
World Journal of
Gastroenterology

World J Gastroenterol  2019 October 14; 25(38): 5732-5896

ISSN 1007-9327 (print)
ISSN 2219-2840 (online)

Published by Baishideng Publishing Group Inc



W J G World Journal of
Gastroenterology

Contents Weekly  Volume 25  Number 38  October 14, 2019

REVIEW
5732 Role of ion channels in gastrointestinal cancer

Anderson KJ, Cormier RT, Scott PM

MINIREVIEWS
5773 Targeted therapies in metastatic gastric cancer: Current knowledge and future perspectives

Pellino A, Riello E, Nappo F, Brignola S, Murgioni S, Djaballah SA, Lonardi S, Zagonel V, Rugge M, Loupakis F, Fassan M

ORIGINAL ARTICLE

Basic Study

5789 lncRNA-SNHG15 accelerates  the development of  hepatocellular  carcinoma by targeting miR-490-3p/

histone deacetylase 2 axis
Dai W, Dai JL, Tang MH, Ye MS, Fang S

5800 Sirtuin  1  alleviates  endoplasmic  reticulum  stress-mediated  apoptosis  of  intestinal  epithelial  cells  in

ulcerative colitis
Ren MT, Gu ML, Zhou XX, Yu MS, Pan HH, Ji F, Ding CY

5814 Up-regulated  Wnt1-inducible  signaling  pathway protein  1  correlates  with  poor  prognosis  and  drug

resistance by reducing DNA repair in gastric cancer
Zhang LH, Wang Y, Fan QQ, Liu YK, Li LH, Qi XW, Mao Y, Hua D

Retrospective Study

5826 Hepatitis C virus clearance and less liver damage in patients with high cholesterol, low-density lipoprotein

cholesterol and APOE ε4 allele
Gonzalez-Aldaco K, Roman S, Torres-Valadez R, Ojeda-Granados C, Torres-Reyes LA, Panduro A

5838 Nomogram to predict prolonged postoperative ileus after gastrectomy in gastric cancer
Liang WQ, Zhang KC, Cui JX, Xi HQ, Cai AZ, Li JY, Liu YH, Liu J, Zhang W, Wang PP, Wei B, Chen L

5850 Nucleoside diphosphate-linked moiety X-type motif 15 R139C genotypes impact 6-thioguanine nucleotide

cut-off levels to predict thiopurine-induced leukopenia in Crohn’s disease patients
Zhu X, Chao K, Li M, Xie W, Zheng H, Zhang JX, Hu PJ, Huang M, Gao X, Wang XD

WJG https://www.wjgnet.com October 14, 2019 Volume 25 Issue 38I

https://www.wjgnet.com


Contents
World Journal of Gastroenterology

Volume 25  Number 38  October 14, 2019

Observational Study

5862 Quality of life, work productivity impairment and healthcare resources in inflammatory bowel diseases in

Brazil
Parra RS, Chebli JMF, Amarante HMBS, Flores C, Parente JML, Ramos O, Fernandes M, Rocha JJR, Feitosa MR, Feres O,

Scotton AS, Nones RB, Lima MM, Zaltman C, Goncalves CD, Guimaraes IM, Santana GO, Sassaki LY, Hossne RS, Bafutto M,

Junior RLK, Faria MAG, Miszputen SJ, Gomes TNF, Catapani WR, Faria AA, Souza SCS, Caratin RF, Senra JT, Ferrari MLA

5883 Prevalence of hepatocarcinoma-related hepatitis B virus mutants in patients in grey zone of treatment
Gil-García AI, Madejón A, Francisco-Recuero I, López-López A, Villafranca E, Romero M, García A, Olveira A, Mena R,

Larrubia JR, García-Samaniego J

WJG https://www.wjgnet.com October 14, 2019 Volume 25 Issue 38II



Contents
World Journal of Gastroenterology

Volume 25  Number 38  October 14, 2019

ABOUT COVER Editorial board member of World Journal of Gastroenterology, Saadi Berkane,
MD, PhD, Chief Doctor, Professor, Department of Internal Medicine,
Hepatology and Gastroenterology, Bologhine Hospital, Algiers 16000,
Algeria

AIMS AND SCOPE The primary aim of World Journal of Gastroenterology (WJG, World J
Gastroenterol) is to provide scholars and readers from various fields of
gastroenterology and hepatology with a platform to publish high-quality
basic and clinical research articles and communicate their research findings
online.
  WJG mainly publishes articles reporting research results and findings
obtained in the field of gastroenterology and hepatology and covering a
wide range of topics including gastroenterology, hepatology,
gastrointestinal endoscopy, gastrointestinal surgery, gastrointestinal
oncology, and pediatric gastroenterology.

INDEXING/ABSTRACTING The WJG is now indexed in Current Contents®/Clinical Medicine, Science Citation

Index Expanded (also known as SciSearch®), Journal Citation Reports®, Index

Medicus, MEDLINE, PubMed, PubMed Central, and Scopus. The 2019 edition of

Journal Citation Report® cites the 2018 impact factor for WJG as 3.411 (5-year impact

factor: 3.579), ranking WJG as 35th among 84 journals in gastroenterology and

hepatology (quartile in category Q2). CiteScore (2018): 3.43.

RESPONSIBLE EDITORS FOR
THIS ISSUE

Responsible Electronic Editor: Yan-Liang Zhang

Proofing Production Department Director: Xiang Li

NAME OF JOURNAL
World Journal of Gastroenterology

ISSN
ISSN 1007-9327 (print) ISSN 2219-2840 (online)

LAUNCH DATE
October 1, 1995

FREQUENCY
Weekly

EDITORS-IN-CHIEF
Subrata Ghosh, Andrzej S Tarnawski

EDITORIAL BOARD MEMBERS
http://www.wjgnet.com/1007-9327/editorialboard.htm

EDITORIAL OFFICE
Ze-Mao Gong, Director

PUBLICATION DATE
October 14, 2019

COPYRIGHT
© 2019 Baishideng Publishing Group Inc

INSTRUCTIONS TO AUTHORS
https://www.wjgnet.com/bpg/gerinfo/204

GUIDELINES FOR ETHICS DOCUMENTS
https://www.wjgnet.com/bpg/GerInfo/287

GUIDELINES FOR NON-NATIVE SPEAKERS OF ENGLISH
https://www.wjgnet.com/bpg/gerinfo/240

PUBLICATION MISCONDUCT
https://www.wjgnet.com/bpg/gerinfo/208

ARTICLE PROCESSING CHARGE
https://www.wjgnet.com/bpg/gerinfo/242

STEPS FOR SUBMITTING MANUSCRIPTS
https://www.wjgnet.com/bpg/GerInfo/239

ONLINE SUBMISSION
https://www.f6publishing.com

© 2019 Baishideng Publishing Group Inc. All rights reserved. 7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

E-mail: bpgoffice@wjgnet.com  https://www.wjgnet.com

WJG https://www.wjgnet.com October 14, 2019 Volume 25 Issue 38III

mailto:bpgoffice@wjgnet.com


W J G World Journal of
Gastroenterology

Submit a Manuscript: https://www.f6publishing.com World J Gastroenterol  2019 October 14; 25(38): 5800-5813

DOI: 10.3748/wjg.v25.i38.5800 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

ORIGINAL ARTICLE

Basic Study

Sirtuin 1 alleviates endoplasmic reticulum stress-mediated
apoptosis of intestinal epithelial cells in ulcerative colitis

Meng-Ting Ren, Meng-Li Gu, Xin-Xin Zhou, Mo-Sang Yu, Hang-Hai Pan, Feng Ji, Chen-Yan Ding

ORCID number: Meng-Ting Ren
(0000-0002-3807-4596); Meng-Li Gu
(0000-0001-5851-3456); Xin-Xin
Zhou (0000-0003-0183-6400); Mo-
Sang Yu (0000-0002-5614-0227);
Hang-Hai Pan
(0000-0002-7366-8269); Feng Ji
(0000-0003-4252-8850); Chen-Yan
Ding (0000-0002-1006-1937).

Author contributions: Zhou XX
designed the experiments; Ren MT,
Gu ML, Yu MS, and Pan HH
performed the experiments and
analyzed the data; Ren MT drafted
the manuscript; Zhou XX and Gu
ML critically revised the
manuscript; Ji F and Ding CY
offered help during the
experiments; all authors have read
and approved the final manuscript.

Supported by the National Nature
Science Foundation of China, No.
81600414; the Natural Science
Foundation of Zhejiang Province,
No. LQ16H030001; and Zhejiang
TCM Science and Technology
Project, No. 2016ZA123 and No.
2018ZA013.

Institutional review board
statement: This study was
reviewed and approved by the
Institutional Review Board of the
First Affiliated Hospital, College of
Medicine, Zhejiang University.

Institutional animal care and use
committee statement: All
procedures involving animals were
reviewed and approved by the
Ethics Committee of the First
Affiliated Hospital, College of
Medicine, Zhejiang University.

Conflict-of-interest statement: No

Meng-Ting Ren, Xin-Xin Zhou, Mo-Sang Yu, Feng Ji, Department of Gastroenterology, The First
Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou 310003, Zhejiang
Province, China

Meng-Li Gu, Department of Gastroenterology, Ningbo First Hospital, Ningbo 315000, Zhejiang
Province, China

Hang-Hai Pan, Department of Gastroenterology, Zhejiang Provincial People's Hospital, People's
Hospital of Hangzhou Medical College, Hangzhou 310014, Zhejiang Province, China

Chen-Yan Ding, Department of Emergency Medicine, The First Affiliated Hospital, College of
Medicine, Zhejiang University, Hangzhou 310003, Zhejiang Province, China

Corresponding author: Xin-Xin Zhou, MD, Attending Doctor, Department of
Gastroenterology, The First Affiliated Hospital, College of Medicine, Zhejiang University, 79
Qingchun Road, Hangzhou 310003, Zhejiang Province, China. zhouxinxin@zju.edu.cn
Telephone: +86-571-87236863
Fax: +86-571-87236611

Abstract
BACKGROUND
Sirtuin 1 (SIRT1) is a nicotinamide adenine dinucleotide (NAD+)-dependent
protein deacetylase that is involved in various diseases, including cancers,
metabolic diseases, and inflammation-associated diseases. However, the role of
SIRT1 in ulcerative colitis (UC) is still confusing.

AIM
To investigate the role of SIRT1 in intestinal epithelial cells (IECs) in UC and
further explore the underlying mechanisms.

METHODS
We developed a coculture model using macrophages and Caco-2 cells. After
treatment with the SIRT1 activator SRT1720 or inhibitor nicotinamide (NAM), the
expression of occludin and zona occludens 1 (ZO-1) was assessed by Western blot
analysis. Annexin V-APC/7-AAD assays were performed to evaluate Caco-2
apoptosis. Dextran sodium sulfate (DSS)-induced colitis mice were exposed to
SRT1720 or NAM for 7 d. Transferase-mediated dUTP nick-end labeling
(TUNEL) assays were conducted to assess apoptosis in colon tissues. The
expression levels of glucose-regulated protein 78 (GRP78), CCAAT/enhancer-
binding protein homologous protein (CHOP), caspase-12, caspase-9, and caspase-
3 in Caco-2 cells and the colon tissues of treated mice were examined by
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quantitative real-time PCR and Western blot.

RESULTS
SRT1720 treatment increased the protein levels of occludin and ZO-1 and
inhibited Caco-2 apoptosis, whereas NAM administration caused the opposite
effects. DSS-induced colitis mice treated with SRT1720 had a lower disease
activity index (P < 0.01), histological score (P < 0.001), inflammatory cytokine
levels (P < 0.01), and apoptotic cell rate (P < 0.01), while exposure to NAM caused
the opposite effects. Moreover, SIRT1 activation reduced the expression levels of
GRP78, CHOP, cleaved caspase-12, cleaved caspase-9, and cleaved caspase-3 in
Caco-2 cells and the colon tissues of treated mice.

CONCLUSION
SIRT1 activation reduces apoptosis of IECs via the suppression of endoplasmic
reticulum stress-mediated apoptosis-associated molecules CHOP and caspase-12.
SIRT1 activation may be a potential therapeutic strategy for UC.

Key words: Sirtuin 1; Endoplasmic reticulum stress; Apoptosis; Ulcerative colitis;
Intestinal barrier

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The purpose of this article was to investigate the role of sirtuin 1 (SIRT1) in
intestinal epithelial cells (IECs) in ulcerative colitis (UC) in a UC coculture model and in
mice with dextran sodium sulfate (DSS)-induced colitis. It was found that SIRT1
activation contributes to enhanced intestinal barrier and reduced apoptosis of IECs via
the suppression of endoplasmic reticulum stress-mediated apoptosis-associated
molecules CCAAT/enhancer-binding protein homologous protein and caspase-12.
SIRT1 activation may be a potential therapeutic strategy for UC.

Citation: Ren MT, Gu ML, Zhou XX, Yu MS, Pan HH, Ji F, Ding CY. Sirtuin 1 alleviates
endoplasmic reticulum stress-mediated apoptosis of intestinal epithelial cells in ulcerative
colitis. World J Gastroenterol 2019; 25(38): 5800-5813
URL: https://www.wjgnet.com/1007-9327/full/v25/i38/5800.htm
DOI: https://dx.doi.org/10.3748/wjg.v25.i38.5800

INTRODUCTION
Ulcerative colitis (UC), the main subtype of inflammatory bowel disease (IBD), is a
chronic relapsing inflammatory disorder of the large intestine. The incidence and
prevalence  of  UC have  increased  in  recent  years[1].  The  etiology  of  UC remains
obscure and involves a combination of genetics, environment, microbiota, and the
immune system[2,3]. It is widely believed that dysregulation of cytokines (e.g., tumor
necrosis factor-α (TNF-α), interleukin-1 (IL-1), IL-10, and IL-21), oxidative stress, and
abnormal immune responses are key players in the progression of UC[4]. Recent data
demonstrate  that  the  intestinal  epithelium,  which  plays  a  crucial  role  in  the
occurrence and persistence of UC, is a highly dynamic tissue rather than a simple
physical barrier[5]. Although a large number of therapeutic agents, including 5-ASA
drugs, immunosuppressants, steroids, and emerging biological agents, have appeared
in the past few years, most patients still experience severe complications or recurrence
of the disease, which greatly reduces their quality of life[6]. Therefore, it is imperative
to develop effective treatments for UC.

The endoplasmic reticulum (ER) is a principal compartment in eukaryotic cells for
protein  folding  and  trafficking.  Cellular  stresses  such  as  perturbations  of  Ca2+

homeostasis  and  oxidative  stress  disrupt  ER  homeostasis,  resulting  in  the
accumulation of unfolded and misfolded proteins in the ER lumen, which initiates the
unfolded protein response (UPR)[7]. The UPR reduces protein synthesis, accelerates
protein folding, and activates ER-associated degradation to orchestrate the recovery of
ER function. However,  if  ER stress is too severe or persistent,  intrinsic apoptotic
pathways are eventually triggered,  leading to cell  death[8,9].  Recently,  increasing
evidence suggests that ER stress and UPR are involved in the pathogenesis of UC by
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regulating apoptosis, autophagy, and inflammatory responses[6,10].
Sirtuin 1  (SIRT1),  a  member of  the mammalian sirtuin family of  proteins,  is  a

nicotinamide adenine dinucleotide (NAD+)-dependent protein deacetylase and plays
an  essential  role  in  caloric  restriction,  life  span  modulation,  and  cell  fate  de-
termination[11,12]. Recently, a number of studies have demonstrated that SIRT1 plays a
protective role in colitis[13-16]. In particular, a report by Melhem et al[14] illustrated that
SIRT1 relieves experimental colitis by modulating ER stress and reducing the UPR.
However, the mechanism underlying the regulatory effect of SIRT1 on ER stress-
mediated apoptosis in colitis is still unclear.

In the present study, we aimed to investigate the role of SIRT1 in the intestinal
barrier in a UC coculture model and in mice with dextran sodium sulfate (DSS)-
induced colitis. The mechanisms underlying the effect of SIRT1 on ER stress-mediated
apoptotic pathways within intestinal epithelial cells (IECs) were further explored.

MATERIALS AND METHODS

Reagents
The SIRT1 activator SRT1720 and inhibitor nicotinamide (NAM) were obtained from
Selleck  Chemicals  (Houston,  TX,  United  States).  DSS  was  purchased  from  MP
Biomedical (Santa Ana, CA, United States). Anti-occludin, anti-zona occludens 1 (ZO-
1), and anti-caspase-3 primary antibodies were purchased from Proteintech (Wuhan,
China),  anti-caspase-12 and anti-caspase-9 antibodies were obtained from LSBio
(Seattle,  WA,  United  States),  and  anti-SIRT1,  anti-glucose-regulated  protein  78
(GRP78), anti-CCAAT/enhancer-binding protein homologous protein (CHOP), and
anti-β-actin antibodies were obtained from Abcam (Cambridge, UK).

Cell culture and coculture
We established an  in  vitro  coculture  model  of  Caco-2  and THP-1  cells  based on
previous studies[17-19].The human colon carcinoma Caco-2 and monocyte THP-1 cell
lines were obtained from the American Type Culture Collection (ATCC; Manassas,
VA, United States), cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Carlsbad,  CA,  United  States)  and  RPMI-1640  cell  culture  medium  (Gibco),
respectively, supplemented with 10% fetal bovine serum (FBS; Gibco), and incubated
at 37 °C in a 5% CO2 atmosphere. To establish the coculture model, Caco-2 cells were
cultured in 6-well  culture inserts (Transwell inserts;  Corning Costar,  NY, United
States)  at  a  density  of  2  ×  105  cells/insert  for  17-20  d  to  obtain  an  integrated
monolayer.  THP-1  cells  were  cultured  in  6-well  plates  at  a  density  of  1.5  ×  106

cells/well and treated with serum-free RPMI-1640 medium containing 100 ng/mL
phorbol-12-myristate-13-acetate (PMA; Sigma-Aldrich, St. Louis, MO, United States)
and 0.3% bovine serum albumin (BSA; Sigma-Aldrich) for 48 h. After confirming that
THP-1 cells had differentiated into macrophages, the Transwell insert on which Caco-
2 cells had been cultured for 17-20 d was placed in the culture well in which human
macrophage-like THP-1 cells were cultivated, then lipopolysaccharide (LPS; Sigma-
Aldrich)  was  added to  the  lower  chamber  at  a  final  concentration  of  10  ng/ml.
Ultimately, the two cell lines were cocultured for 24 h. Once the coculture model was
established, the SIRT1 activator SRT1720 or inhibitor NAM was added to the upper
chamber medium at a final concentration of 10 µM and 5 mM, respectively.

Enzyme-linked immunosorbent assay (ELISA)
The levels  of  secreted inflammatory cytokines IL-1β and TNF-α in the coculture
model as well as in the colon tissues of treated mice were assayed using ELISA kits
(Boster,  Wuhan,  China)  according  to  the  manufacturer’s  instructions.  Cell-free
supernatants from the upper chamber after coculture for 24 h and colon homogenate
supernatants of mice were collected. The absorbance at 450 nm was detected with a
microplate reader (Thermo Fisher Scientific, Waltham, MA, United States).

Annexin V-APC/7-AAD assays
Caco-2  apoptosis  was  evaluated  with  an  Annexin  V-APC/7-AAD  Apoptosis
Detection kit (Keygen Biotech, Nanjing, China). After SRT1720 or NAM treatment for
48 h, Caco-2 cells were harvested with EDTA-free trypsin, washed twice with cold
phosphate-buffered saline, and resuspended in 500 µL of 1 × binding buffer. The
resuspended cells were incubated with 5 µL of Annexin V-APC and 5 µL of 7-AAD
for  5  min  in  the  dark  prior  to  being  analyzed with  a  CytoFLEX flow cytometer
(Beckman Coulter, CA, United States).

Animals
Twenty-four female C57BL/6 mice (6-8 wk old, weighing 18-22 g) were obtained from
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SIPPR-BK Lab Animal Co. Ltd. (Shanghai, China) and kept at room temperature (22-
23 °C), with a light/dark cycle of 12/12 h, and free access to food and water. All
experimental protocols were designed to minimize pain or discomfort to the animals
and were approved by the Ethics Committee of the First Affiliated Hospital, College
of Medicine, Zhejiang University.

Female mice were randomly divided into four groups of six per group: The control
group had free access to drinking water; the UC group was fed 3% DSS (w/v) for 7
consecutive days; and the UC + SRT1720 and UC + NAM groups received 3% DSS
(w/v) for 7 consecutive days, followed by treatment with SRT1720 (100 mg/kg·d,
intraperitoneal injection) or NAM (500 mg/kg·d, intraperitoneal injection) for another
7 d, respectively. The disease activity index (DAI) was measured daily after successful
induction of acute colitis, as previously described[20].

All mice were sacrificed by decapitation. Distal colon samples were harvested for
subsequent  studies.  The  histological  score  (HS)  of  colon  sections  stained  with
hematoxylin and eosin was evaluated as described previously[20].

Transferase-mediated dUTP nick-end labelling (TUNEL) assay
Apoptosis of cells in the colon tissue was assessed using a commercially available
TUNEL assay kit (In Situ Cell Death Detection kit;  Roche Applied Science, Basel,
Switzerland) according to the manufacturer's instructions. In brief, tissue sections
were  incubated with proteinase  K solution at  37  °C for  15  min.  Afterwards,  the
enzyme solution and label solution were mixed (1:9) and added to the samples. The
addition of 50 µL of converter-POD for 30 min was performed sequentially. Ten fields
per section were assayed randomly in each experiment, and the percentage of positive
cells was calculated.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from human macrophage-like THP-1 and Caco-2 cells using
TRIzol reagent (TaKaRa, Shiga, Japan) and reverse transcribed using a PrimeScriptTM

RT reagent kit with gDNA Eraser (TaKaRa). qRT-PCR was performed on an Applied
Biosystems 7500 Fast Real-Time PCR System using the SYBER Green Premix Ex Taq
kit (TaKaRa) according to the manufacturer’s protocol. The primer sequences are
listed in Table 1. The relative mRNA expression was analyzed by the 2-Ct method.

Western blot analysis
Total protein from Caco-2 cells and colon segments of mice was isolated with RIPA
buffer (Beyotime Biotechnology, Shanghai, China). Protein was quantified by BCA
assay, separated by 10% SDS-PAGE, and transferred to polyvinylidene difluoride
membranes (Millipore, Billerica, MA, United States). The membranes were blocked
with 5% BSA diluted in TBS containing 5% Tween-20 for 2 h at room temperature,
and incubated with primary antibodies at 4 °C overnight. Finally, the membranes
were treated with ECL reagent and exposed to X-ray film. β-actin was used as an
internal control.

Statistical analysis
Data are shown as the mean ± standard deviation (SD). All statistical analyses were
performed with GraphPad Prism 7.0 (GraphPad Software, San Diego, United States)
using unpaired Student’s t-test or one-way analysis of variance followed by Tukey’s
test for multiple comparisons. P < 0.05 indicated a statistically significant difference.

RESULTS

Establishment of a coculture model in vitro
Cell-free supernatants from the upper chamber, human macrophage-like THP-1 cells,
and Caco-2 cells were collected for the evaluation of IL-1β and TNF-α levels by ELISA
or qRT-PCR. In the present study, the levels of secreted IL-1β and TNF-α in the upper
chamber supernatants were dramatically increased upon LPS stimulation (Figure 1A
and  B;  P  <  0.001  vs  coculture).  In  addition,  the  mRNA  expression  levels  of
inflammatory cytokines in macrophages and Caco-2 cells were significantly increased
compared with the cells cocultured without added LPS (Figure 1C; P < 0.01 for IL-1β
in Caco-2 vs coculture, P < 0.001 for IL-1β and TNF-α in macrophages and TNF-α in
Caco-2 vs coculture). Herein, LPS administration for 24 h significantly increased IL-1β
and TNF-α levels  in  the  coculture  model,  which  is  in  accordance  with  precious
studies[17-19], suggesting that it is a suitable model to mimic acute colitis in vitro.

SIRT1 activation enhances tight junctions in Caco-2 monolayers
To assess the integrity of the intestinal barrier, we detected the expression levels of
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Table 1  Primer sequences for quantitative real-time polymerase chain reaction

Gene name Primer sequence

IL-1β Forward 5‘-ATGGCTTATTACAGTGGCA-3’

Reverse 5‘-TGTAGTGGTGGTCGGAGA-3’

TNF-α Forward 5‘-TCAGAGGGCCTGTACCTCAT-3’

Reverse 5‘-GGAAGACCCCTCCCAGATAG-3’

GRP78 Forward 5‘-GGAACCATCCCGTGGCATAA-3’

Reverse 5‘-CTTGGTAGGCACCACTGTGT-3’

CHOP Forward 5‘-CACCACTCTTGACCCTGCTTCTC-3’

Reverse 5‘-TGACCACTCTGTTTCCGTTTCC-3’

β-actin Forward 5’-AGCGAGCATCCCCCAAAGTT-3’

Reverse 5‘-GGGCACGAAGGCTCATCATT-3’

GRP78: Glucose-regulated protein 78; CHOP: CCAAT/enhancer-binding protein homologous protein.

tight junction (TJ) proteins occludin and ZO-1. After coculturing with SRT1720 (10
µM) or NAM (5 mM), Caco-2 cells were collected, and the protein was extracted for
Western  blot  analysis.  As  expected,  compared  with  the  UC  group,  SRT1720
administration significantly upregulated the expression of the TJ proteins occludin
and ZO-1, while NAM treatment suppressed the expression of occludin and ZO-1
(Figure  2).  Clearly,  our  data  indicate  that  drug treatment  for  48  h  results  in  the
strongest  protective  and  damaging  effect  on  Caco-2  monolayers,  respectively.
Therefore,  we  chose  48  h  as  the  time  point  for  drug  treatment  in  subsequent
experiments.

SIRT1 inhibits Caco-2 apoptosis
Annexin V-APC/7-AAD staining assays were applied to assess the apoptosis of Caco-
2 cells treated with SRT1720 or NAM for 48 h. As shown in Figure 3A, the induction
of colitis caused significant damage to the Caco-2 monolayers, with the apoptosis rate
(Annexin V-APC+/7-AAD+ quadrant  and Annexin V-APC+/7-AAD- quadrant)
reaching 10.21%. Though administration of SRT1720 reduced the apoptosis rate of
Caco-2 cells to some extent, there were no significant differences between the UC +
SRT1720 group and the UC group (Figure 3B). However, NAM treatment led to a
significant increase in the rate of apoptosis (Figure 3B; P < 0.001 vs UC).

SIRT1 negatively  regulates  ER stress-mediated apoptotic  pathways in  Caco-2
monolayers
As shown in Figure 4A, SRT1720 administration increased the protein level of SIRT1,
while  NAM  treatment  downregulated  its  expression.  To  explore  the  molecular
mechanisms underlying the protective role of SIRT1, we detected the mRNA levels of
the ER stress chaperone GRP78 and the ER stress-induced apoptosis marker CHOP in
Caco-2 cells. Exposure to SRT1720 for 48 h resulted in significantly decreased mRNA
expression levels of GRP78 (Figure 4B; P < 0.001 vs UC) and CHOP (Figure 4C; P <
0.01 vs UC), whereas NAM treatment increased the expression of GRP78 and CHOP
(Figure 4B and C; P  < 0.01 vs  UC). Western blot was also performed to verify the
protein levels of ER stress- and apoptosis-related molecules.  Consistent with the
mRNA levels, we found that the level of GRP78 was significantly decreased in the
SRT1720-treated group compared with the UC group (Figure 4D). In addition, the
levels of CHOP and cleaved caspase-12, which play important roles in ER stress-
induced  apoptosis,  were  also  decreased  after  SRT1720  treatment  (Figure  4D).
Moreover, the expression of downstream molecules, such as caspase-9 and caspase-3,
was  also  suppressed  (Figure  4D).  In  contrast,  NAM  treatment  increased  the
expression of GRP78 and CHOP and upregulated the levels of the activated forms of
caspase-12, caspase-9, and caspase-3 (Figure 4D).

SIRT1 clinically and histologically ameliorates DSS-induced colitis
Symptoms of acute colitis, including weight loss, diarrhea, and rectal bleeding, were
observed daily after 7 d of DSS exposure. As expected, the administration of DSS
successfully  induced colitis,  as  the DAI dramatically  increased in the UC group
compared with the control group (Figure 5A; P < 0.001 vs control). The DAI score was
higher in the UC + NAM group than in the UC group (Figure 5A; P < 0.01 vs UC), and
SRT1720 treatment markedly reduced the DAI score (Figure 5A; P < 0.01 vs UC, P <
0.001 vs UC). Histologically, integrity loss, goblet cell damage, and inflammatory cell
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Figure 1

Figure 1  Establishment of a coculture model in vitro. A: The levels of secreted IL-1β in the upper chamber supernatants were detected by ELISA; B: The levels of
secreted TNF-α in the upper chamber supernatants were detected by ELISA; C: The mRNA expression levels of IL-1β and TNF-α in macrophage-like THP-1 cells and
Caco-2 cells were tested by quantitative real-time PCR. Data are presented as the mean ± SD. bP < 0.01 vs coculture; cP < 0.001 vs coculture. LPS:
Lipopolysaccharide; IL-1β: Interleukin-1β; TNF-α: Tumor necrosis factor-α; ELISA: Enzyme-linked immunosorbent assay; PCR: Polymerase chain reaction.

infiltration were observed in the DSS group compared with the control group (Figure
5B and C; P < 0.001 vs control). Compared with those in the UC group, the above
changes were ameliorated in the SRT1720-treated group and aggravated in the NAM-
treated group (Figure 5B). The HS of the UC + SRT1720 group was higher than that of
the UC group (Figure 5C; P < 0.001 vs UC), while the UC + NAM group did not show
significantly aggravated colitis (Figure 5C). Taken together, these data show that
SIRT1 activation reduces susceptibility to DSS-induced acute colitis both clinically and
histologically.

SIRT1 decreases inflammatory cytokine expression in DSS-induced colitis
The expression levels of IL-1β and TNF-α in colon tissues were detected by ELISA to
assess the inflammatory response. The data indicated that DSS treatment increased
the levels of IL-1β and TNF-α significantly (Figure 6A and B; P < 0.001 vs control).
Reduced expression levels of inflammatory cytokines were observed in the UC +
SRT1720 group compared with the UC group (Figure 6A and B; P < 0.01 for IL-1β and
P  < 0.001 for TNF-α vs  UC). In addition, the UC + NAM group showed increased
expression levels of IL-1β and TNF-α (Figure 6A and B; P < 0.05 vs UC).

SIRT1 activation reduces the apoptotic cell rate in DSS-induced colitis
To  estimate  apoptosis  in  the  colon  tissue,  TUNEL  assays  were  performed,  and
positively stained cells were counted. The DSS group presented a dramatically larger
number of  apoptotic  cells  than the control  group (Figure 7A and B;  P  < 0.001 vs
control). There were fewer apoptotic cells in the UC + SRT1720 group than in the UC
group (Figure 7A and B; P < 0.01 vs UC). Moreover, NAM administration decreased
the percentage of apoptotic cells (Figure 7A and B; P < 0.001 vs UC).

SIRT1 activation suppresses ER stress-mediated apoptotic pathways during DSS-
induced colitis
Protein levels in colon tissues of treated mice were assessed by Western blot. DSS
administration caused a lower protein level of SIRT1. Besides, SRT1720 and NAM
treatment upregulated and downregulated SIRT1 expression levels,  respectively
(Figure 8A).  As shown in Figure 8B,  compared with the control  group,  the DSS-
treated group showed significantly elevated protein levels of GRP78, CHOP, and
cleaved caspase-12, suggesting that ER stress and the UPR were activated. Consistent
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Figure 2

Figure 2  Sirtuin 1 activation enhances tight junctions in Caco-2 monolayers. The protein levels of occludin and ZO-1 in Caco-2 monolayers were examined after
administration of the drug for 24 h, 48 h, or 72 h. UC: Ulcerative colitis; NAM: Nicotinamide; ZO-1: Zona occludens 1.

with the in vitro results, SRT1720 administration downregulated the protein levels of
GRP78, CHOP, cleaved caspase-12, cleaved caspase-9, and cleaved caspase-3 (Figure
8B).  Additionally,  NAM  administration  caused  the  opposite  effect  (Figure  8B).
Altogether,  these results  show that  SIRT1 activation inhibits  ER stress-mediated
apoptotic pathways in DSS-induced colitis mice.

DISCUSSION
UC is characterized by chronic colonic mucosal inflammation and is a known risk for
colorectal cancer. Although novel pharmacological therapies have been emerging
recently, the existing treatments for UC are still not satisfactory[21]. Thus, developing
effective drugs is essential. As a well-known modulator of lifespan, SIRT1 is involved
in  various  diseases,  including  cancers,  metabolic  diseases,  and  inflammation-
associated diseases[22-25].  However,  the role  of  SIRT1 in the intestinal  barrier  and
intestinal inflammation is still obscure. Here, we applied the SIRT1 activator SRT1720
and inhibitor NAM to investigate the potential  effects  of  SIRT1 on the intestinal
barrier in a UC coculture model and in mice with DSS-induced colitis. Our results
demonstrate that the pharmacological activation of SIRT1 enhances TJ integrity of the
intestinal barrier and reduces apoptosis of IECs by downregulating the expression of
CHOP and suppressing the activation of caspase-12, which are key molecules in ER
stress-mediated apoptotic pathways.

SIRT1 was found to be downregulated in colonic epithelium and lamina propria
mononuclear cells (LPMCs) of IBD patients and elevated after successful infliximab
treatment,  suggesting  that  SIRT1  is  involved  in  the  development  of  IBD[13,14].
Furthermore, previous studies have identified the protective role of SIRT1 in intestinal
inflammation,  the molecular  mechanisms of  which include intestinal  microbiota
alteration and nuclear factor kappa B (NF-κB) pathway suppression[13,16,26].  In our
study, SIRT1 activation significantly alleviated DSS-induced experimental colitis both
clinically  and  histologically;  this  alleviation  of  colitis  was  accompanied  by  the
downregulation of the levels of the inflammatory cytokines IL-1β and TNF-α in colon
tissues, which is consistent with previous studies. Nevertheless, further studies are
required to illuminate the underlying mechanisms.

The  intestinal  epithelial  barrier  isolates  the  internal  milieu  from the  external
environment  and  plays  a  crucial  role  in  intestinal  homeostasis.  Intestinal
inflammation is  associated with increased permeability  of  the intestinal  mucosa
caused by intestinal barrier damage[27]. Occludin and ZO-1 are important TJ proteins
and  are  essential  for  the  maintenance  of  intestinal  mucosal  barrier  integrity[28].
Occludin interacts directly with claudins and actin and takes part in the regulation of
the intestinal barrier[29]. ZO-1 is a peripheral membrane protein that is essential for TJ
assembly  and  maintenance[29].  A  recent  study  revealed  that  occludin  and  ZO-1
expression in UC patients was not only significantly decreased compared with that of
healthy controls but also positively related to intestinal mucosal healing[30]. Moreover,
previous  studies  have  demonstrated  that  SIRT1  enhances  TJs  in  other  physical
barriers[31,32].  Herein,  we  found that  SIRT1  activation  significantly  increased  the
expression of occludin and ZO-1 in Caco-2 monolayers, suggesting that SIRT1 may
exert protective effects on colitis by promoting intestinal barrier integrity.

IECs,  which  comprise  enterocytes,  goblet  cells,  and  Paneth  cells,  have  well-
developed ER structures for the biosynthesis of large amounts of proteins. Increasing
evidence suggests that ER stress and the UPR in IECs are involved in the pathogenesis
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Figure 3

Figure 3  Sirtuin 1 inhibits Caco-2 apoptosis. A: Cells in the upper-right (UR) portion are late apoptotic cells, whereas cells in the lower-left and lower-right (LR)
portions are viable and early apoptotic cells, respectively; B: Apoptotic rate (UR + LR) of Caco-2 cells. Each value is presented as the mean ± SD. cP < 0.001 vs UC.
UC: Ulcerative colitis; NAM: Nicotinamide.

of UC[10,33,34]. Unresolved ER stress is a common character of the UC epithelium and
results in the activation of the UPR to restore ER homeostasis or the induction of cell
apoptosis if ER stress is too severe to be rescued[35]. Additionally, ER stress in IECs is
related to intestinal dysbiosis and dysregulated immune response, leading to cell
dysfunction, mucosal barrier damage, and intestinal inflammation[36]. In the present
study, exposure to DSS increased the expression of the ER stress marker GRP78,
which  was  accompanied by  an  increased rate  of  apoptosis  in  the  colon  and the
activation of apoptosis-related proteases caspase-9 and caspase-3. GRP78 is an ER
chaperone that binds to transmembrane ER stress sensors (inositol-requiring enzyme
1α (IRE1α), double-stranded RNA-activated protein kinase-like ER kinase (PERK),
and activating transcription factor 6α (ATF6α)) in non-stressed cells[37]. It is released
and contributes to the apoptosis of IECs upon ER stress[6]. Moreover, we found that
SIRT1 activation reduced apoptosis in Caco-2 monolayers and colon tissues of DSS-
induced colitis mice, indicating that SIRT1 may play a protective role in ER stress-
induced injury.

To further confirm the protective effect of SIRT1, we detected the protein levels of
CHOP and caspase-12. As a downstream transcriptional factor of PERK/eukaryotic
translation initiation factor 2α (eIF2α)/activating transcription factor 4 (ATF4), CHOP
plays  a  critical  role  in  ER  stress-induced  apoptosis  through  suppression  of  the
antiapoptotic protein Bcl-2 and induction of the proapoptotic molecules Bim, death
receptor  5  (DR5),  and telomere  repeat  binding factor  3  (TRB3)[38].  The  intestinal
epithelium of IBD patients shows higher expression of CHOP compared with normal
people[39]. Furthermore, CHOP overexpression increases susceptibility to intestinal
inflammation and mucosal  tissue  injury  in  mice,  whereas  knockdown of  CHOP
alleviates IEC apoptosis[40,41]. Previous studies have revealed that SIRT1 alleviates ER
stress-mediated cell apoptosis through the downregulation of the PERK-eIF2α-CHOP
axis in the UPR pathway in cardiac cells and chondrocytes[42,43]. Caspase-12 is another
marker of ER stress-mediated apoptosis, which is separated from the ER membrane
and cleaved into active fragments upon ER stress, resulting in caspase-3 cleavage and
apoptosis[44].  Guo  et  al[45]  reported  that  SIRT1  may  alleviate  ER  stress-mediated
apoptosis of cardiomyocytes via  reduced expression levels of CHOP and cleaved
caspase-12. Here, we show that SIRT1 activation decreases the expression of CHOP
and suppresses the activation of caspase-12 in Caco-2 cells as well as in DSS-induced
colitis mice, while treatment with the SIRT1 inhibitor NAM induced the opposite
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Figure 4

Figure 4  Sirtuin 1 negatively regulates endoplasmic reticulum stress-mediated apoptotic pathways in Caco-2 monolayers. A: The protein levels of SIRT1 in
Caco-2 cells were detected by Western blot; B: The mRNA levels of GRP78 in Caco-2 cells were tested by quantitative real-time PCR; C: The mRNA levels of CHOP
in Caco-2 cells were tested by quantitative real-time PCR; D: The protein levels of GRP78, CHOP, caspase 12, caspase 9, and caspase 3 were detected by Western
blot in Caco-2 cells. Data are presented as the mean ± SD. bP < 0.01 vs UC; cP < 0.001 vs UC. UC: Ulcerative colitis; NAM: Nicotinamide; PCR: Polymerase chain
reaction; GRP78: Glucose-regulated protein 78; CHOP: CCAAT/enhancer-binding protein homologous protein; SIRT1: Sirtuin 1.

effect, which indicates that SIRT1 protects IECs from ER stress-induced apoptosis by
suppressing CHOP, caspase-12, and their downstream signaling cascades.

In  conclusion,  we  discovered  that  SIRT1  activation  contributes  to  enhanced
intestinal barrier integrity and reduced IEC apoptosis via the suppression of ER stress-
mediated apoptotic proteins such as CHOP and caspase-12. SIRT1 may serve as a
novel drug target, and SIRT1 activation is a promising therapeutic strategy for UC.
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Figure 5

Figure 5  Sirtuin 1 clinically and histologically ameliorates dextran sodium sulfate-induced colitis. A: Disease activity index was calculated; B: Hematoxylin-
eosin staining of colon sections was performed (×100); C: Histological scores of stained sections were calculated. Each value is presented as the mean ± SD. bP <
0.01 vs UC; cP < 0.001 vs UC; dP < 0.001 vs control. UC: Ulcerative colitis; NAM: Nicotinamide.

Figure 6

Figure 6  SIRT1 decreases inflammatory cytokine expression in dextran sodium sulfate-induced colitis. The expression levels of IL-1β and TNF-α were
detected by ELISA. A: The expression of IL-1β in colon tissues; B: The expression of TNF-α in colon tissues. Data are presented as the mean ± SD. aP < 0.05 vs UC;
bP < 0.01 vs UC; cP < 0.001 vs UC; dP < 0.001 vs control. UC: Ulcerative colitis; NAM: Nicotinamide; IL-1β: interleukin-1β; TNF-α: Tumor necrosis factor-α; ELISA:
Enzyme-linked immunosorbent assay.
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Figure 7

Figure 7  SIRT1 activation reduces apoptotic cell rates in dextran sodium sulfate-induced colitis. A: TUNEL staining of colon tissue was performed; B: The
number of TUNEL positive cells per 10000 cells was counted. Each value is presented as the mean ± SD. bP < 0.01 vs UC; cP < 0.001 vs UC; dP < 0.001 vs control.
TUNEL: Transferase-mediated dUTP nick-end labeling; UC: Ulcerative colitis; NAM: Nicotinamide.

Figure 8

Figure 8  Sirtuin 1 activation suppresses endoplasmic reticulum stress-mediated apoptotic pathways during dextran sodium sulfate-induced colitis. The
protein levels of SIRT1, GRP78, CHOP, cleaved caspase-12, cleaved caspase-9, and cleaved caspase-3 in colon tissues were detected by Western blot. UC:
Ulcerative colitis; NAM: Nicotinamide; GRP78: Glucose-regulated protein 78; CHOP: CCAAT/enhancer-binding protein homologous protein; SIRT1: Sirtuin 1.

ARTICLE HIGHLIGHTS
Research background
Ulcerative colitis (UC), the main subtype of inflammatory bowel disease (IBD), is a chronic
relapsing inflammatory disorder of the large intestine. The incidence and prevalence of UC have
increased in recent  years.  Sirtuin 1  (SIRT1),  a  member of  the mammalian sirtuin family of
proteins, is a nicotinamide adenine dinucleotide (NAD+)-dependent protein deacetylase and
plays an essential role in caloric restriction, life span modulation, and cell fate determination.
Recently, a number of studies have demonstrated that SIRT1 plays a protective role in colitis.

Research motivation
Although a large number of therapeutic agents, including 5-ASA drugs, immunosuppressants,
steroids, and emerging biological agents, have appeared in the past few years, most patients still
experience severe complications or recurrence of the disease, which greatly reduces their quality
of life.

Research objectives
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To investigate the role of  SIRT1 in intestinal  epithelial  cells  in UC and further explore the
underlying mechanisms.

Research methods
We developed a coculture model using macrophages and Caco-2 cells. After treatment with the
SIRT1 activator SRT1720 or inhibitor nicotinamide (NAM), the expression of occludin and zona
occludens  1  (ZO-1)  was  assessed  by  Western  blot.  Annexin  V-APC/7-AAD  assays  were
performed to evaluate Caco-2 apoptosis. DSS-induced colitis mice was exposed to SRT1720 or
NAM for 7 d. Transferase-mediated dUTP nick-end labeling (TUNEL) assays were conducted to
assess apoptosis in colon tissues. The expression levels of glucose-regulated protein 78 (GRP78),
CCAAT/enhancer-binding protein homologous protein (CHOP), caspase-12, caspase-9, and
caspase-3 in Caco-2 cells and the colon tissues of treated mice were examined by quantitative
real-time PCR and Western blot.

Research results
SRT1720 treatment increased the protein levels of occludin and ZO-1 and inhibited Caco-2
apoptosis, whereas NAM administration caused the opposite effects. DSS-induced colitis mice
treated with SRT1720 had a lower disease activity index (P < 0.01), histological score (P < 0.001),
inflammatory cytokine levels (P < 0.01), and apoptotic cell rates (P < 0.01), while exposure to
NAM caused the opposite effects. Moreover, SIRT1 activation reduced the expression levels of
GRP78, CHOP, cleaved caspase-12, cleaved caspase-9, and cleaved caspase-3 in Caco-2 cells and
the colon tissues of treated mice.

Research conclusions
SIRT1 activation contributes to enhanced intestinal barrier integrity and reduced apoptosis of
intestinal epithelial cells via  the suppression of endoplasmic reticulum (ER) stress-mediated
apoptosis-associated molecules CHOP and caspase-12.

Research perspectives
SIRT1 may serve as a novel drug target, and SIRT1 activation is a promising therapeutic strategy
for UC.
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