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Protection against ulcerative colitis and colorectal
cancer by evodiamine via anti-inflammatory effects
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Abstract. Evodiamine (Evo) is an alkaloid that can be
extracted from the berry fruit Evodia rutaecarpa and has
been reported to exert various pharmacological effects, such
as antidiarrheal, antiemetic and antiulcer effects. In vivo, the
potential effects of Evo were investigated in a mouse model of
dextran sodium sulfate (DSS)-induced ulcerative colitis (UC)
and in adenomatous polyposis coli (Apc)M"®/Gpt C57BL/6
mice with colorectal cancer (CRC), where the latter harbours a
point-mutation in the Apc gene. Evo suppressed the degree of
weight loss and colon shortening induced by DSS, decreased
the disease activity index value and ameliorated the patho-
logical alterations in the colon of mice with UC as examined
via H&E staining of colon tissues. In addition, Evo decreased
the number and size of colonic tumors in Apc™"“/Gpt mice.
Proteomics (colon tissues), ELISA (colon tissues and serum)
and western blotting (colon tissues) results revealed that Evo
inhibited NF-kB to mediate the levels of various cytokines,
including, in the DSS-induced UC model, IL-1f, IL-2, IL-6,
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IL-8, TNF-a, IFN-y (ELISA of colon tissues and serum),
NF-xB, IKKa+f, IkBa, S100a9, TLR4 and MyD88 (western
blotting of colon tissues), and, in the colorectal cancer model,
IL-1B8,IL-2,IL-6,IL-15,1L-17,1L-22, TNF-a (ELISA of colon
tissues and serum), NF-kB,IKKa+f3, IkBa and S100a9 (western
blotting of colon tissues), to achieve its anti-inflammatory and
antitumor effects. In vitro, Evo also reduced the viability of
the colon cancer cell line SW480, inhibited mitochondrial
membrane potential (MMP detection), caused G,/M-phase
arrest (cell cycle detection) and suppressed the translocation
of phosphorylated-NF-«xB from the cytoplasm into the nucleus
(immunofluorescence of p-NF-«B). Theoretical evidence (MD
simulations) suggest that Evo may bind to the ordered domain
(a-helix) of NF-kB to influence this protein. The protein
secondary structure changes were analyzed by the cpptraj
module in Amber. In addition, these data provide experimental
evidence that Evo may be an effective agent for treating UC
and CRC.

Introduction

Inflammatory bowel disease (IBD) is a group of chronic
diseases in the digestive system that includes ulcerative colitis
(UC) and Crohn's disease (CD) (1). It is empirically diagnosed
based on endoscopic, pathological, clinical and radiological
characteristics (2), but the pathogenesis of IBD remains
unclear. UC is characterized by pathological damage in the
mucosal layer and colonic ulceration (3), and CD is charac-
terized by intraabdominal abscesses, fistulas and perianal
disease (4). Colorectal cancer (CRC) is one of the most serious
complications of long-term IBD (5). It has the third highest
incidence of all malignant tumors (6). IBD is frequently
diagnosed in 20-30-year-olds followed by another peak in
60-70-year-olds (7), where patients with IBD are at ~ three
times higher risk of developing CRC compared with that in
the general population (8,9).

Colonic inflammation is caused by an imbalance in the
levels of proinflammatory and anti-inflammatory factors
and is associated with the aberrant levels of interleukins
(ILs) (10). Chronic inflammation of the mucosa is one of the
main characteristics of IBD, the long-term presence of which
can lead to carcinogenesis (11). CRC associated with colitis
gradually develops from a negative test result for dysplasia,
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to an indefinite test result for dysplasia, followed by the
development of low-grade dysplasia, high-grade dysplasia
and finally CRC (12). During the progression from inflam-
mation to atypical hyperplasia and then CRC, the expression
of NF-«kB (13) and S11 calcium binding protein A9 (S100a9),
which is a member of the S100 family known to serve roles in
the innate immune system (14).

Traditional Chinese medicine and naturally-occurring
compounds have been used to treat tumors because of their
low risk of adverse effects and their therapeutic efficacy
against multiple targets (15). Evodia rutaecarpa is a type
of traditional Chinese medicine that has been used for the
long-term treatment of gastrointestinal disorders, headaches
and postpartum hemorrhage (16). In total, 131 compounds have
been isolated and identified from the extract of Evodia rutae-
carpa, with the majority consisting of alkaloids, terpenes and
phenols (17). Evodiamine (Evo) is an alkaloid (Fig. 1A) that
can be extracted from Evodia rutaecarpa (18). It can inhibit
inflammation by inhibiting NF-xB (19), where it has been
reported to exert anti-tumor activities against lung cancer,
osteosarcoma, gastric cancer and breast cancer through the
promotion of mitochondrial apoptosis (16). In addition, Evo
has been demonstrated to inhibit inflammation by inhibiting
the NLR family pyrin domain containing 3 inflammasome
in mice with dextran sulfate sodium (DSS)-induced UC (19).
However, the effects of Evo on CRC, including any possible
underlying mechanisms, remain poorly understood.

In the present study, the potential effects of Evo in a
mouse model of DSS-induced UC was examined. In addition,
the possible effects of Evo on CRC were investigated in the
C57BL/6-adenomatous polyposis coli (Apc)M"/Gpt strain of
mice, which harbours a point-mutation in the Apc gene, which
influences WNT-fB-catenin signaling. Based on proteomics
screening, the effects of Evo on inflammation, with emphasis
on NF-«B signaling and S100a9 expression (which plays roles
in the innate immune system), were studied. It is hoped that
the data generated can provide experimental evidence for the
potential clinical value of applying Evo for the treatment of
UC or even CRC.

Materials and methods

Animal experiments

Establishment of the UC mouse model and agent admin-
istration procedure. In total, 75 male wild-type C57BL/6
mice (8 weeks old; mean weight + standard error of mean,
23.1+0.3 g; weight range, 20-25 g) were supplied by Liaoning
Changsheng Biotechnology Co., Ltd. [license no. SCXK
(LTAO)-2015-0001; Liaoning, China]. The animals were
housed in a specific pathogen-free (SPF) animal laboratory
where they were allowed unrestricted access to food and water
under a temperature of 22+2°C and 40-60% humidity, with a
12-h light/dark cycle. Experimental protocols were approved
by the Experimental Animal Ethics Committee of Jilin
University (approval no. SY201905008).

Negative control mice received sterile water alone throughout
the experimental period, whilst mice in the UC group were
allowed to freely drink water containing 3% DSS (cat. no. S14048;
Mw, 50,000 Da; Shanghai Yuanye Biological Technology Co.,
Ltd.) for 6 days. From the days 7 to 27, the mice with UC were

fed water containing 3% DSS every 3 days and water without
DSS the rest of the time. On day 7, mice with UC were randomly
divided into four groups and were orally administered with
either ddH,0 (model group; n=15), 0.6 g/kg sulfasalazine (SASP;
cat. no. BP779; Mw, 398.39 Da; Sigma-Aldrich, Merck KGaA;
positive control group, n=15), 10 mg/kg evodiamine (Evo; cat.
no. B21315; Mw, 303.363 Da; Shanghai Yuanye Biological
Technology Co., Ltd.; n=15) or 30 mg/kg Evo (n=15) once daily
for the following 3 weeks. The dosage of Evo in this study was
identified based on a previous study (19).

During the experimental period, body weight, fecal consis-
tency and occult blood were evaluated daily. At the end of the
experimental period, the mice were humanely euthanized and
blood, colon, liver, spleen and kidney tissues were collected.
The length of the colon was then measured. The euthanasia was
performed according to the AVMA Guidelines for the Euthanasia
of Animals (20), and the specific method was as follows: The
mice were put into a CO,-free euthanasia box, before the CO,
was perfused at a rate of replacing 10-30% of the volume of the
euthanasia box per min. After 5 min, if the mice were confirmed
to be motionless, not breathing and with dilated pupils, the CO,
would be turned off the mice would be observed for 2-3 min. The
organ index values were calculated using the following formula:
Organ index (%)=organ weight (g)/body weight (g) x100%.

The disease activity index (DAI) is a comprehensive score
of weight loss, stool consistency and rectal bleeding that is used
extensively to evaluate the clinical progress of patients with
colitis (21,22). DAI values were calculated according to a previ-
ously described method (23). Scores were calculated as follows:
Weight loss, 0 (no weight loss), 1 (1-5%), 2 (5-10%), 3 (10-15%),
4 (15-20%) and 5 (>20%); stool consistency, O (Normal stool),
1 (Mildly), 2 (Soft stool), 3 (Very soft stool), 4 (Watery stool)
and 5 (Completely watery stool); rectal bleeding, O (Normal
colored stool), 1 (Brown stool), 2 (Reddish stool), 3 (Mildly
bloody stool), 4 (Bloody stool) and 5 (Very bloody stool). The
DAI was calculated using the following formula: DAI=(weight
loss + stool consistency + rectal bleeding)/3.

Establishment of the CRC mouse model and agent admin-
istration procedure. In total, 24 male C57BL/6-Apc™"®/Gpt
mice (8 weeks old; mean weight + standard error of mean,
21.7£0.7 g; weight range, 20-25 g) were obtained from
GemPharmatech Co., Ltd. [licence no. SCXK(SU)2018-0008;
Nanjing, China]. Genetic testing and pathological sections
were used to confirm the the successful establishment of the
model. The animals were housed in a specific-pathogen-free
animal laboratory (Jilin University, Changchun, China) and
allowed unrestricted access to sufficient food and water under
a temperature of 22+2°C and 40-60% humidity, with a 12-h
light/dark cycle. The experimental protocols were approved by
the Experimental Animal Ethics Committee of Jilin University
(approval no. SY201905003).

The C57BL/6-Apc™M™/Gpt mice were randomly divided
into two groups (n=12) and were orally administered with
either ddH,O (control group) or 10 mg/kg Evo every other day
for 8 weeks. The body weight of the mice was recorded once
a week. At the end of the experimental period, the mice were
humanely euthanized, before blood, colon, liver, spleen and
kidney tissues were collected. The organ index values were
then calculated as aforementioned.
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Figure 1. Protective effects of Evo against DSS-induced UC in mice. (A) The chemical structure of Evo. (B) Images of colons from mice in all five groups.
(C) Evo reversed the reduction in colon length in mice with DSS-induced UC. Data are presented as the mean + SEM (n=15) and were analyzed by a
one-way ANOVA followed by Tukey's test. “"P<0.001 vs. CTRL; ““P<0.001 vs. 3.0% DSS-only. (D) Evo reversed the increase in DAI scores induced by
DSS. Kruskal-Wallis test followed by Dunn's test was used to compare the differences in DAI among each group. *#P<0.001 vs. CTRL. (E) Evo alleviated
pathological damage in the colonic epithelium of mice with UC. Histopathological observations of the colon (upper panel magnification, x40; lower panel
magnifications, x400) tissues of mice with UC. Evo, evodiamine; DSS, dextran sodium sulfate; UC, ulcerative colitis; DAI, disease activity index; SASP,

sulfasalazine.

Label-free quantification of proteins in the colons of UC mice.
Colon tissue samples (n=3) from mice in the control, model
and 10 mg/kg Evo-treated groups were fully lysed (25 mM
TriseHCI pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 1% SDS). Protein concentrations were deter-
mined using a BCA assay kit (cat. no. 23227; Thermo Fisher
Scientific, Inc.) as previously described (24). A total of 100 ug
total protein of each group was diluted to 1 mg/ml and mixed
with 4 volumes of cold acetone. The mixture was thoroughly
shaken at a low temperature (-20°C; 30 min) and the proteins
were precipitated by centrifugation at 4°C at 10,000 x g for
10 min. The sediment was collected. The protein precipi-
tate was re-dissolved in ammonium bicarbonate (100 mM
ammonium bicarbonate, 1% sodium deoxycholate, pH 8.5),
reduced (5 mM TCEP at 55°C for 10 min), alkylated (10 mM
iodoacetamide at room temperature for 15 min) and enzymati-
cally hydrolyzed (2 pg trypsin solution at room temperature
for 5 min; Promega Corporation). After removing sodium
deoxycholate (the sodium deoxycholate was precipitated with
2% trifluoroacetic acid, centrifuged at 10,000 x g for 10 min at
room temperature, and the supernatant was collected) from the
peptide samples, they were desalted using a desalting column
(cat. no. DC18150; Biocomma Limited) at room temperature.
The peptide samples prepared as aforementioned were
analyzed using liquid chromatography-mass spectrometry
(LC-MS)/MS (25). The details of the reaction were as follows:
Nano-UPLC liquid phase system EASY-nLC1200 (Thermo
Fisher Scientific, Inc.); positive ion detection mode; precursor

scan range, 350-1,600 m/z; nitrogen gas temperature, 20°C;
spray voltage, 1.5 kv; flow rate, 300 nl/min. The results were
processed using MaxQuant (1.5.6.0; Max Planck Institute of
Biochemistry). The protein database is from the UNIPROT data-
base (Uniprot_mouse_2016_09; https://www.uniprot.org/). The
protein sequences and their inverted decoy sequences were used
in the MaxQuant searches. Label-free quantification (LFQ) was
used because it matches the samples between runs. The samples
were normalized to keep the median total protein concentration
in each group consistent before performing MaxQuant analysis
and LFQ. Fold differences in protein concentrations were defined
to be significant if the A/B ratio was >1.5 or <0.67. Subsequently,
Gene Ontology (GO) (clusterProfiler_3.12.0; https://guang-
chuangyu.github.io/software/clusterProfiler/), Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
(clusterProfiler_3.12.0; https://guangchuangyu.github.
io/software/clusterProfiler/) and protein interaction analyses
(STRINGdb_1.20.0; https://cn.string-db.org/cgi/input.pl) were
performed. GO and KEGG used Fisher's precision probability
test (P<0.05; n=3) and protein interaction analyses used random
background model (no threshold filtering).

Detection of cytokines in serum and colon tissues of mice
with UC and CRC. IL-1p (cat. no. KT2040-A), IL-2 (cat. no.
KT2698-A),IL-6 (cat.no.KT2163-A),IL-8 (cat.no.KT2123-A),
IL-15 (cat. no. KT2172-A), IL-17 (cat. no. KT2170-A), IL-22
(cat. no. KT9441-A), TNF-a (cat. no. KT2132-A), IFN-vy (cat.
no. KT2182-A) concentrations in the colon tissues, which were
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lysed using Radio Immunoprecipitation Assay (cat. no. R0010;
Beijing Solarbio Science & Technology Co., Ltd.) containing
1% protease inhibitor cocktail (cat. no. P8340; Sigma-Aldrich;
Merck KGaA) and 2% phenylmethanesulfonyl fluoride (cat.
no. P7626; Sigma-Aldrich; Merck KGaA), and/or serum of
mice with UC and CRC were measured using commercialized
ELISA kits (Jiangsu Kete Bio-Technology Co., Ltd.) according
to the manufacturer's protocols.

Histological analysis. Colon tissues were fixed with 4% para-
formaldehyde for 48 h at room temperature and dehydrated
using an ascending ethanol gradient from 50 to 100%. The
tissues were cleared with xylene and embedded in paraffin wax
blocks. Before staining, 5-um thick colon tissue sections were
dewaxed in xylene, rehydrated through a descending ethanol
gradient from 100-70% and washed in PBS. This was followed
by staining with hematoxylin for 6 min and eosin for 1 min at
20-25°C in sequence and examined under a light microscope
(magnification, x40 and x400; Olympus Corporation) as previ-
ously described (26).

Detection of apoptosis in colon tissues of mice with CRC.
The extent of apoptosis in colon tissues of mice with
CRC was detected using a Terminal Deoxynucleotidyl
Transferase-Mediated dUTP In Situ Nick End Labelling Assay
kit (cat. no. G1501; Wuhan Servicebio Technology Co., Ltd.)
according to the manufacturer's protocols. Briefly, the sections
prepared from colon tissues were retrieved with proteinase K
for 22 min at 37°C. Terminal deoxynucleotidyl transferase
(TdT) enzyme and dUTP were added after breaking the
membrane, and incubated at 37°C for 2 h. Subsequently,
the sections were washed with PBS three times for 5 min.
The sections were then stained with DAPI (2 pg/ml) (cat.
no. G1012; Wuhan Servicebio Technology Co., Ltd.) at room
temperature and incubated without strong and direct light for
10 min. The sections were finally mounted with anti-fluores-
cence quenching mounting medium (cat. no. G1401; Wuhan
Servicebio Technology Co., Ltd.). The fluorescent images were
photographed using a fluorescence microscope (magnification,
x200; Nikon Corporation).

Western blotting. Colon tissues of mice with UC and CRC
were collected and washed immediately in D-Hank's buffer
(8 g/1 NaCl, 0.4 g/1 KCI, 1 g/l glucose, 60 mg/l KH,PO,,
47.5 mg/l Na,HPO,, pH 7.2). The colon tissues were then
lysed using Radio Immunoprecipitation Assay (cat. no. R0010;
Beijing Solarbio Science & Technology Co., Ltd.) containing
1% protease inhibitor cocktail (cat. no. P§340; Sigma-Aldrich;
Merck KGaA) and 2% phenylmethanesulfonyl fluoride (cat.
no. P7626; Sigma-Aldrich; Merck KGaA), and protein concen-
tration in the lysates was determined using a BCA protein
assay kit, as previously described (24). The protein lysates
(40 pug/lane) were resolved by 12% SDS-PAGE and transferred
onto PVDF membranes. The membranes were blocked with
5% bovine serum albumin (cat. no. A8010; Beijing Solarbio
Science & Technology Co., Ltd.) in Tris-buffered saline at 4°C
for 4 h and then incubated with primary antibodies against
phosphorylated (p)-NF-«kB (cat. no. ab86299; 1:4,000; Abcam),
p-inhibitor NF-kB kinase o+ (IKKa+f; cat. no. ab195907;
1:500; Abcam), total (T)-NF-xB (cat. no. ab7970; 1:1,000),

T-IKKo+f (cat. no. ab178870; 1:1,000; Abcam), p-IkBa (cat.
no. ab12135; 1:500; Abcam), T-IkBa (cat. no. ab32518; 1:2,000;
Abcam), GAPDH (cat. no. ab8245; 1:2,000; Abcam), S100a9
(cat. no. A9842; 1:1,000; ABclonal Biotech Co., Ltd.), Toll-like
receptor 4 (TLR4; cat. no. bs-20594R, 1:2,000), myeloid
differentiation factor 88 (MyD88; cat. no. bs-1047R, dilution:
1:300; BIOSS) overnight at 4°C. They were then incubated
with goat anti-rabbit IgG-HRP (cat. no. E-AB-1003; 1:5,000;
Elabscience Biotechnology, Inc.) or goat anti-mouse IgG-HRP
(cat. no. E-AB-1001; 1:5,000; Elabscience Biotechnology, Inc.)
for 4 h at 4°C. The bands were detected using an Ultrasensitive
ECL Chemiluminescence Kit (cat. no. P10200; Suzhou
New Saimei Biotechnology Co., Ltd.) and imaging system
(BioSpectrum 600; BIOSS), and then quantified using Image J
software (v1.8.0; National Institutes of Health).

Cell Culture. SW480 cells, a human colon adenocarcinoma
cell line (The Cell Bank of Type Culture Collection of the
Chinese Academy of Sciences), were cultured at 37°C in a
5% CO, incubator with DMEM (cat. no. CM-0223B; Procell
Life Science & Technology Co., Ltd.) containing 10% FBS
(cat. no. 164210; Procell Life Science & Technology Co., Ltd.),
100 ug/ml streptomycin and 100 U/ml penicillin (Thermo
Fisher Scientific, Inc.).

Cell viability assay. SW480 cells were seeded into 96-well
plates at the density of 8x10? cells/well and treated with Evo
at doses of 20-200 M for 24 h at 37°C. Cell viability was
detected using MTT assay (26). Briefly, MTT was added
(5 mg/ml) to 96-well plates and incubated for 4 h at 37°C.
Subsequently, the liquid was aspirated, dissolved in DMSO
and the optical density value at 490 nm was measured.

Mitochondrial membrane potential (MMP) detection.
SW480 cells were seeded into six-well plates at a density of
2x10° cells/well and treated with 100 and 200 xM Evo for 12 h
at 37°C. The collected cells were incubated with the JC-1 dye
(Final concentration, 5 ug/ml; cat. no. BB-4105; BestBio) at
37°C for 20 min in the dark and then washed with PBS for
three times. A fluorescence microscope (magnification, x100;
Nikon Corporation) was used to observe the fluorescence
intensity of the cells (brighter red fluorophores represent
higher mitochondrial membrane potential).

Cell cycle detection. SW480 cells were seeded into six-well
plates at a density of 2x10° cells/well and treated with 100 and
200 uM Evo for 12 h at 37°C. Collected cells were washed
with ice-cold PBS and incubated with 70% pre-cooled ethanol
for >3 h at -20°C. The cells were then exposed to the Muse®
Cell Cycle Reagent (cat. no. MCH100106; MilliporeSigma) at
room temperature for 30 min in the dark. Muse® Cell Analyzer
(cat. no. 0500-3115; MilliporeSigma) was used to detect the
conditions of the cell cycle.

Immunofluorescence of p-NF-xB. Immunofluorescence of
p-NF-xB was performed using a NF-xkB Activation, Nuclear
Translocation Assay Kit (cat. no. SN368; Beyotime Institute
of Biotechnology). Briefly, SW480 cells were seeded into
glass-bottom cell culture dishes at a seeding density of
2x10° cells/well and treated with 100 and 200 M Evo for
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12 h at 37°C. Collected cells were washed with ice-cold PBS
and then incubated with the primary NF-«B p65 antibody
(undiluted) at 4°C overnight after fixing (cold 100% methanol
at -20°C) for 10 min and blocking (5% BSA) for 60 min at
37°C. The cells were then incubation with a Cy3-conjugated
secondary antibody (undiluted) for 1 h at room temperature.
Subsequently, the cells were stained with DAPI (undiluted) for
5 min at room temperature and then visualized by a confocal
microscope (magnification, x400; LSM710; Carl Zeiss AG).

Statistical analysis. All data are presented as the mean + stan-
dard error of the mean (SEM). In vitro, all experiments were
repeated six times. Kruskal-Wallis test followed by Dunn's
test was used to compare differences in the DAI among each
group. One-way analysis of variance and Tukey's post hoc
multiple comparisons test were performed using the SPSS 16.0
software (SPSS, Inc.) in other data. P<0.05 was considered to
indicate a statistically significant difference.

Theoretical analysis. The three-dimensional structure of
NF-«B (NCBI no. NP_033071.1) was built using the online tool
SWISS-MODEL (release date, 2017-03-08; https://swissmodel.
expasy.org/). The template and the structure of the complex
between the kinase-inducible domain-interacting domain of
CREB binding protein (CBP) (PDB ID, 5U4K) and the transac-
tivation domain 1 of p65 showed 93.33% sequence identify (27).
The ligand, Evo, which was downloaded from chemspider
(http://www.chemspider.com/), was docked onto T-NF-xB
and p-NF-«kB (S536P) using AutoDock 4.2 (Olson Lab at the
Scripps Institute; https:/autodock.scripps.edu/) (28,29). The
size of the docking box was set to 20x20x25 and the length of
each grid was 0. 0375 nm. The molecular docking was calcu-
lated by the Lamarckian genetic algorithm. Amber 16 software
(Amber is developed in an active collaboration of David Case
at Rutgers University; http:/ambermd.org/) was used to analyze
the four systems, T-NF-«B, p-NF-«B, T-NF-xB-Evo and
p-NF-kB-Evo (30) for 50 nsec molecular dynamics (MD) simu-
lations. The amber ff99SB forcefield, which could give a force to
an atom before MD, was applied to the proteins and ligands (31).

Results

Effects of Evo on DSS-induced UC. DAI and weight loss are
important parameters used to evaluate the degree of inflamma-
tion in patients with UC (32,33). Compared with that in healthy
mice, significant weight loss (Table SI), significant reductions
in colon length (Fig. 1B and C) and increased DAI scores on
day 27 (Fig. 1D) were observed in mice with DSS-induced UC.
These symptoms were ameliorated after Evo administration
(Fig. 1B-D and Table SI).

Furthermore, mice with DSS-induced UC showed a
damaged intestinal epithelium, fewer numbers of goblet cells
and dense exfoliated lymphocyte infiltration into the submu-
cosa (Fig. 1E). By contrast, both SASP and Evo treatment
markedly improved these pathologic changes in the colon
tissues (Fig. 1E).

Anti-UC effects of Evo is associated with NF-xB signaling. In
the colon tissue samples analyzed, 23,519 peptides, 3,375 groups
of proteins, 3,316 quantifiable proteins and 838 differentially

MOLECULAR MEDICINE REPORTS 25: 188, 2022 5

expressed proteins were identified. The administration of Evo
at a dose of 10 mg/kg significantly increased the levels of
129 proteins and decreased the levels of 129 proteins in the
colons of mice with DSS-induced UC (Fig. 2A and Table SII).
Through STRINGdD analysis of protein interactions between
the groups, potent interactions were found among 258 mole-
cules in the colons between the UC model and Evo-treated UC
mice (Figs. 2B and S1). GO enrichment analysis showed that
the 258 proteins with significantly changed expression levels
were associated with ‘response to IFN-f’, ‘cellular response
to IFN-f’, ‘mitochondrial inner membrane’ and ‘organelle
inner membrane’ (Fig. 3A). According to KEGG enrichment
analysis, Evo altered processes in ‘oxidative phosphorylation’,
‘human papillomavirus infection’ and ‘lysosome’ (Fig. 3B).
These results suggest that Evo may reduce the inflammatory
response in UC.

Compared with healthy mice, significantly increased levels
of IL-1f, IL-2, IL-6, IL-8 and TNF-a were observed in the
colon tissues of mice with UC (Fig. 4A-F). However, 3 weeks
of Evo administration resulted in significant reductions in the
colonic levels of IL-1p, IL-2, IL-6, IL-8, TNF-a and IFN-y
(Fig. 4A-F). However, ad libitum drinking of DSS only caused
a significant increase in the concentration of IL-1f in the
serum (Table SIII). In addition, Evo treatment significantly
reduced the serum concentrations of IL-1f, IL-6 and IL-8 in
mice with DSS-induced UC (Table SIII).

NF-kB is considered to be a key regulator of inflam-
mation (11). Evo significantly reduced the phosphorylation
of NF-«xB, IKKa/p and IxkBa and the expression levels of
S100a9, TLR4 and MyDS88 in the colon tissues of mice with
UC compared with those in vehicle-treated mice with UC
(Fig. 4G).

Anti-CRC effects of Evo in Apc™™"¢/Gpt mice through NF-xB
signaling. Evo significantly reduced the viability of SW480
cells (Fig. S2A) and caused cell cycle arrest at the G,/M phase
(Fig. S2B). In addition, Evo inhibited mitochondrial membrane
potential (Fig. S2C), reduced the expression of p-NF-kB and
suppressed the translocation of p-NF-kB from the cytoplasm
to the nucleus (Fig. S2D) in SW480 cells.

ApcMin®/Gpt mice, which spontaneously develop colorectal
tumors, were used in the present study to examine the effects
of Evo on CRC (34). After 8 weeks of Evo administration,
the numbers and sizes of the colonic tumors were markedly
reduced (Fig. 5A and F), whereas the degree of weight loss in
the ApcM"/Gpt mice was significantly lower (Fig. 5B). Evo
also significantly reduced the liver (Fig. 5C) and kidney index
values (Fig. 5D). In addition, Evo significantly enhanced the
spleen index values (Fig. SE) of mice with CRC, suggesting
that the administration of Evo reduced inflammation.
Compared with that in the control mice, an increase in green
fluorescence representing apoptotic cells in tumor tissues was
observed, indicating that Evo administration promoted tumor
tissue apoptosis (Fig. S3).

Compared with vehicle-treated ApcMi"®/Gpt mice with
CRC, 8 weeks of Evo administration significantly suppressed
the serum concentrations of IL-1p3, IL-6, IL-22 and TNF-a
whilst significantly increasing the concentration of IL-15
(Fig. 6A-G). In colonic tissues, Evo administration signifi-
cantly reduced the levels of IL-1f, IL-2, IL-6, IL-17, IL-22
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and TNF-a, but significantly increased the expression levels
of IL-15 (Fig. 6A-G).

The NF-«B pathway has been reported to regulate the
expression of oncogenes and proinflammatory genes (11).
IL-6-activated NF-kB has been previously found to promote
the development of CRC by acting on intestinal epithelial
cells (35). During the development of CRC, constitutive

activation of this pathway promotes the malignant transforma-
tion and proliferation of colonic epithelial cells (36). Following
8 weeks of Evo administration, the phosphorylation levels of
NF-«xB, IKKa/p and IkBa were significantly reduced and the
expression levels of S100a9 were also significantly reduced, in
the colon compared with those in vehicle-treated Apc™"®/Gpt
mice with CRC (Fig. 6H).
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MD simulations. Theoretical models were built to explain the
inhibition of NF-kB activation by Evo. Sequence alignment
between the templates, XP_004627287.1 and XP_020020483.1
(the closest protein number which compared in Blast) and NF-xB
is shown in Fig. 7A, whereas the docking of Evo onto NF-kB
is shown in Fig. 7B. Asp533, [le537, Phe534 and Ser536 (phos-
phorylated residue) were found to be important residues for Evo
binding. The effects of the protein chains and the solvent environ-
ment on the secondary structure of the protein were subsequently
determined (Fig. 7C and D). Evo binding to either T-NF-«xB or
p-NF-«B may increase the probability of o helix formation. To
confirm whether the conformational changes were continuous
and stable, principal components analysis and cross-correlation
analyses were further performed. The cross-correlation analyses
of the four systems indicated that the significant movement
mainly occurred between the regions of the a helix (Fig. 7E).
According to free energy landscape model, the structures of the
two most stable conformations of Evo binding to T-NF-xB and
p-NF-«B revealed that the conformational changes in the o helix
existed during MD simulations (Fig. 7F).

Discussion

The present study systemically investigated effects of Evo on
inflammation, UC and CRC, with focus on NF-«kB signaling.

Inflammation has been reported to regulate every stage of
tumor development, from initiation to and metastasis (37).
A number of pathways, including NF-kB, are activated
during chronic inflammation, which can promote tumor
development by promoting epithelial cell proliferation and
angiogenesis (11). During the early events of the development
of colitis-associated CRC, the TP53 gene is mutated, leading
to the constitutive activation of NF-xB and increased inflam-
mation (35). This inflammatory environment can potentiate
DNA damage and ultimately lead to mutations in the APC
gene and tumor initiation (35). APC is a frequently mutated
gene in human sporadic CRC and is almost always mutated in
familial APC (38). The loss of APC function is frequently an
early event in the pathogenesis of CRC.

Epithelial cells and immune cells in the intestines of
mice with colitis express a variety of proinflammatory
mediators (39). As an effective NF-«xB activator, IL-1f appears
during the early stages of intestinal inflammation and sustains
the inflammatory environment in colonic tissues (40). High
expression levels of IL-1f have been observed in the tumors
from mice with DSS/azoxymethane-induced colitis-associated
CRC and in non-colitic APC**%® mice (41). IL-1p promotes the
production of IL-6 (41), which contributes to the development
of IBD and the tumorigenesis of CRC through its receptor,
IL-6R (42). Both IL-1f and IL-6 levels were found to be
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suppressed by Evo administration in mice with UC and CRC
in the present study.

TNF-a is an effective proinflammatory cytokine that
serves important roles in immune regulation, the inflamma-
tory response, proliferation and death of all cell types (43).
The levels of TNF-a are frequently found to be elevated in the
blood, stool samples and mucous membranes of patients with
UC (44). The production and release of TNF-a is stimulated by
IFN-y and IL-1 (43), where TNF-a activates NF-xB through
TNF receptor-related factor 2 (45). TNF-a is also an effective

activator of intestinal epithelial cells where it stimulates the
production of the proinflammatory cytokine IL-8, which
is a key mediator of inflammation in the C-X-C chemokine
family (46). An association between the severity of inflam-
mation and the levels of IL-8 in the colonic mucosa has been
reported, where elevated IL-8 levels have been found in the
colonic mucosa of patients with UC (47). However, upon stim-
ulation, the production of a large amounts of IL-8 is induced,
which chemotactically attracts polymorphonuclear leukocytes,
monocytes and macrophages to the site of inflammation, where
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IL-8 then aggravates the inflammation (48). The promoter
region of IL-8 has binding sites for transcription factors, such
as activator protein 1 and NF-kB (48). Once activated, NF-xB
may cause the overexpression of proinflammatory cytokines,
thereby promoting a Thl-dependent lymphocyte immune
response (49). IL-6 promotes the chemotaxis of neutrophils,
promotes colonic necrosis and ultimately tissue destruc-
tion (50). In the present study, the inhibitory activity of Evo on
NF-«xB was noted in the DSS-induced mouse UC model. Evo
improved the symptoms of UC by inhibiting the DSS-induced
activation of NF-kB, downregulating the levels of proinflam-
matory genes IL-1f, IL-6, IL-8 and TNF-a whilst preventing
the infiltration of inflammatory cells.

In ApcMi"®/Gpt mice with CRC, Evo further promoted
the levels of IL-15 and inhibited IL-17 and -22 in the serum
and colonic tissues according to the results of ELISA. IL-15
enhances the proliferation and activation of natural killer
cells and CD8+ T cells, which in turn promote humoral and
cell-mediated immune responses, thereby inhibiting tumor
growth (41). The loss of or reduction in IL-15 expression
in human CRC results in higher risks of recurrence (41). In
sporadic CRC, mutations in the APC gene cause the loss of cell
polarity and tight junctions, leading to bacterial invasion and
production of IL-17 (35). In IBD, high levels of IL-17 have been
found in the inflamed intestinal mucosa (51). Accordingly, the
simultaneous neutralization of IL-17 and TNF-a may switch
off NF-«B signaling, which may negate the mitogenic effects of
factors secreted by CRC cells (52). Furthermore, Evo strongly
suppressed the levels of IL-22, which is found at high levels
in the serum and intestines of patients with IBD (52). IL-22
expression has also been found to be upregulated in leuko-
cytes infiltrating the tumor mass in patients with colitis-related
CRC (11). The activation of IL-22R in turn leads to an increase
in IL-8 and TNF-a levels (51). These results suggest that the
suppression of NF-kB signaling serves an important role in
mediating the anti-CRC effects of Evo in Apc™"®/Gpt mice.

Furthermore, the dysregulation of S100a9, a Ca**-binding
protein of the S100 family that controls acute and chronic
inflammation, has been widely observed in IBD (3). S100a8/a9
functions as an ‘alarm’ protein at the site of the inflamma-
tion by activating TLR4 (53), which subsequently activates
NF-xB (54). In colonic tissues of mice with UC or CRC,
Evo markedly regulated the levels of S100a9, p-NF-xB and
its upstream proteins. TLR4, a lipopolysaccharide receptor,
is expressed at high levels in the colonic tissues of patients
with UC and mice with DSS-induced colitis (55). The acti-
vation of TLR4 promotes the signaling cascade mediated by
MyD88, which leads to the activation of NF-kB and the release
of IL-6 (56). NF-kB expression and activation are markedly
increased in the inflamed intestines of patients with IBD, in
addition to those animals of experimental colitis models (11).
Once NF-«B is activated, the NF-xB inhibitor, IxB, which
binds to NF-«B, is also phosphorylated by the IKK complex.
p-IkB causes the translocation of NF-«B to the nucleus, where
it activates the transcription of related target genes encoding
inflammatory factors, especially IL-6 (57). In SW480 cells, Evo
exposure potently suppressed the translocation of p-NF-kB
from the cytoplasm into the nucleus. Experimental and theo-
retical data in the present study suggest that Evo may directly
inhibit the phosphorylation of NF-«B. It has been reported that

phosphorylated serine can promote electron transfer, since they
facilitate the formation or destruction of various non-bonding
interactions (58). Evo binding to p-NF-kB may induce new
interactions with NF-xB, which facilitate the formation of an
a helix in p-NF-kB, as indicated by MD simulations.

There are a number of limitations in the present study.
It only investigated the effects of Evo on UC and CRC in
relation to NF-kB signaling from the perspective of inflam-
mation. However, because of the selection of animal models,
an in-depth study of the role of Evo in the transition from UC
to colitis-related CRC was not possible. In addition, the effects
of mitochondrial function on the anti-inflammatory effects of
Evo would require further study.

Altogether, data from the present study suggest that Evo
can reduce the inflammatory response in UC and CRC by
preventing damage of the intestinal mucosal barrier and by
regulating the secretion of inflammatory cytokines. The
suppression on the activation of NF-kB serve central roles in
mediating these effects. The findings provide experimental
evidence that Evo may be promising as an effective treatment
option in clinics for colitis and CRC.
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