA-5"); collagen al,
(5'-GAA CGC GTG TCA TCC CTT GT-3" and 3'-GAA CGA GGT AGT CTT TCA GCA ACA-5"); HIF-1a,
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(5'- CAT CTC CAT CTC CTA CCC ACA T-3'and 3'- ACT CCT TTT CCT GCT CTG TTT G-5'); vimentin,
(5'- GAA GAG AACTTT GCC GTT GAA G-3'and 3'- ACG AAG GTG ACG AGC CAT T-5).

Statistical analysis. Data are expressed as mean and standard error of the mean (SEM). Non-parametric
Mann-Whitney test was performed to compare values between the groups using SPSS 25 statistical software
(SPSS, Chicago, IL, USA). The P-values less than 0.05 were considered statistically significant.

Ethics approval. All procedures were approved by the Animal Care Committee at SMG-SNU Boramae
Medical Center (IACUC No.2016-0017). All animal experiments were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals published by the National Institute of Health.

Received: 28 July 2020; Accepted: 29 October 2020
Published online: 16 November 2020

References

1. Rieder, E, Brenmoehl, J., Leeb, S., Scholmerich, J. & Rogler, G. Wound healing and fibrosis in intestinal disease. Gut 56, 130-139.
https://doi.org/10.1136/gut.2006.090456 (2007).

2. Kalluri, R. & Weinberg, R. A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 119, 1420-1428 (2009).

3. Kalluri, R. & Neilson, E. G. Epithelial-mesenchymal transition and its implications for fibrosis. J. Clin. Investig. 112, 1776-1784
(2003).

4. Thiery, J. P. & Sleeman, J. P. Complex networks orchestrate epithelial-mesenchymal transitions. Nat. Rev. Mol. Cell Biol. 7,131-142
(2006).

5. Latella, G., Di Gregorio, J., Flati, V,, Rieder, F. & Lawrance, I. C. Mechanisms of initiation and progression of intestinal fibrosis in
IBD. Scand. ]. Gastroenterol. 50, 53-65 (2015).

6. Speca, S., Giusti, I, Rieder, E & Latella, G. Cellular and molecular mechanisms of intestinal fibrosis. World J. Gastroenterol. W]G
18, 3635 (2012).

7. Latella, G. & Rieder, F. Intestinal fibrosis: ready to be reversed. Curr. Opin. Gastroenterol. 33, 239-245 (2017).

8. De Dombal, E T., Watts, J. M., Watkinson, G. & Goligher, J. C. Local complications of ulcerative colitis: stricture, pseudopolyposis,
and carcinoma of colon and rectum. Br. Med. J. 1, 1442-1447. https://doi.org/10.1136/bm;j.1.5501.1442 (1966).

9. Gumaste, V., Sachar, D. B. & Greenstein, A. J. Benign and malignant colorectal strictures in ulcerative colitis. Gut 33, 938-941.
https://doi.org/10.1136/gut.33.7.938 (1992).

10. Lashner, B. A, Turner, B. C.,, Bostwick, D. G., Frank, P. H. & Hanauer, S. B. Dysplasia and cancer complicating strictures in ulcera-
tive colitis. Dig. Dis. Sci. 35, 349-352 (1990).

11. Latella, G., Sferra, R., Speca, S., Vetuschi, A. & Gaudio, E. Can we prevent, reduce or reverse intestinal fibrosis in IBD. Eur. Rev.
Med. Pharmacol. Sci. 17, 1283-1304 (2013).

12. Pelletier, A. L., Kalisazan, B., Wienckiewicz, J., Bouarioua, N. & Soul$, J. C. Infliximab treatment for symptomatic Crohn’s disease
strictures. Aliment. Pharmacol. Therap. 29, 279-285 (2009).

13. Holtmann, M. et al. Anti-TNF antibodies in the treatment of inflammatory intestinal stenoses in Crohn’s disease. Z. Gastroenterol.
41,11-17 (2003).

14. de Bruyn, J. R. et al. Intestinal fibrosis is associated with lack of response to Infliximab therapy in Crohn’s disease. PLoS ONE 13,
€0190999. https://doi.org/10.1371/journal.pone.0190999 (2018).

15. Boyapati, R. K., Rossi, A. G., Satsangi, ]. & Ho, G. T. Gut mucosal DAMPs in IBD: from mechanisms to therapeutic implications.
Mucosal. Immunol. 9, 567-582. https://doi.org/10.1038/mi.2016.14 (2016).

16. Anders, H.-]. & Schaefer, L. Beyond tissue injury—damage-associated molecular patterns, toll-like receptors, and inflammasomes
also drive regeneration and fibrosis. J. Am. Soc. Nephrol. 25, 1387-1400 (2014).

17. Danese, S. Immune and nonimmune components orchestrate the pathogenesis of inflammatory bowel disease. Am. J. Physiol.
Gastrointest. Liver Physiol. 300, 716722 (2011).

18. Akira, S. & Takeda, K. Toll-like receptor signalling. Nat. Rev. Immunol. 4, 499-511. https://doi.org/10.1038/nri1391 (2004).

19. Lee, K. M. & Seong, S. Y. Partial role of TLR4 as a receptor responding to damage-associated molecular pattern. Immunol. Lett.
125, 31-39. https://doi.org/10.1016/j.imlet.2009.05.006 (2009).

20. Noreen, M. et al. TLR4 polymorphisms and disease susceptibility. Inflamm. Res. 61, 177-188 (2012).

21. Palsson-McDermott, E. M. & O’'Neill, L. A. Signal transduction by the lipopolysaccharide receptor, toll-like receptor-4. Immunology
113, 153-162 (2004).

22. Rieder, E, Brenmoehl, J., Leeb, S., Scholmerich, J. & Rogler, G. Wound healing and fibrosis in intestinal disease. Gut 56, 130-139
(2007).

23. Wynn, T. A. Fibrotic disease and the TH 1/TH 2 paradigm. Nat. Rev. Immunol. 4, 583-594 (2004).

24. Yang, M.-H. et al. Direct regulation of TWIST by HIF-1a promotes metastasis. Nat. Cell Biol. 10, 295-305 (2008).

25. Evans, A. . et al. VHL promotes E2 box-dependent E-cadherin transcription by HIF-mediated regulation of SIP1 and snail. Mol.
Cell. Biol. 27, 157-169 (2007).

26. Janeway, C. A. Jr. & Medzhitov, R. Innate immune recognition. Annu. Rev. Immunol. 20, 197-216 (2002).

27. Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and innate immunity. Cell 124, 783-801 (2006).

28. Franchimont, D. et al. Deficient host-bacteria interactions in inflammatory bowel disease? The toll-like receptor (TLR)-4 Asp299gly
polymorphism is associated with Crohn’s disease and ulcerative colitis. Gut 53, 987-992. https://doi.org/10.1136/gut.2003.03020
5 (2004).

29. Kiihl, A. A,, Erben, U, Kredel, L. I. & Siegmund, B. Diversity of intestinal macrophages in inflammatory bowel diseases. Front.
Immunol. 6,613 (2015).

30. Wynn, T. A. & Vannella, K. M. Macrophages in tissue repair, regeneration, and fibrosis. Immunity 44, 450-462 (2016).

31. Froehlich, F. et al. Fibrostenotic Crohn’s disease. Digestion 76, 113-115 (2007).

32. Zhang, Y, Lee, T. C., Guillemin, B., Yu, M.-C. & Rom, W. N. Enhanced IL-1 beta and tumor necrosis factor-alpha release and mes-
senger RNA expression in macrophages from idiopathic pulmonary fibrosis or after asbestos exposure. J. Immunol. 150, 4188-4196
(1993).

33. Lenti, M. V. & Di Sabatino, A. Intestinal fibrosis. Mol. Aspects Med. 65, 100-109 (2019).

34. Bates, R. C. & Mercurio, A. M. Tumor necrosis factor-a stimulates the epithelial-to-mesenchymal transition of human colonic
organoids. Mol. Biol. Cell 14, 1790-1800 (2003).

35. Huaux, F. et al. A profibrotic function of IL-12p40 in experimental pulmonary fibrosis. J. Immunol. 169, 2653-2661 (2002).

36. Wong, Y., Sethu, C., Louafi, F. & Hossain, P. Lipopolysaccharide regulation of toll-like receptor-4 and matrix metalloprotease-9 in
human primary corneal fibroblasts. Invest. Ophthalmol. Vis. Sci. 52, 2796-2803 (2011).

Scientific Reports |

(2020) 10:19867 | https://doi.org/10.1038/s41598-020-76880-y nature research


https://doi.org/10.1136/gut.2006.090456
https://doi.org/10.1136/bmj.1.5501.1442
https://doi.org/10.1136/gut.33.7.938
https://doi.org/10.1371/journal.pone.0190999
https://doi.org/10.1038/mi.2016.14
https://doi.org/10.1038/nri1391
https://doi.org/10.1016/j.imlet.2009.05.006
https://doi.org/10.1136/gut.2003.030205
https://doi.org/10.1136/gut.2003.030205

www.nature.com/scientificreports/

37. Darby, I. A, Laverdet, B., Bonté, F. & Desmouliére, A. Fibroblasts and myofibroblasts in wound healing. Clin. Cosmet. Investig.
Dermatol. 7,301 (2014).

38. Tomasek, J. J., Gabbiani, G., Hinz, B., Chaponnier, C. & Brown, R. A. Myofibroblasts and mechano-regulation of connective tissue
remodelling. Nat. Rev. Mol. Cell Biol. 3, 349-363 (2002).

39. Leeb, S. N. et al. Autocrine fibronectin-induced migration of human colonic fibroblasts. Am. J. Gastroenterol. 99, 335-340 (2004).

40. Leeb, S. N. et al. Reduced migration of fibroblasts in inflammatory bowel disease: role of inflammatory mediators and focal adhe-
sion kinase. Gastroenterology 125, 1341-1354 (2003).

41. Kiesler, P, Fuss, I ]. & Strober, W. Experimental models of inflammatory bowel diseases. Cell. Mol. Gastroenterol. Hepat. 1, 154-170
(2015).

42. Melgar, S., Karlsson, A. & Michaélsson, E. Acute colitis induced by dextran sulfate sodium progresses to chronicity in C57BL/6
but not in BALB/c mice: correlation between symptoms and inflammation. Am. J. Physiol. Gastroint. Liver Physiol. 288, 1328-1338
(2005).

43. Suzuki, K. et al. Analysis of intestinal fibrosis in chronic colitis in mice induced by dextran sulfate sodium. Pathol. Int. 61, 228-238
(2011).

44. Cooper, H. S, Murthy, S., Shah, R. & Sedergran, D. Clinicopathologic study of dextran sulfate sodium experimental murine colitis.
Lab. Investig. ]. Tech. Methods Pathol. 69, 238-249 (1993).

45. Koh, S. . et al. Matricellular Protein Periostin Mediates Intestinal Inflammation through the activation of nuclear factor kappaB
signaling. PLoS ONE 11, e0149652. https://doi.org/10.1371/journal.pone.0149652 (2016).

46. Koh, S.J. et al. Fluoxetine inhibits NF-kappaB signaling in intestinal epithelial cells and ameliorates experimental colitis and
colitis-associated colon cancer in mice. Am. J. Physiol. Gastrointest. Liver Physiol. 301, G9-19. https://doi.org/10.1152/ajpgi.00267
.2010 (2011).

47. Koh, S.]. et al. Matricellular protein periostin promotes colitis-associated colon tumorigenesis in mice. Carcinogenesis 40, 102-111.
https://doi.org/10.1093/carcin/bgy120 (2019).

48. Seo, ]. Y. et al. Nimbolide inhibits nuclear factor-capital KA, CyrillicB pathway in intestinal epithelial cells and macrophages and
alleviates experimental colitis in mice. Phytother. Res. 30, 1605-1614. https://doi.org/10.1002/ptr.5657 (2016).

49. Lee, C. et al. Enalapril inhibits nuclear factor-kappaB signaling in intestinal epithelial cells and peritoneal macrophages and attenu-
ates experimental colitis in mice. Life Sci. 95, 29-39. https://doi.org/10.1016/j.1fs.2013.11.005 (2014).

Acknowledgements

This research was supported by National Research Foundation of Korea (NRF) grant funded by the Korea govern-
ment (MSIT) (No. 2019R1C1C1002243) and Basic Science Research Program through the NRF funded by the
Ministry of Education (NRF-2016R1D1A1B03931961 and NFR-2020R1F1A1066491). Also, it was supported
by Seoul national university hospital (3020160160).

Author contributions

H.S.P, S.J.K,, and ].W.K. study concept and design; Y.K.J., S.H.K., and H.T.Y. acquisition of data; Y.K.J. and S.J.K.
analysis of data; Y.K.J. and S.J.K. drafting of manuscript; H.S.S., H.J.L., J.P.I., and J.S.K. critical revision of the
manuscript; Y.K.J. statistical analysis; ].W.K. and S.J.K. study supervision.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.W.K. or S.-J.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:19867 | https://doi.org/10.1038/s41598-020-76880-y nature research


https://doi.org/10.1371/journal.pone.0149652
https://doi.org/10.1152/ajpgi.00267.2010
https://doi.org/10.1152/ajpgi.00267.2010
https://doi.org/10.1093/carcin/bgy120
https://doi.org/10.1002/ptr.5657
https://doi.org/10.1016/j.lfs.2013.11.005
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Toll-like receptor 4 regulates intestinal fibrosis via cytokine expression and epithelial-mesenchymal transition
	Results
	TLR4-deficiency attenuated the severity of chronic inflammation and fibrosis in murine model of colitis. 
	TLR4 induced collagen deposition in colon submucosa along with colonic infiltration of macrophages and myofibroblasts. 
	Intestinal fibrosis might promote the expression of tumor necrosis factor-α (TNF-α) and IL-12p40 in LPS-treated murine peritoneal macrophages. 
	TLR4 facilitated the expression of tissue inhibitor of metalloproteinase (TIMP) and collagen α1 in human colon myofibroblasts. 
	TLR4 modulated EMT in human IECs. 

	Discussion
	Methods
	Mice. 
	Induction and evaluation of DSS-induced colon fibrosis. 
	Immunohistochemical staining of mouse colon tissues. 
	Isolation of murine peritoneal macrophages. 
	Culture and preparation of human cell lines. 
	RT-PCR. 
	Statistical analysis. 
	Ethics approval. 

	References
	Acknowledgements


