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Abstract

Background and Aims This study aimed to evaluate the

antifibrotic effects of NF-E2-Related Factor 2 (Nrf2) on

intestinal fibrosis. Intestinal fibrosis is a common compli-

cation of Crohn’s disease; however, its mechanism of

intestinal fibrosis is largely unclear.

Methods BALB/c mice received 2,4,6-trinitrobenzene

sulfonic acid weekly via intrarectal injections to induce

chronic fibrotic colitis. They also diet containing received

1% (w/w) tert-butylhydroquinone (tBHQ), which is an

agonist of Nrf2. Human intestinal fibroblasts (CCD-18Co

cells) were pretreated with tBHQ or si-Nrf2 followed by

stimulation with transforming growth factor-b1 (TGF-b1),
which transformed the cells into myofibroblasts. The main

fibrosis markers such as a-smooth muscle actin, collagen I,

tissue inhibitor of metalloproteinase-1, and TGF-b1/
SMADs signaling pathway were detected by quantitative

real-time RT-PCR, immunohistochemical analysis, and

Western blot analysis. Levels of cellular reactive oxygen

species (ROS) were detected by dichlorodihydrofluorescein

diacetate.

Results tBHQ suppressed the intestinal fibrosis through the

TGF-b1/SMADs signaling pathway in TNBS-induced

colitis and CCD-18Co cells. Moreover, Nrf2 knockdown

enhanced the TGF-b1-induced differentiation of CCD-

18Co cells. ROS significantly increased in TGF-b1-stim-

ulated CCD-18Co cells. Pretreatment with H2O2, the pri-

mary component of ROS, was demonstrated to block the

effect of tBHQ on reducing the expression of TGF-b1.
Moreover, scavenging ROS by N-acetyl cysteine could

inhibit the increasing expression of TGF-b1 promoted by

Nrf2 knockdown.

Conclusions The results suggested that Nrf2 suppressed

intestinal fibrosis by inhibiting ROS/TGF-b1/SMADs

pathway in vivo and in vitro.

Keywords NF-E2-Related Factor 2 � Colitis � Fibrosis �
Reactive oxygen species � TGF-b1/SMADs signaling

pathway

Introduction

Inflammatory bowel disease (IBD) is a chronic relapsing

disease, including Crohn’s disease (CD) and ulcerative

colitis (UC). Intestinal fibrosis is a common complication

of IBD and occurs in approximately 30% of patients with

CD [1]. The mechanism of intestinal fibrosis is compli-

cated, involving excessive extracellular matrix deposition

(ECM) and mesenchymal cells proliferation [2, 3].

Intestinal fibrosis can also induce luminal stenosis fre-

quently, which has a serious impact on the life quality of

patients, ultimately requiring surgery [4].

NF-E2-Related Factor 2 (Nrf2), a nuclear transcription

factor, plays an indispensable role in cellular defense

against oxidative stress. Under normal condition, Nrf2 is

combined with its negative regulatory protein, Kelch-like

ECH-associating protein 1 (Keap1), and retained in the

cytoplasm [5].
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Nrf2 is released from Keap1 after stimulation by reac-

tive oxygen species (ROS) or inflammatory cytokines and

translocates into the nucleus. It combines with antioxidant

response element to initiate the expression of various

antioxidant-associated genes expression including heme

oxygenase 1 (HO-1), glutamate–cysteine ligase catalytic

(GCLC) subunit and glutamate–cysteine ligase modifier

(GCLM) subunit [6]. The downstream products of Nrf2 can

clear ROS and reduce the accumulation of oxidative stress

substances.

ROS is reported to induce fibrosis through the TGF-b1/
SMADs pathway, which is closely related to fibrosis [7, 8].

Removing ROS can inhibit TGF-b1-induced epithelial-to-

mesenchymal transition (EMT) [9]. Transforming growth

factor-b1 (TGF-b1) is the most important profibrogenic

molecule in intestinal fibrosis. It mainly mediates through

the SMADs family to activate the transcription of collagen

and fibronectin, the primary component of ECM [10].

The degradation of ECM is also mediated by the matrix

metalloproteinases (MMPs) and tissue inhibitor of metal-

loproteinases (TIMPs). The imbalance between the

expression of MMPs and TIMP-1 causes excess ECM

deposition [4]. TGF-b1 can promote the expression of

TIMP-1 and inhibit the expression of MMPs to prevent the

degradation of ECM [11].

Tert-butylhydroquinone (tBHQ), a widely used food

additive antioxidant, can induce the expression of Nrf2 and

Nrf2-related genes in many organs including the intestine

of mice [12]. tBHQs were used to increase the expression

of Nrf2, and siRNAs were used to knockdown the

expression of Nrf2 to explore whether Nrf2 played a role in

intestinal fibrosis. The results of this study demonstrated

that overexpressed Nrf2 protected against fibrosis in 2, 4,

6-trinitrobenzene sulfonic acid (TNBS)-induced chronic

colitis mouse model and human intestinal fibroblasts.

Moreover, the low expression of Nrf2 promoted fibrosis in

human colonic fibroblasts. Further, Nrf2 played a protec-

tive role through inhibiting the ROS/TGF-b1/SMADs

pathway.

Materials and Methods

Animals and Induction of Colitis by TNBS

Female BALB/c mice (7–8 weeks old; weighing

18 ± 1.5 g; Changsheng Biotechnology, Liaoning, China)

were maintained in the Animal Center of Shengjing

Hospital (Liaoning, China) under conventional conditions.

They received TNBS (Sigma-Aldrich, MO, USA) once a

week for 6 weeks via intrarectal injections, according to

the previously described method, to induce chronic fibrotic

colitis [13]. Briefly, after 24-h fasting, the mice were

anesthetized with urethane, and then injected with

increasing doses of 100 lL of TNBS (1, 1, 1.5, 1.5, 2, and

2 mg in 45% ethanol) per week via an epidural catheter

[13]. The catheter was advanced into the rectum until 4 cm

proximal to the anus. However, the control group received

phosphate-buffered saline (PBS). All mice were killed on

the third day after the last TNBS administration. Animal

use protocols were approved by the institutional care and

animal use committee of the China Medical University and

conducted in accordance with the National Institute of

Health (NIH) Guide for the Care and Use of Laboratory

Animals.

Food pellets were mixed with 1% tBHQ (w/w; 97%,

Sigma-Aldrich) [14]. The mice were randomly divided into

four groups: (1) mice receiving a regular diet (control

group, n = 5); (2) mice receiving 1% tBHQ diet (tBHQ

group, n = 5); (3) mice receiving TNBS (TNBS group,

n = 5); and (4) mice receiving TNBS and 1% tBHQ diet

(TNBS ? tBHQ group, n = 5). The mice were adminis-

tered diet containing 1% tBHQ at the beginning of the first

cycle of TNBS until they were killed.

Evaluation of Colitis

Body weight was routinely measured on the second day

after each TNBS administration. The mice were killed on

the third day after the sixth injection, and then the colon

weight and length were recorded. The distal 4 cm of the

colon was collected, 5 mm piece of colon were fixed in

10% buffered formalin, and the rest part of the colon were

stored at -80 �C for protein and RNA extraction.

The macroscopic scores were obtained by assessing

adhesions, strictures, ulcers, wall thickness, and mucosal

edema/hyperemia. Each item was graded from 0 to 2 as

follows: adhesions (absent = 0, mild/focal-zonal = 1,

severe/diffuse = 2); strictures (absent = 0, mild = 1,

severe proximal dilatation = 2); ulcers (absent = 0, one or

two linear ulcers\1 cm = 1, more sites of ulceration or

one [1 cm = 2); wall thickness (less than 1 mm = 0,

1–3 mm = 1, more than 3 mm = 2); and mucosal edema/

hyperemia (absent = 0, mild = 1, severe = 2). The sum

of the scores was expressed as a total macroscopic score

[15].

Colonic specimens of all mice were washed and immersed

in 10%buffered formalin and then embedded in paraffin as the

standard procedure. Serial sections (3.5 mm) were stained

with hematoxylin and eosin (H&E) to assess the degree of

inflammation and with Masson’s trichrome to detect tissue

fibrosis. The stained sections were observed under a Nikon

Eclipse E800 (Nikon Corporation, Tokyo, Japan). Histologi-

cal scores were determined by ulceration (no ulcers = 0,

small ulcers\3 mm = 1, large ulcers[3 mm = 2); inflam-

mation (none = 0, mild = 1, moderate = 2, severe = 3);
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depth of lesion (none = 0, submucosa = 1, muscularis pro-

pria = 2, serosa = 3); and fibrosis (none = 0, mild = 1,

severe = 2) [15].

Cell Culture and Treatment

Human intestinal CCD-18Co fibroblasts cell lines (from

2.5 months age old female) obtained from the American

Type Culture Collection (ATCC; Manassas, VA), were

cultured in Dulbecco’s modified Eagle medium (high glu-

cose) (HyClone, UT, USA) containing 10% fetal bovine

serum (Biological Industries, Beit-Haemek, Israel) and

incubated at 37 �C with 5% CO2. After pretreating with

25 lmol/L tBHQ for 24 h, CCD-18Co cells were treated

with or without 100 mM hydrogen peroxide (H2O2)

(Sigma-Aldrich) for 1 h. Then, the cells were stimulated

with 10 ng/mL human transforming growth factor (hTGF-

b1; Cell Signaling Technology, MA, USA) for 12 h, which

could induce the expression of fibrosis-associated

molecules.

Small Interfering RNA Transfection

Nrf2 small interfering RNA (siRNA) and negative control

siRNA were purchased from Sangon Biotech (Shanghai,

China). The target sequence for Nrf2 siRNAs was sense:

50-GCCUGUAAGUCCUGGUCAUTT-30, antisense: 50-
AUGACCAGGACUUACAGGCTT-30. After starving for

4 h, the cells were treated with siRNA using Lipofectamine

2000 (Invitrogen) according to the manufacturer’s

instructions. After 24 h of transfection, the cells were

treated with or without 5 mM N-acetyl cysteine (NAC)

(Sigma-Aldrich) for 1 h and then cells were stimulated

with 10 ng/mL TGF-b1.

Quantitative Real-Time Reverse Transcription

Polymerase Chain Reaction

Total RNA was extracted with Trizol Reagent (Invitrogen)

following the manufacturer’s instructions and then reverse-

transcribed into cDNA using a PrimeScript RT Reagent Kit

(Takara Bio, Dalian, China). Quantitative real-time PCR

(qPCR) was run in LightCycler 480 II (Roche, Basel,

Switzerland) using an SYBR Premix Ex Taq II kit (Takara

Bio). The sequences of primers (Sangon Biotech, Shang-

hai, China) are listed in Table 1.

Immunohistochemical Analysis

The 3.5-mm-thick sections were rehydrated in xylene and

down-graded ethanol. The sections were blocked with 5%

bovine serum albumin in PBS for 30 min and then incu-

bated with goat polyclonal collagen I antibody (Santa Cruz

Biotechnology, CA, USA) at a 1:100 dilution overnight at

4 �C. The samples were washed for 15 min with PBS,

incubated with rabbit anti-goat immunoglobulin G (IgG)

for 30 min at room temperature, and stained with DAB

detection kit (Maixin Biotechnology, Fuzhou, China) for

1–3 min, then counterstained with hematoxylin. The slides

were photographed under a Nikon Eclipse E800 (Nikon

Corporation).

Western Blot Analysis

Colon samples and cells were homogenized in RIPA lysis

buffer (Beyotime Biotechnology, Beijing, China) contain-

ing a protease inhibitor cocktail (Roche, Basel, Switzer-

land). Nuclear protein was obtained using a nuclear

isolation kit (Beyotime Biotechnology). Equal amounts of

protein were loaded onto 10% polyacrylamide gels, elec-

trophoresed, and then transferred onto polyvinylidene

difluoride membranes. The membranes were blocked with

5% nonfat milk [dissolved in Tris-buffered saline with

Tween 20 (TBST)]. Then, the membranes were incubated

with antibodies against Nrf2, collagen I and TIMP-1 (Santa

Cruz Biotechnology) at a 1:500 dilution; antibodies against

a-SMA, MMP3, SMAD3, phospho-SMAD3 (Ser 423/425)

and LaminB1 (Abcam, MA, USA) at a 1:1000 dilution;

antibodies against TNF-a, IL-1b (Proteintech Group, PA,

USA) at a 1:2000 dilution; antibodies against TGF-b1,
SMAD2/3, phospho-Smad2(Ser465/467)/Smad3(Ser423/

425) and GAPDH (Cell Signaling Technology) at a 1:2000

dilution at 4 �C overnight. The membranes were washed

with TBST and then incubated with horseradish peroxi-

dase-conjugated secondary antibodies (Santa Cruz

Biotechnology) for 1 h at room temperature. Protein bands

were visualized using an Amersham Imager 600 Lumi-

nescent image analyzer (GE Healthcare Bio-Sciences AB,

Uppsala, Sweden).

Myeloperoxidase (MPO) Activity Assay

The activity of MPO was used to quantify neutrophil

infiltration in the colonic tissues. The MPO activity was

measured by a testing kit (Nanjing Jiancheng Bioengi-

neering Institute, China) according to the manufacturer’s

protocols. The results of the MPO activity were shown as

U/mg protein.

Measurement of ROS

Cellular ROS levels were detected using dichlorodihy-

drofluorescein diacetate (DCFH-DA; Beyotime Biotech-

nology). Briefly, the cells were cultured in 96-well plates

and pretreated with or without NAC (5 mM) or H2O2

(100lM) for 1 h before TGFb1 (10 ng/ll) for 12 h. Then,
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they were washed with Dulbecco’s modified Eagle’s

medium (serum-free) three times and incubated with

DCFH-DA for 30 min at 37 �C. After washing with PBS

thrice, the fluorescence intensity of ROS was detected with

a fluorescence microplate reader (BioTek Instruments, VT,

USA,) at 488 nm excitation wavelength and 520 nm

emission wavelength.

Statistical Analysis

Data were expressed as mean ± standard deviation (SD).

Statistical significance was determined by analysis of

variance (ANOVA) using GraphPad Prism version 6

(GraphPad, CA, USA). A value of P\ 0.05 was consid-

ered statistically significant. The experiment shown was

replicated at least 3 times.

Results

Effect of tBHQ on TNBS-Induced Colitis

The colon of the TNBS group showed more severe

intestinal inflammation, obvious hyperemia, edema, and

thickened colonic wall. Moreover, the length of colon was

significantly shorter compared with the normal group.

Adhesion, strictures, dilation, wall thickness, mucosal

edema/hyperemia, and mucosal ulcerations were improved

by tBHQ treatment, and the macroscopic scores of the

tBHQ ? TNBS group were reduced than that of the

TNBS-treated group, as shown in Fig. 1a, c. The colon

weight/length ratio was representative of inflammation and

fibrosis. The colon weight/length ratio increased in the

TNBS group, and tBHQ treatment slightly reduced the

ratio compared with the TNBS group (Fig. 1b).

The TNBS group had a high colonic histological score

and exhibited obvious inflammatory cell infiltration, and

reduction in crypt and goblet cell number. ECM deposition

was also observed in the subepithelial and serosal areas.

The mice treated with tBHQ had a significant reduction in

the colonic histological score and ECM deposition com-

pared with the mice in the TNBS group (Fig. 1d–f).

tBHQ Attenuates TNBS-Induced Chronic Intestinal

Inflammation

MPO is produced by neutrophils and serves as a biomarker

of inflammation. As shown in Fig. 2a, compared with the

control group, MPO activity was significantly increased in

TNBS group. The oral administration of tBHQ effectively

reduced MPO activity in the TNBS-treated mice. We next

detected the expression of tumor necrosis factor-a (TNF-a)
and interleukin-1 (IL-1b), which are major cytokines in

IBD. TNF-a and IL-1b were expressed at relatively high

levels in TNBS-treated mice, however, tBHQ suppressed

the expression of TNF-a and IL-1b (Fig. 2b–d).

tBHQ Suppressed the Increased Expression

of Fibrosis Markers in TNBS-Induced Colitis

a-SMA and collagen I were considered as themain intestinal

fibrosis markers. The expression of Col1a1 and a-SMA

mRNA increased 1.84-fold and 2.28-fold, respectively, in

the TNBS group compared with control group. In contrast,

the expression of Col1a1 and a-SMAmRNA increased only

Table 1 Primer sequences used for qRT-PCR analysis

Gene Source Forward (50–30) Reverse sequences (50–30)

Nrf2 Human CGG TAT GCA ACA GGA CAT TG ACT GGT TGG GGT CTT CTG TG

HO-1 Human GGG TGA TAG AAG AGG CCA AGA CT CAG CTC CTG CAA CTC CTC AAA

GCLC Human TGA AGG GAC ACC AGG ACA GCC GCA GTG TGA ACC CAG GAC AGC

GCLM Human AAT CTT GCC TCC TGC TGT GTG A TGC GCT TGA ATG TCA GGA ATG C

a-SMA Human TGT GGC TAT CCA GGC GGT GC TCT CGG CCA GCC AGA TCC AGA C

COL1a1 Human GGA ATG AAG GGA CAC AGA GG CTT AGC ACC AAC AG CAC CAG

MMP3 Human TGC TTT GTC CTT TGA TGC TG GAT TTT CCT CAC GGT TGG AG

TIMP-1 Human CTG TTG TTG CTG TGG CTG AT GTT GTG GGA CCT GTG GAA GT

GAPDH Human GCA CCG TCA AGG CTG AGA AC TGG TGA AGA CGC CAG TGG A

a-SMA Mouse ATG AAG CCC AGA GCA AGA GA TCC AGA GTC CAG CAC AAT ACC

COL1a1 Mouse GAA CCC CAA GGA AAA GAA GC TGC TGT AGG TGA AGC GAC TG

MMP-3 Mouse CGA TGC TGC CAT TTC TAA TAA A GAT TTT CCT CAC GGT TGG AG

TIMP-1 Mouse TCC CCA GAA ATC AAC GAG AC ACC CCA CAG CCA GCA CTA T

GAPDH Mouse ATG TTT GTG ATG GGT GTG AA ATG CCA AAG TTG TCA TGG AT
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1.15-fold and 1.34-fold, respectively, in the TNBS ? tBHQ

group compared with the control group (Fig. 3b, c). More-

over, theWestern blot analysis demonstrated that the protein

expression levels of a-SMA and collagen Iwere higher in the

TNBS group than in the control group. tBHQ treatment

decreased the high protein levels of a-SMA and collagen I

(Fig. 3f–h). Also, the immunohistochemical analysis of

collagen I also confirmed that tBHQ reduced the high

expression of collagen I (Fig. 3a).

MMP3, an ECM-degrading protease, and TIMP-1, a

specific inhibitor of MMPs, were also detected to prove the

effect of tBHQ on ECM degradation. As shown in Fig. 3d,

Fig. 1 Effect of tBHQ on TNBS-Induced colitis. a Macroscopic

appearance of colons from the mice in four different groups. The

colon length of the TNBS group was shorter compared with the other

three groups. Adhesion, strictures, dilation, and wall thickness

induced by TNBS are improved by tBHQ treatment. b Colon

weight/length ratio. c Macroscopic score. d Histological score.

e Representative H&E staining (9100). The TNBS group exhibited

obvious inflammatory cell infiltration, and reduction in crypt and

goblet cells. f Representative Masson trichrome staining: ECM

deposition (blue area) decreased with tBHQ treatment (9200). Data

were presented as mean ± SD, n = 5 per group. *P\ 0.05 and

**P\ 0.01
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the expression of TIMP-1 mRNA in the TNBS-treated

mice was 8.73-fold compared with the control mice. The

expression of TIMP-1 in the TNBS ? tBHQ group was

3.61-fold compared with the control group (Fig. 3d). The

Western blot analysis of TIMP-1 had similar results as

gene expression (Fig. 3f, i). The expression of MMP3

mRNA in the TNBS group showed no significant differ-

ence compared with the control group. The expression of

MMP3 mRNA gene increased 1.12-fold in the

TNBS ? tBHQ group compared with the control group

(Fig. 3e). Nevertheless, the Western blot result showed that

the levels of MMP3 decreased significantly in the mice

treated with TNBS (Fig. 3f, j). The expression of MMP3

protein in TNBS ? tBHQ group elevated slightly com-

pared with the TNBS group, but with no significant dif-

ference (P[ 0.05).

tBHQ Induced Nrf2 and Nrf2-Related Antioxidant

Expression in Intestinal Fibroblast Cells

The expression levels of Nrf2, HO-1, GCLC, and GCLM

were examined by qRT-PCR and Western blot analysis to

investigate the effect of tBHQ and TGF-b1 on Nrf2 and

Nrf2-related antioxidant expression. As shown in Fig. 4a,

pretreatment of CCD-18Co cells with tBHQ(25 lmol/L)

for 24 h then treatment with TGFb1(10 ng/mL) for 12 h

elevated the mRNA expression of Nrf2, HO-1, GCLC and

GCLM.

The other experimental data illustrated that TGF-b1
could induce the nuclear protein expression of Nrf2

(Fig. 4b). Moreover, treatment of CCD-18Co cells with

tBHQ ? TGF-b1 increased the nuclear protein expression

of Nrf2 compared with TGF-b1 alone.

Fig. 2 tBHQ suppressed the increased expression of MPO and

inflammation markers in TNBS-induced colitis. a MPO activity in

colonic tissues from each group. Data were presented as mean ± SD,

n = 4 per group, *P\ 0.05 and **P\ 0.01. b–d Western blot

analysis for the expression of TNF-a and IL-1b and GAPDH in

colonic tissues from each group. Data were presented as mean ± SD,

n = 5 per group, *P\ 0.05 and **P\ 0.01
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Fig. 3 tBHQ suppressed the increased expression of fibrosis markers

in TNBS-induced colitis. a Immunohistochemical analysis of colla-

gen I (9200). b–e Expression of a-SMA, Col1a1, MMP3, and TIMP-

1 mRNA was measured by qRT-PCR and normalized to GAPDH

mRNA. f–j Representative Western blot analysis for a-SMA,

collagen I, MMP3, TIMP-1, and GAPDH in colonic tissues from

each group. Data were presented as mean ± SD, n = 5 per group,

*P\ 0.05 and **P\ 0.01
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Fig. 4 Nrf2 inhibits fibrosis in CCD-18Co cells. a Effect of tBHQ

and TGF-b1 on the Nrf2 and Nrf2-related antioxidant expression in

CCD-18Co cells. Nrf2, HO-1, GCLC, and GCLM were examined by

qRT-PCR and normalized to GAPDH mRNA. b Nuclear protein

expression of Nrf2 was measured by Western blot analysis. c Treat-

ment with tBHQ prevented the TGF-b1–induced differentiation of

CCD-18co cells. The expression of a-SMA, Col1a1, MMP3, TIMP-1

mRNA was measured by qRT-PCR after pretreatment of CCD-18Co

cells with tBHQ (25 lmol/L) for 24 h followed by treatment with

TGFb1 (10 ng/mL) for 12 h, d–h protein expression was measured by

Western blot analysis. Data were presented as mean ± SD, n = 3–4

experiments, *P\ 0.05 and **P\ 0.01
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Treatment with tBHQ Prevented the TGF-b1-
Induced Differentiation of CCD-18Co Cells

TGF-b1 could induce the differentiation of CCD-18Co

fibroblasts transforming them into ECM-producing myofi-

broblasts. The results of Western blot and qPCR analyses

revealed that the CCD-18Co cells stimulated with TGF-b1
indicated a significantly increase in the expression of

fibrosis markers, a-SMA, collagen I, and TIMP-1. How-

ever, pretreatment with tBHQ significantly inhibited the

TGF-b1-induced increase in the expression levels of a-
SMA, collagen I, and TIMP-1 (Fig. 4c–g).

tBHQ treatment resulted in significantly higher expres-

sion of MMP3 mRNA compared with the control group,

and the cells treated with TGF-b1 just increased slightly.

Nevertheless, no differences were found in the expression

of MMP3 between TGF-b1 and TGF-b1 ? tBHQ treat-

ment (Fig. 4c). The Western blot analysis also showed that

the expression of MMP3 had no difference in the TGF-b1
and TGF-b1 ? tBHQ groups (Fig. 4d, h).

Nrf2 Knockdown Enhanced TGF-b1-Induced
Differentiation of CCD-18Co Cells

CCD-18Co cells were transfected with Nrf2 siRNA before

TGF-b1 (10 ng/mL, 12 h) treatment, and fibrosis-related

proteins were assessed by Western blot analysis to deter-

mine whether Nrf2 knockdown enhanced TGF-b1-induced
fibrosis. The expression of Nrf2 significantly decreased by

transfection with Nrf2 siRNA compared with negative

control siRNA-transfected cells after 24 h (Fig. 5a). The

protein expression levels of a-SMA and collagen I

Fig. 5 Nrf2-siRNA enhanced fibrosis in CCD-18Co cells. a Western

blot analysis showed that the expression of Nrf2 protein in CCD-18Co

cells was reduced by siRNA transfection. b–d CCD-18Co cells were

transfected with Nrf2 siRNA before TGF-b1 (10 ng/mL, 12 h)

treatment, and the protein expression levels of a-SMA and collagen

I were assessed by Western blot analysis. Data were presented as

mean ± SD, n = 3–4 experiments, *P\ 0.05 and **P\ 0.01
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markedly increased in the Nrf2 knockdown group com-

pared with the negative control siRNA group (Fig. 5b–d),

indicating that the downregulation of Nrf2 could enhance

TGFb1-induced differentiation of CCD-18Co cells.

Effect of tBHQ Treatment on the TGF-b1/SMADs

Signaling Pathway in TNBS-Induced Colitis

and CCD-18Co Cells

The TGF-b1/SMADs signaling pathway was considered to

be closely involved in fibrosis and extracellular matrix pro-

duction. The expression of TGF-b1 protein and its down-

stream effector molecules SMAD3, SMAD2/3,

phosphorylated SMAD3, and phosphorylated Smad2/3 were

examined by Western blot analysis to study the effect of

tBHQ treatment on the TGF-b1/SMADs signaling pathway

in TNBS-induced colitis. As shown in Fig. 6, TNBS

administration led to a significant increase in the expression

of TGF-b1, phosphorylated SMAD3, SMAD2/3, and phos-

phorylated SMAD2/3, whereas the expression of SMAD3

was not significantly altered. Daily oral tBHQ treatment

decreased the expression of TGF-b1, phosphorylated

SMAD3, SMAD2/3, and phosphorylated SMAD2/3.

The same results were observed in the in vitro study.

The Western blot results showed that pretreatment with

25 lmol/L tBHQ for 24 h significantly blocked the

increased expression of TGF-b1, phosphorylated SMAD3,

SMAD2/3, and phosphorylated SMAD2/3 induced by

treatment with 10 ng/mL TGF-b1 for 12 h in CCD-18co

cell (Fig. 7b–h).

Effect of Nrf2 Knockdown on the TGF-b1/SMADs

Signaling Pathway in CCD-18Co Cells

The levels of TGF-b1, phosphorylated SMAD3, and

phosphorylated SMAD2/3 increased in CCD-18Co cells

with negative control siRNA transfection and TGF-b1
treatment. Also, Nrf2-siRNA transfection significantly

increased TGF-b1-induced proteins expression of phos-

phorylated SMAD3, phosphorylated SMAD2/3, and TGF-

b1 compared with the negative control (Fig. 8a–d).

Nrf2 Inhibited Intestinal Fibrosis by Inhibiting

the ROS-Dependent TGF-b1 Signaling Pathway

in CCD-18Co Cells

The level ofROSwas assayedwith a fluorescence probe after

12-h incubation with TGF-b1 in CCD-18Co cells to deter-

mine whether ROS played a role in intestinal fibrosis. The

result showed that ROS significantly increased with TGF-b1

Fig. 6 Effect of tBHQ on the TGF-b1/Smads signaling pathway in

TNBS-induced colitis. a–f Western blot analysis for TGF-b1,
SMAD3, phosphorylation SMAD3, SMAD2/3, phosphorylation

Smad2/3, and GAPDH in colonic tissues from each groups. Data

were presented as mean ± SD, n = 5 per group, *P\ 0.05 and

**P\ 0.01
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treatment (Fig. 7a). Cells pretreated with TGF-b1 and

100 mM hydrogen peroxide (H2O2), which is the main

component of ROS, had a higher level of ROS compared

with TGF-b1 only. The results of this study also indicated

that pretreatmentwith 5 mMNAC, anROS scavenger, could

partially abolish the expression of TGF-b1-induced ROS.

H2O2 and NAC were used to confirm whether Nrf2

could inhibit intestinal fibrosis by inhibiting the ROS-de-

pendent TGF-b1 signaling pathway in CCD-18Co cells.

The Western blot results demonstrated that treatment with

200 mM H2O2 could block the effect of tBHQ on reducing

the expression of TGF-b1 in CCD-18Co cells (Fig. 7b, c).

Moreover, treatment with 5 mM NAC partially abolished

the effect of Nrf2 siRNA on the activation of TGF-b1
expression (Fig. 8a). Altogether, all these results indicated

that Nrf2 inhibited the expression of TGF-b1 signaling

pathway via scavenging ROS in CCD-18Co cells (Fig. 9).

Discussion

Nrf2 plays a major role in regulating genes encoding many

antioxidants and defending against oxidative stress [16].

The immunohistochemical analysis in a recent study

revealed that the expression of Nrf2 was upregulated at

inflammatory sites of IBD tissues [17]. Also, heme

Fig. 7 Nrf2 inhibits ROS/TGF-b1/SMADs signaling pathway. a Ex-

pression of ROS generation was increased by TGF-b1. b–c Effect of

tBHQ treatment on the expression of TGF-b1 in CCD-18Co cells.

The protein level of was determined by Western blot analysis. Co-

treatment with 200 mM H2O2 could block the effect of tBHQ on

reducing the expression of TGF-b1 in CCD-18Co cells d–h effect of

tBHQ treatment on the TGF-b1/SMADs signaling pathway in CCD-

18Co cells. The protein levels of SMAD3, phosphorylation SMAD3,

SMAD2/3, and phosphorylation Smad2/3 were determined by

Western blot analysis. Data were presented as mean ± SD,

n = 3–4 experiments, *P\ 0.05 and **P\ 0.01
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oxygenase-1 (HO-1), one of the Nrf2 target genes, also

significantly increased in the colonic mucosa of patients

with active UC [18]. In a preliminary experiment, Nrf2

nuclear transfer was increased in intestinal mesenchymal

cells of chronic colitis-associated fibrosis mouse model.

Some reports revealed that sulforaphane, gallic acid,

3-(3-pyridylmethylidene)-2-indolinone, and cocoa could

reduce the severity of colonic injury in dextran sulfate

sodium (DSS)-induced colitis and protect against colitis-

associated cancer by activating the Nrf2 pathway [19–21].

Moreover, Nrf2-deficient mice were more sensitive to

DSS-induced colitis compared with wild mice [22]. It

suggested that the Nrf2 pathway possessed the ability to

alleviate acute colitis, chronic colitis, and associated col-

orectal cancer in the mouse model, but whether Nrf2 can

protect against colitis-associated fibrosis is unexplored.

Meanwhile, it has been confirmed that the Nrf2 pathway is

a negative regulator of fibrosis in other organs [23, 24].

Nrf2 agonist tBHQ was used to investigate the antifi-

brotic role of Nrf2 in intestinal fibrosis. H&E and Masson’s

trichrome staining showed that the oral administration of

tBHQ significantly alleviated high levels of inflammation

and fibrosis in the colon of TNBS-induced chronic colitis

mouse model.

The expression of MPO and proinflammatory cytokines,

including TNF-a and IL-1b, was measured to evaluate the

degree of inflammation in mouse model. This study demon-

strated that administration of tBHQ decreased the high

expression of MPO, TNF-a and IL-1b in TNBS-induced

colitis. It appears to be generally accepted that intestinal

fibrosis is a consequence of chronic inflammation [1]. TNF-a
and IL-1b are not only proinflammatory cytokines but also

profibrotic cytokines [25]. And decreasing the expression of

TNF-a and IL-1b can inhibit the progression of fibrosis [26].

Collagen is a major constituent of ECM in the colon. Its

deposition in the intestinal subepithelial layer increased

Fig. 8 Nrf2 inhibits ROS/TGF-b1/SMADs signaling pathway. a Ef-

fect of Nrf2-siRNA transfection on the expression of TGF-b1 in

CCD-18Co cells. Co-treatment with 5 mM NAC partially abolished

the effect of Nrf2-siRNA on the activation of TGF-b1 expression.

b–d Effects of Nrf2 knockdown on TGF-b-stimulated phosphoryla-

tion SMAD3 and phosphorylation SMAD2/3 in CCD-18Co cells.

Data were presented as mean ± SD, n = 3–4 experiments, *P\ 0.05

and **P\ 0.01
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after the repeated administration of TNBS [27]. a-smooth

muscle actin (a-SMA), another major constituent of ECM

and the marker of the activated myofibroblasts, also

increased after the repeated administration of TNBS [28].

The results of this study showed that the high expression of

collagen I and a-SMA in TNBS-induced colitis was

attenuated by tBHQ treatment. The antifibrotic effect of

tBHQ was also tested in vitro. This study demonstrated that

the overexpression of collagen I and a-SMA stimulated by

TGF-b1 was reduced due to pretreatment with tBHQ. It

was also found that the downregulation of Nrf2 by siRNA

transfection could enhance TGFb1-induced overexpression

of a-SMA and collagen I.

Intestinal fibrosis and deposition of ECM are also reg-

ulated by the balance between MMPs and TIMPs. The

balance of MMPs/TIMPs is lost in intestinal tissues of

patients with IBD [4]. Also, the mucosa overlying the

strictured gut of fibrotic CD had lower expression of

MMP3 compared with the mucosa overlying the non-

strictured gut [29]. This study showed that the expression

of MMP3 reduced in the TNBS group. Previous studies

reported that the expression of TIMP1 increased in colonic

tissues from DSS-induced murine models and

myofibroblasts from fibrotic CD [30, 31]. And TIMP1

deficiency attenuated the development of intestinal fibrosis

in DSS-induced murine models of colitis [10]. This study

showed that tBHQ could reduce the expression of TIMP-1

in the mouse fibrosis model or human intestinal fibroblast

cells. Both in vivo and in vitro experiments suggested that

Nrf2 was a protective factor against intestinal fibrosis.

TGF-b1 is the most potent fibrogenic cytokine in the

colon. It mediates mainly through SMADs signal trans-

duction path ways to promote fibrosis. When TGF-b1 binds
to its transmembrane receptor, SMAD2 and SMAD3 are

phosphorylated and bind to SMAD4 to form a complex.

This complex moves into the nucleus and induces the

expression of target genes such as collagen and fibronectin,

which are the main ECM components [29]. The expression

of pSMAD2/3, TGF-b1, and its receptor TGF-b1R was

significantly higher in the fibrotic colon tissue of patients

with IBD and intestinal fibrosis animal model compared

with the normal tissue [29, 32]. Vallance et al. [33]

reported that the overexpression of TGF-b1 in the murine

colon led to colonic fibrosis. Moreover, compared with

wild mice, SMAD3-deficient mice had a lower suscepti-

bility to trinitrobenzene sulfonic acid, which could induce

Fig. 9 Model illustrating how

Nrf2 suppresses intestinal

fibrosis by inhibiting the ROS-

dependent TGF-b1/SMADs

signaling pathway. ROS induce

intestinal fibrosis through

profibrotic TGF-b1/SMADs

pathway. Nrf2 is released from

Keap1 after stimulation by

ROS, and translocates into the

nucleus, then initiates the

expression of various

antioxidant-associated genes

expression. The downstream

products of Nrf2 scavenge the

ROS, thereby inhibiting the

profibrotic TGF-b1/SMADs

pathway

378 Dig Dis Sci (2018) 63:366–380

123



chronic colitis and intestinal fibrosis [34]. The other studies

also demonstrated that SMAD3 deficiency prevented the

development of fibrosis in various organs, such as the

kidney, lungs, and liver [35].

The findings of this study demonstrated that tBHQ

treatments in mice with TNBS-induced intestinal fibrosis

downregulated the expression of TGF-b1, phosphorylation
SMAD3, phosphorylation SMAD2/3 and SMAD2/3 in the

Nrf2-dependent manner. The same result was obtained in

CCD-18Co fibroblast cells stimulated with TGF-b1.
Moreover, this study also demonstrated that Nrf2 knock-

down increased the expression of TGF-b1/SMADs sig-

naling pathway in CCD-18Co fibroblasts cells. This

evidence indicated that TGF-b1/SMADs signaling pathway

was inhibited by Nrf2 activation in intestinal fibrosis.

Available evidence shows that ROS contribute to the

development of fibrosis in various organs including the

liver, lung, heart, and kidney, and the reduction in ROS has

a beneficial impact [36–38]. The results of this study

showed that the production of ROS increased when TGF-

b1 induced human intestinal fibroblasts to differentiate into

activated ECM-producing myofibroblasts. The result was

consistent with previous studies about lung fibroblasts and

hepatic satellite cells in a fibrotic situation [39, 40].

Moreover, the accumulation of ROS could be reduced by

the downstream production of Nrf2, such as HO-1 and

NQO1, both in vivo and in vitro [36, 41]. This study

showed that tBHQ, the inducer of Nrf2, decreased ROS

production in TGF-b1-mediated intestinal fibroblasts.

Therefore, it was conjectured that Nrf2 attenuated intesti-

nal fibrosis by scavenging ROS.

Furthermore, it has been shown that ROS can influence

the expression of TGF-b1 and mediate the TGF-b1-in-
duced development of fibrosis in various fibrotic organs

[42–44]. tBHQ can reduce the expression of TGF-b1,
which is increased when intestinal fibroblasts differentiate

into myofibroblasts. This study also demonstrated that

pretreatment with H2O2, the primary component of ROS,

could block the effect of tBHQ on reducing the expression

of TGF-b1. Moreover, scavenging ROS by NAC could

inhibit the increasing expression of TGF-b1 promoted by

Nrf2 knockdown. It suggested that Nrf2 ameliorated

intestinal fibrosis by inhibiting the ROS-dependent TGF-b1
pathway in human intestinal fibroblasts.

In conclusion, the findings of this study suggested that

the activation of Nrf2 could decrease intestinal fibrosis

both in vivo and in vitro by scavenging ROS and modu-

lating TGF-b1/SMADs signaling. Therefore, it might pro-

vide a new possible target for treating IBD-related

intestinal fibrosis.
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