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Artesunate exerts protective effects against ulcerative
colitis via suppressing Toll-like receptor 4 and its
downstream nuclear factor-kB signaling pathways
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Abstract. Artesunate (ART) is a semi-synthetic derivative
of artemisinin used in the treatment of patients with malaria,
which has also been reported to have immunoregulatory,
anticancer and anti-inflammatory properties. The aim of
the present study was to investigate the possible beneficial
effects of ART on ulcerative colitis (UC) rats and to detect the
possible mechanisms underlying these effects. A UC rat model
was established using dextran sulfate sodium (DSS). Rats were
randomly divided into the following groups: Normal control,
UC model group, UC rats treated with a low, medium or high
dose of ART (10, 30 and 50 mg/kg/day, respectively), and the
positive control group (50 mg/kg/day S-aminosalicylic acid).
The damage status of colonic mucosal epithelial tissue was
investigated by hematoxylin and eosin staining, and then the
weight, colon length and disease activity index (DAI) were
measured. Western blotting and reverse transcription-quanti-
tative polymerase chain reaction analysis were used to detect
the levels of cytokines associated with UC and proteins associ-
ated with Toll-like receptor 4 (TLR4)-nuclear factor (NF)-xB
pathway. ELISA was also performed to measure the levels of
inflammatory cytokines. In addition, the viability and infiltra-
tion of RAW?264.7 cells were examined using Cell Counting
Kit-8 and Transwell assays. The results demonstrated that
treatment with ART significantly alleviated the UC symptoms
induced by DSS in the rat model, lowered the DAI, amelio-
rated pathological changes, attenuated colon shortening,
inhibited the levels of pro-inflammatory mediators and
myeloperoxidase activity, and increased hemoglobin expres-
sion. Additionally, inflammatory and apoptotic markers were
found to be significantly downregulated following treatment
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with ART in UC rats and RAW264.7 cells. To the best of
our knowledge, the present study is the first to demonstrate
that ART exerts anti-inflammatory effects via regulating the
TLR4-NF-«B signaling pathway in UC.

Introduction

Ulcerative colitis (UC) is an idiopathic, chronic inflamma-
tory colitis that manifests as diffuse mucosal inflammation of
the colon and rectum, and interferes with intestinal motility;
however, and the exact pathogenesis of UC remains poorly
understood. UC mainly includes rectal and proximal trans-
mission, and does not affect the digestive tract beyond the
ileocecal valve. In recent years, the numbers of individuals
suffering from UC has been continuously increasing in several
countries (1). UC most commonly affects individuals aged
between 30 and 40 years (2,3). The pathogenesis of UC is
multifactorial, including immune responses disorders, genetic
susceptibility, epithelial barrier defects and adverse environ-
mental factors, among others (4). Treatments for UC include
aminosalicylates for mild-to-moderate disease, topical and
systemic steroids for disease outbreaks, and immunosuppres-
sants and biopharmaceuticals for moderate-to-severe disease,
whereas patients with refractory disease or colonic tumors
require colectomy (4). However, the effective management of
UC represents a major challenge.

Artemisinin was isolated from the Artemisia (genus) plant
in 1971 and is a medicinal natural product commonly used in
the treatment of malaria (5). Recent studies have demonstrated
that artemisinin derivatives also exert anti-tumor effects (6-10),
which have attracted attention for use as anticancer drugs.
Due to its anti-inflammatory properties, artesunate (ART), a
semi-synthetic derivative of artemisinin, has been used in the
treatment of a variety of inflammatory diseases. It has also been
reported that ART can inhibit the activation of the Toll-like
receptor 4 (TLR4)-nuclear factor (NF)-xB pathway (11).
However, the effect of ART on UC remains unknown.
Therefore, the aim of the present study was to evaluate the
anti-inflammatory effects of ART on DSS-induced UC.

Tumor necrosis factor (TNF)-a and interleukins (ILs) serve
crucial roles in the inflammatory process of UC. Accumulating
evidence suggests that the TNF-a gene regulates the development
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of UC, and increased levels of TNF-a have been detected in
patients with UC; thus, TNF-a is a pro-inflammatory mediator
with a key role in the pathogenesis of inflammatory bowel
diseases (12). In addition, pro-inflammatory ILs serve an impor-
tant role in the pathogenesis of UC, and high IL levels secreted by
macrophages have been associated with the severity of inflamma-
tion in colitis (13). Nuclear factor (NF)-kB p65 is an important
transcription factor that regulates a large number of genes involved
in immune and inflammatory responses. NF-«B is a key tran-
scription factor of M1 macrophages and induces a number of
inflammatory genes, including TNF-a, IL-1p, IL-6, IL-10, IL-12,
and cyclooxygenase-2 (14,15). Inactivated NF-kB is potentially
involved in pro-apoptotic signaling pathways (16). Furthermore,
NF-kB increases B-cell lymphoma 2 (Bcl-2) expression, resulting
in a decrease in cellular apoptosis (17). Previous studies have
demonstrated that NF-kB signaling dysfunction is closely associ-
ated with the pathogenesis and progression of UC (18,19). Since
the NF-kB signaling pathway is widely known to be involved in
inflammatory response (20,21), its inactivation may be critical for
the effective therapy of UC (22).

Another hallmark of UC, namely inflammation limited
to the mucosa, may be associated with TLR4 (23). In mice
exposed to DSS, treatment with anti-TLR4 antibodies resulted
in the attenuation of inflammation of the colon, and down-
regulated the expression levels of IL-1p, TNF-a and interferon
(IFN)-v (24). It is well known that the TLR4-NF-kB signaling
pathway is a commonly recognized inflammatory pathway,
which is likely to be activated in DSS-induced UC. These find-
ings prompted the investigation of the effects of ART on UC.

The aim of the present study was to investigate whether
ART attenuated the DSS-induced colon injury and to further
elucidate whether the underlying mechanism involves regu-
lating the TLR4-NF-«xB signaling pathway, in order to assess
the potential of ART as an effective intervention for UC
treatment.

Materials and methods

Materials. ART (SA9720) was purchased from Solarbio Life
Sciences (Beijing, China). TRIzol Reagent (cat. no. 15596026;
Thermo Fisher Scientific, Inc.) was used to extract the total
RNA. The 2X Taq PCR Master Mix was obtained from
Beijing Baiao Laibo Technology Co., Ltd. (Beijing, China).
Western blot analysis, hematoxylin and eosin (H&E)
staining, cell RIPA lysis buffer solution was purchased from
Beyotime Institute of Biotechnology and ELISA assay kits
were purchased from Abcam and R&D Systems China Co.,
Ltd. The TLR4, NF-«B p65, phosphorylated (p)-p38, Bcl-2,
Bcl-2-associated X protein (Bax) and caspase-9 primary
antibodies, and the horseradish peroxidase-conjugated goat
anti-rabbit/mouse secondary antibodies were obtained from
Abcam or Cell Signaling Technology, Inc. Lipopolysaccharide
(LPS; from Escherichia coli 0111:B4; L2630) and DSS (D4911)
powder were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). The compound 5-aminosalicylic acid
(5-ASA) was purchased from Tokyo Kasei Kogyo Co., Ltd.

Animals. Male Sprague-Dawley rats weighing 200-250 g
(7 weeks old; n=48) were used in the experiments, which
were purchased from Nanjing Qinglongshan Experimental
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Animal Breeding Farm. The rats were housed in a
specific-pathogen-free environment, and kept under an
automated 12-h light/dark cycle at a controlled temperature
of 24+2°C and relative humidity of 50-60%, with ad libitum
access to food and tap water. All animals received humane
care and the experimental procedures were conducted in strict
accordance with the Guide to the Care and Use of Experimental
Animals. All experimental procedures performed on the rats
were approved by the Animal Experiment Ethics Committee
of Nanjing Drum Tower Hospital (Nanjing, China).

Animal grouping. All animals were randomly divided into
the following six groups, according to different treatments:
Normal control group (CG), DSS-induced UC model group
(DG), low-dose ART group (LG), middle-dose ART group
(MG), high-dose ART group (HG) and positive control drug
group (PG). Rats in each group had diets with the same energy
density, macronutrient composition and trace elements.

UC animal model. DSS-induced colitis in rats was induced as
described previously (25). Briefly, DSS was added to drinking
water to a final concentration of 3%. The DSS solution was
freshly prepared and replaced daily. Rats were randomly
divided into six groups (normal control, UC model, positive
control and three ART-treated groups), with 8 rats per group.
Rats in the control group were given normal drinking water,
while drinking water containing 3% DSS was given to the
model, positive control and three ART-treated groups. After
10 days of DSS administration, the drinking water of all the
rats was replaced with normal drinking water on the day 11.
The rats were given free access to water during the experiment.
On day 11 after DSS induction, the three experimental groups
were orally administered different doses of ART (10, 30 and
50 mg/kg/day) for 5 days, while the positive control drug group
was orally administered 5-ASA (50 mg/kg/day) in 1 ml 0.9%
NaCl saline. Rats in the normal control and model groups were
orally administered 1 ml/kg/day of 0.9% phosphate-buffered
saline (PBS). Subsequent to the last dose, the rats were fasted
for 24 h, and on the following day, rats from each group were
randomly selected for the follow-up experiments.

Measurement of disease activity index (DAI). The symptoms of
colonic inflammation in all rats were monitored daily. The stool
viscosity rating criteria were as follows: A rating of O indicated
normal stool, a rating of 2 indicated thin stool, while a rating
of 4 points indicated diarrhea. Bloody stool was also rated as
follows: 0 indicated normal stool, a rating of 2 indicated fecal
occult blood-positive, and 4 indicated bleeding. The weight loss
rating criteria were as follows: 0, no change; 1, weight loss of
1-5% of the initial body weight; 2, weight loss of 5-10% of the
initial body weight; 3, weight loss of 10-15% of the initial body
weight; and 4, weight loss of >15% of the initial body weight.
Finally, the DAI was measured as previously described (26).
The DAI score was calculated as the sum of scores assigned for
weight loss, stool consistency and rectal bleeding.

Histological analysis of the colon and changes in colon length.
After the rats were euthanized, the colons were immediately
resected. Next, the mesenteric tissue, blood vessels and fat
were carefully removed, and the colon length was measured.
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Subsequent to washing the intestine with PBS, a ~4 cm segment
of the distal colon was removed and weighed. For histological
examination, 1-cm segments from the distal colon were fixed
in 10% formalin, embedded in paraffin, cut into 5-mm sections
and placed on the slides. In order to observe the histological
changes, colon sections were stained with H&E and then exam-
ined under an Olympus microscope (Olympus Corporation,
Tokyo, Japan). The histological score of the H&E-stained colon
specimens was evaluated in terms of the degrees of lymphocyte
infiltration, mucosal erosion, colonic crypt damage and ulcer
formation. Histological scoring was performed in a blinded
manner, according to the classic scoring system described by
Cooper et al (27). The rest of the colon tissue was immediately
frozen in liquid nitrogen and then stored at -80°C for subsequent
western blot and reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) analyses.

Measurement of myeloperoxidase (MPO) in colon tissue.
Colon tissue (1 g) was mashed with a mortar and pestle in
1 ml of 20 mM potassium phosphate buffer (pH 7.0). The
supernatants were collected by centrifugation at 16,000 x g
for 10 min at 4°C, and the level of MPO was measured using
assay kits purchased from Abcam (Cambridge, MA, USA,; cat.
no. ab43321).

Cell culture and treatment. RAW264.7 cells were purchased
from the American Type Culture Collection (Manassas, VA,
USA) and cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 10% (v/v) fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a humidified
atmosphere with 5% CO, and 95% air, until 70-80% confluence
was reached (28). The cells (2x10° cells/well) were then seeded
into 24-well plates and incubated for 24 h. Subsequently,
RAW264.7 cells were stimulated with LPS (1 ug/ml; Gibco;
Thermo Fisher Scientific, Inc.) for 48 h, followed by treatment
with different concentration of ART (5, 10 and 20 ug/ml) or
with 5-ASA (20 mmol/l), which was used as a positive control.
After 24 h, the cells were collected for use in further experi-
ments. The experimental grouping of cells was as follows:
Control, LPS, 5-ASA, ART 5, ART 10 and ART 20 groups.

Measurement of cytopathological state. RAW264.7 cells were
fixed with 4% paraformaldehyde for 15 min and washed with
distilled water for 2 min, followed by two 2-min washes with
distilled water. The processed samples were stained with
hematoxylin for 10 min and then rinsed with distilled water
for 10 min to remove any excess stain. Next, the samples were
washed for 5 sec with 95% ethanol and then with distilled
water. Finally, the samples were stained with eosin solution for
1 min, washed twice with 70% ethanol and directly observed
under an Olympus microscope. The affected cells exhibited
an increased cell size, unclear cell borders or cell structure
disruptions, and histological scoring was determined based
on the number of abnormal cells and according to the classic
scoring system of Cooper et al (27).

Measurement of cell migration by a Transwell assay. The
cell migration ability was assayed using 24-transwell inserts
with 8-ym microporous membranes. Briefly, cell suspensions
(2x10° cells/well) were added to the upper chamber of a transwell
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migration system (BD Biosciences, Franklin Lakes, NJ, USA) and
incubated for 12 h at 37°C. Following starving for 8 h in FBS-free
DMEM to eliminate the influence of serum, 500 ul DMEM
high-glucose medium supplemented with 10% FBS (Thermo
Fisher Scientific, Inc.) was added into the lower Transwell
chamber. Then, the indicated treatments were added and the
cells were allowed to migrate for 24 h. Non-migrating cells were
removed from the upper surface of the insert with a cotton swab.
Migrating cells were fixed with 100% ethanol for 20 min, followed
by staining with crystal violet solution. Images of the migrating
cells were captured using an Olympus microscope.

Measurement of inflammatory factor levels by ELISA. After
the last administration, the rats were fasted for 24 h and blood
samples were collected the next day. The serum sample (0.5 ml)
was obtained from the tail veins of rats, and the serum was
isolated by centrifugation at 500 x g for 5 min. The rat Hb kit
(cat. no. ml0187371; Shanghai Enzyme-linked Biotechnology
Co., Ltd.) was used to measure the Hb content in rat serum.
RAW264.7 cells (2x10° cells/well) were plated into 96-well
plates and cultured overnight at 37°C. Subsequently to the
indicated treatments, culture supernatants of RAW264.7 cells
were collected to detect the levels of inflammatory factor. The
concentrations of IL-8 (cat. no. CK-E30583; R&D Systems
China Co., Ltd., Shanghai, China), IFN-y (cat. no. ab46107,;
Abcam) and TNF-a (cat. no. ab46105, Abcam) were measured
using their respective ELISA kits, according to the protocols
recommended by the manufacturer. The inflammatory factor
levels were measured in both the rat serum samples and
RAW264.7 cells.

Measurement of cell viability. The viability of RAW264.7 cells
was assessed using the Cell Counting Kit-8 (CCK-8) assay.
Cells (5x10° cells/well) were seeded on a 96-well plate.
Following the indicated cell treatments, CCK-8 reagent was
added to the culture medium, and the cells were cultured for
1 h at 37°C in a humidified atmosphere with 95% air and 5%
CO,. Absorbance was measured at 490 nm using a microplate
reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

RT-gPCR. Total RNA was extracted from colon tissues and
RAW264.7 cells using TRIzol reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) and treated with DNase I (Promega
Corporation, Madison, WI, USA). The RNA purity and
concentration were measured using an UV spectrophotometer
and RT was then performed using T7-(dT),, oligo primers and
the Custom SuperScript Double-Stranded cDNA Synthesis
kit (Invitrogen; Thermo Fisher Scientific, Inc.) following the
instructions of the manufacturer. The reverse transcription
conditions were 10 min at 25°C, 30 min at 48°C, and a final
step of 5 min at 95°C. The cDNA samples were stored at -20°C
for subsequent qPCR analysis. Next, qPCR for the evaluation of
mRNA levels was performed by PowerUp SYBR Green Master
Mix (Thermo Fischer Scientific) according to the manufac-
turer's protocol. The qPCR reactions (20 ul) were performed as
follows: 2 min at 95°C, followed by 40 cycles of 15 sec at 95°C
and 60 sec at 60°C. gPCR primers used are listed in Table I.
The fold relative expression was calculated according to the
2-244¢4 method (29) and normalized to GAPDH. Three repeated
experiments were performed for each qPCR reaction.
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Table I. Primers used in quantitative polymerase chain reaction analysis.

Gene Forward primer (5'-3") Reverse primer (5'-3")
TLR4 AAATGCACTGAGCTTTAGTGGT TGGCACTCATAATGATGGCAC
NF-«xB AGGCTTCTGGGCCTTATGTG TGCTTCTCTCGCCAGGAATAC
TNF-a CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
p38 GGGACACCCCCTGCTTATCT TCCCTGCTTTCAAAGGACTGG
IFN-y ACAGCAAGGCGAAAAAGGATG TGGTGGACCACTCGGATGA
IL-8 TCGAGACCATTTACTGCAACAG CATTGCCGGTGGAAATTCCTT
Bax AGACAGGGGCCTTTTTGCTAC AATTCGCCGGAGACACTCG
BcL-2 GCTACCGTCGTGACTTCGC CCCCACCGAACTCAAAGAAGG
Caspase-9 AGCCAGAGGTTCTCAGACCAG ATATCTGCATGTCCCCTGATCT
GAPDH TGACCTCAACTACATGGTCTACA CTTCCCATTCTCGGCCTTG

TLR4, Toll-like receptor 4; NF-kB, nuclear factor-kB; TNF-a, tumor necrosis factor-a; IFN-y, interferon-y; IL, interleukin; Bcl-2, B-cell

lymphoma 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Western blot analysis. Total proteins were extracted from the
rat colon tissue and RAW?264.7 cells using a protein isolation
kit (Beyotime Institute of Biotechnology), and the protein
concentration was measured using a bicinchoninic assay kit
(Beyotime Institute of Biotechnology). The protein samples
were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (8-12%), and the protein bands were then
transferred onto PVDF membranes. Following blocking in
5% skim milk for 2 h at room temperature, the membranes
were incubated at 4°C overnight with the designated primary
antibodies against TLR4 (cat. no. ab13556; 1:500), NF-kB p65
(cat. no. ab16502; 1:1,000), TNF-a (cat. no. ab6671; 1:1,000),
Bax (cat. no. ab199677; 1:1,000), Bcl-2 (cat. no. ab196495;
1:1,000), Caspase-9 (cat. no. ab25758; 1:1,000) and GAPDH
(cat. no. ab37168; 1:10,000), which were purchased from
Abcam, and with anti-p-p38 (cat. no. 4511S; 1:1,000) that
was purchased from Cell Signaling Technology (Danvers,
MA, USA). Subsequently, the blots were labeled with horse-
radish peroxidase-conjugated goat anti-rabbit IgG H&L (cat.
no. ab6721; 1:10,000; Abcam). Then, the membranes were
developed with ECL (Beyotime Institute of Biotechnology).
Signals were quantified using ImageJ software (version 1.47;
National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. All data are presented as the mean + standard
derivation. Statistical analyses were performed with SPSS soft-
ware, version 17.0 (SPSS, Inc., Chicago, IL, USA). Statistical
differences among groups were determined by one-way analysis
of variance followed by Dunnett's post hoc test, and the quan-
titative variables were compared using the paired Student's-t
test. P<0.05 was considered to indicate a statistically significant
difference.

Results

Effect of ART on DAI in UC rats. The DAI in the CG remained
unchanged until day 14, whereas the DAI in the DG increased
gradually with increasing DSS treatment time between days 0
and 10 (Fig. 1A). After 10 days, there was a significant differ-
ence in DAI between CG and DG (P<0.001; Fig. 1A). However,

treatment of UC model rats with ART inhibited the increase in
DALI in a dose-dependent manner when compared with that in
untreated model rats. On day 14, the difference in DAI between
the DG and all the treatment groups (LG, MG, HG and PG)
was statistically significant (LG vs. DG, P<0.01; MG vs. DG,
P<0.01; HG vs. DG, P<0.001; PG vs. DG, P<0.001; Fig. 1A).

Effect of ART on the serum hemoglobin (Hb) content of UC
rats. ELISA revealed that DSS treatment significantly reduced
the blood Hb level as compared with that in healthy animals
in the CG (P<0.001; Fig. 1B). However, ART treatment in the
model animals increased the blood Hb level in a dose-depen-
dent manner. The difference in Hb content between the DG
and the treatment groups MG, HG and PG was statistically
significant (MG vs. DG, P<0.05; HG vs. DG, P<0.01; PG vs.
DG, P<0.001; Fig. 1B), whereas no marked difference was
observed between the DG and LG levels.

Effect of ART on DSS-induced colon length reduction in UC
rats. As shown in Fig. 2A and B, DSS treatment caused a
significant decrease in the colon length of the UC model rats,
as compared with that in control rats (P<0.001). Treatment
with ART prevented the DSS-induced colon length reduction
in UC model rats, with statistically significant differences
observed between the DG and the treatment groups MG, HG
and PG (MG vs. DG, P<0.05; HG vs. DG, P<0.001; PG vs. DG,
P<0.001; Fig. 2A and B).

Effect of ART on the activity of MPO in UC rats. DSS treatment
increased oxidative stress in UC rats by markedly increasing
the levels of MPO, as compared with those observed in healthy
animals in the CG (P<0.001; Fig. 2C). Comparatively, ART
improved the antioxidant capacities of UC rats by reducing the
activity of MPO in a dose-dependent manner, with significant
differences detected between the DG and the other treatment
groups (LG vs. DG, P<0.01; MG vs. DG, P<0.001; HG vs. DG,
P<0.001; PG vs. DG, P<0.001; Fig. 2C).

Protective effect of ART against DSS-induced colon
damage. To determine the pathological changes in the colon,
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Figure 1. Effects of ART on (A) DAI and (B) hemoglobin in a rat ulcerative colitis model. ““P<0.001 vs. CG; "P<0.05, “P<0.01 and "P<0.001, vs. DG. ART,
artesunate; DAI, disease activity index; CG, control group; DG, dextran sulfate sodium-treated model group; LG, low-dose ART group; MG, middle-dose ART

group; HG, high-dose ART group; PG, positive control group.
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Figure 2. Effects of ART on colon length and MPO in a rat UC model. (A) Representative images of colon sections from rats in each group. (B) Quantification
of the change in colon length in each group. (C) Change in the activity of MPO in UC rats in each group. ““P<0.001 vs. CG; “P<0.05, #P<0.01 and
"P<0.001, vs. DG. ART, artesunate; MPO, myeloperoxidase; UC, ulcerative colitis; CG, control group; DG, dextran sulfate sodium-treated model group; LG,
low-dose ART group; MG, middle-dose ART group; HG, high-dose ART group; PG, positive control group.

H&E staining was performed. Histological examination
revealed a normal tissue structure, as well as appearance
of the cell nuclei and cytoplasm, in the CG (Fig. 3A). DSS
treatment caused tissue damage with cell destruction,
whereas ART treatment in UC rats reduced the severity of
the damage in a dose-dependent manner. In terms of the
histological scores, the differences between the DG and the
treatment groups MG, HG and PG were statistically signifi-
cant (MG vs. DG, P<0.05; HG vs. DG, P<0.01; PG vs. DG,
P<0.01; Fig. 3B).

Effects of ART on the serum levels of inflammatory factors in
UC rats. ELISA demonstrated that DSS treatment increased
the serum levels of the inflammatory factors TNF-a, IL-8
and IFN-y when compared with those in healthy animals
in the CG (P<0.001; Fig. 4). By contrast, ART administra-
tion in UC rats inhibited the increase in the serum levels of
TNF-a, IL-8 and IFN-y in a dose-dependent manner, with
statistically significant differences detected between the
DG and the treatment groups MG, HG and PG (MG vs. DG,
P<0.05; HG vs. DG, P<0.01; PG vs. DG, P<0.01; Fig. 4),
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Figure 3. Effects of ART on the pathological alterations in the colon. (A) Representative images of hematoxylin and eosin stained sections (magnification,
x200), and (B) quantification of the pathological alterations in the colon according to the histological score. ““P<0.001 vs. CG; “P<0.05 and ##P<0.001, vs. DG.
ART, artesunate; CG, control group; DG, dextran sulfate sodium-treated model group; LG, low-dose ART group; MG, middle-dose ART group; HG, high-dose

ART group; PG, positive control group.

whereas no differences were observed between the DG and
LG levels.

Effects of ART on the regulation of key molecules involved in
the TLR4-NF-kB signaling pathway in UC rats. As shown in
Fig. 5A, compared with the CG, DSS treatment increased the
protein levels of TLR4, p-NF-«B, p-p38, Bax and caspase-9,
whereas it reduced the protein level of Bcl-2. Treatment of UC
model rats with ART inhibited the activity of the TLR4-NF-xB
signaling pathway by reducing the expression levels of TLR4,
p-NF-kB, p-p38, Bax and caspase-9, and increasing the
expression of Bcl-2 in a dose-dependent manner. The differ-
ence in the expression was statistically significant between
DG and the treatment groups MG, HG and PG (all P<0.01 or
P<0.001; Fig. 5A). Notably, these levels were not significantly
altered in the LG compared with DG, while the protein levels
of NF-«kB and p38 did not differ markedly among all groups.
Comparatively, the results of RT-qPCR on the mRNA levels of
TLR4, p-NF-«kB, p-p38, Bax, caspase-9 and Bcl-2 were consis-
tent with the results of western blotting (Fig. 5B). Furthermore,
the results of RT-qPCR verified the ELISA results, confirming
that DSS treatment increased the levels of IFN-vy, IL-8 and
TNF-a compared with the CG, and that ART lowered these
levels in UC rats (DG vs. CG, P<0.001; MG vs. DG, P<0.01 or
P<0.001; HG vs. DG, P<0.001; PG vs. DG, P<0.001; Fig. 5B).

Protective effect of ART against RAW264.7 cell damage
caused by LPS. Following treatment with LPS, used to
induce inflammation, RAW?264.7 cell infiltration was mark-
edly increased. H&E staining revealed that the cells became
larger and more rounded when compared with the control cells
(P<0.001); however, ART treatment reduced cell infiltration,
and the cell shape and size were gradually restored (Fig. 6A).
Therefore, ART alleviated cell injury in a dose-dependent
manner, and the pathological score of LPS-treated cells was
significantly higher in comparison with that of the 5-ASA,
ART 5, ART 10 and ART 20 groups (ART 5 vs. LPS, P<0.05;
ART 10 vs. LPS, P<0.01; ART 20 vs. LPS, P<0.001; 5-ASA vs.
LPS, P<0.001; Fig. 6B).

Effects of ART on the levels of inflammatory factors in
RAW264.7 cells. ELISA demonstrated that, when compared
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Figure 4. Effects of ART on the serum levels of inflammatory factors in
ulcerative colitis rats. ELISA analysis indicated that DSS treatment increased
the levels of IFN-v, IL-8 and TNF-a, whereas ART exposure reversed these
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Figure 5. Effects of ART on the levels of key molecules involved in TLR4-NF-kB signaling pathway in ulcerative colitis rats. (A) Western blot analysis of
the effects of ART on the levels of key molecules involved in the TLR4-NF-«B signaling pathway. DSS-treatment increased the protein expression levels of
TLR4, p-NF-«B, p-p38, Bax and caspase-9, and downregulated Bcl-2, whereas ART reversed these levels. (B) Reverse transcription-quantitative polymerase
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group; PG, positive control group.

with the control cells, LPS treatment increased the levels of the
inflammatory factors IFN-v, IL-8 and TNF-a in cells induced
by LPS (P<0.001). However, ART lowered the levels of the
abovementioned inflammatory factors in a dose-dependent
manner. The difference in the levels between the LPS-treated
group, and the 5-ASA and ART 20 groups were statistically
significant for all factors, while a marked decrease in IL-8 and
TNF-a levels was also observed in ART 10 compared with the
LPS group (Fig. 7).

Effect of ART on cell viability. The results of the CCK-8
assay demonstrated that LPS treatment significantly reduced
cell viability when compared with that in the control (at
48 h, P<0.01; at 72 h, P<0.001). ART exposure improved the
cell viability in a dose-dependent manner, with statistically
significant differences detected between the LPS group, and
the 5-ASA, ART 5, ART 10 and ART 20 groups at 72 h (ART
5 vs. LPS, P<0.05; ART 10 vs. LPS, P<0.01; ART 20 vs. LPS,
P<0.001; 5-ASA vs. LPS, P<0.001; Fig. 8A).
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Figure 6. Effects of ART on histological changes in RAW264.7 cells.
(A) Representative images of hematoxylin and eosin staining (magnifica-
tion, x200), and (B) quantification of the histological score of RAW264.7
cells in each group. “"P<0.001 vs. control group; “P<0.05, *P<0.01 and
#P<0.001 vs. LPS group. ART, artesunate; LPS, lipopolysaccharide; 5-ASA,
5-aminosalicylic acid.

Effect of ART on cell migration. As shown in Fig. 8B and C,
the Transwell assay revealed that LPS treatment significantly
increased cell migration compared with the control cells
(P<0.001). ART reduced cell migration in a dose-dependent
manner, with statistically significant differences observed
between the LPS group, and the 5-ASA, ART 5, ART 10 and
ART 20 groups (ART 10 vs. LPS, P<0.01; ART 20 vs. LPS,
P<0.001; 5-ASA vs. LPS, P<0.001; Fig. 8B).

Effect of ART on the regulation of key molecules involved
in the TLR4-NF-xB signaling pathway in RAW264.7 cells.
Western blot analysis demonstrated that, when compared
with the control cells, LPS treatment in RAW264.7 cells
significantly increased the protein levels of TLR4, p-NF-«B,
p-p38, Bax and caspase-9, whereas it reduced the protein level
of Bcl-2 (P<0.001). Further treatment with ART activated the
TLR4-NF-«B signaling pathway by reducing the expression
levels of TLR4, p-NF-«xB, p-p38, Bax and caspase-9, while
increasing Bcl-2 expression in a dose-dependent manner.
Statistically significant differences in these levels were
observed between the LPS-treated group, and the 5-ASA,
ART 10 and ART 20 groups (ART 10 vs. LPS, P<0.05; ART
20 vs. LPS, P<0.01; 5-ASA vs. LPS, P<0.01; Fig. 9).

Discussion
UC is a recurrent and prolonged inflammatory disease of

the digestive system. Its pathological manifestations are
diverse, including diarrhea (30), abdominal pain (25), and
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Figure 7. Effects of ART on the levels of inflammatory factors in RAW264.7
cells. ELISA revealed that LPS treatment increased the levels of IFN-vy, IL-8
and TNF-o, whereas ART reversed these effects. ““P<0.001 vs. control
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factor a.

tenesmus (31), among others. Several drugs are effective in the
treatment of UC; however, the majority of these are accompa-
nied by notable side effects, which significantly inhibit their
widespread clinical application. Although the aminosalicylate
5-ASA has been widely used as a first-line medicine for UC
therapy, earlier findings have indicated that 5-ASA may cause
symptoms of diarrhea in patients with UC (32). In addition,
careful monitoring is required when 5-ASA is administered to
treat UC in elderly patients with renal impairment or cardiac
failure (33).

ART treatment appears to be promising in terms of toler-
ance in malaria patients, and the pharmacokinetics of this agent
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Figure 8. Effects of ART on the viability and migration abilities of RAW264.7 cells. (A) RAW264.7 cell proliferation in the LPS group was inhibited when
compared with that in the control group; however, the activity of the cells was improved following ART treatment. (B) Quantified number of migrated cells in
each group, and (C) representative images of Transwell membranes (magnification, x200; staining, 0.05% crystal violet solution). “P<0.01 and ““P<0.001 vs.
control group; “P<0.05, /P<0.01 and **P<0.001, vs. LPS group. ART, artesunate; LPS, lipopolysaccharide; 5-ASA, 5-aminosalicylic acid.

have been well-characterized (34). A recent studies further
revealed that ART activation of ferroptosis is an effective, novel
pathway for eliminating pancreatic ductal adenocarcinoma
cells (10). In addition, previous data demonstrated that ART
may reduce cell proliferation and angiogenesis, and trigger
apoptosis, and that it exerts its protective effects by enhancing
antioxidant activities and alleviating oxidative stress (35-37).
ART is considered to be suitable for drug development due to
its aqueous solubility. In the present study, it was first hypoth-
esized that ART may attenuate the DSS-induced inflammatory
damage in a UC animal model, as well as protect RAW264.7
cells against LPS-induced damage and control their inflam-
matory status. The results then revealed that ART reduced the
DSS-induced inflammatory damage in UC rats, and protected
RAW264.7 cells against LPS-induced damage and inflamma-
tory response. To fully elucidate the mechanisms underlying
the anti-inflammatory actions of ART, the present study also
investigated the mechanisms mediating inflammatory damage
in UC rats and the effects of ART on RAW264.7 cells.

The downstream signaling of all TLRs involves three
major signaling pathways: Mitogen-activated protein kinase,
IFN-regulatory factor and NF-kB signaling pathways (38).
NF-«B regulates the activation and differentiation of T cells
and inflammation (39); therefore, it was hypothesized that
inactivation of the TLR4-NF-kB signaling pathway may be

important for the effective treatment of UC. LPS activates
TLR4 signaling, leading to the release of TNF-a and IL-6,
and the ensuing response to inflammation (40). Based on this
mounting evidence, a genetic association between TNF-a
and UC was predicted. In the present study, the activity of
the TLR4-NF-«kB pathway and the expression of inflamma-
tory genes were found to be induced by DSS treatment. In
addition, the extent of damage to the colon of UC rats was
aggravated, as reflected by alterations in DAI, MPO, colon
length and Hb expression. Furthermore, western blotting,
RT-gPCR analysis and ELISA confirmed that ART inhibited
the TLR4-mediated NF-kB activation, leading to decreased
release of the pro-inflammatory cytokines IFN-vy, IL-8 and
TNF-a, markedly reducing colonic damage in UC rats. The
anti-inflammatory effect of ART in UC rats was similar to its
role in LPS-induced RAW264.7 cells. In vitro experiments
demonstrated that ART treatment attenuated the LPS-induced
migration, activity and apoptosis of RAW?264.7 cells, as well as
the release of inflammatory mediators, as confirmed by H&E
staining, CCK-8 assay, Transwell assay and ELISA. ART also
decreased the LPS-induced expression levels of factors asso-
ciated with the TLR4-NF-kB pathway and inflammation, as
determined by western blotting.

As previously reported, upregulation of Bax and caspase-3,
and downregulation of Bcl-2 may result in cell apoptosis. Bax
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protein.

permeabilizes the mitochondrial outer membrane, releasing
pro-apoptotic factors that activate caspases, and the apopto-
some then activates caspase-9, which in turn leads to the
activation of caspase-3 and thus induces apoptosis (41,42). In
the present study, the apoptosis of colon tissue and RAW264.7
cells following intervention with ART was assessed by H&E
staining, CCK-8 assay and western blotting. Decreases in
the pathological damage of colon tissue and apoptosis were
observed in ART-treated DSS-induced UC rats. In addition,
the migration and apoptosis of ART-treated LPS-induced
RAW264.7 cells were decreased. Similarly, it was observed
that ART significantly inhibited the TLR4-NF-kB pathway
and inflammatory genes in LPS-treated RAW264.7 cells.
Therefore, ART appears to be beneficial in the treatment of
UC by effectively reducing inflammatory damage.

However, there were certain limitations to the present
study. Firstly, the properties of ART are complex, and the exact
functions of this compound have not been fully elucidated.
Nontprasert et al (43) reported that ART derivatives were
neurotoxic to mice, and the neurotoxic effects of the artemisinin
derivatives used in the treatment of several diseases have been a
matter of concern over the past years. This point is reflected in
the present study; for instance, the indexes of UC rats failed to
return to normal levels subsequent to treatment with a high dose
of ART. Compared with the positive control group, the thera-
peutic effect of ART is slightly inferior. In addition, following
ART treatment, rats exhibited a slightly depressed mental state
as compared with normal rats, which was manifested by weight
loss, reduced food intake and reduced exercise time, suggesting
a lack of food reward and euphoria in rats. These detection
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indexes were only used as simple daily observations in this
experiment, and were not quantified or formed part of the
experimental results of the present study; thus, more studies are
needed to confirm this point in the future. Secondly, the present
study only focused on the association between different ART
dosage, and the changes of the main molecules participating
in the TLR4-NF-kB signaling pathway and inflammatory
responses. Gene silencing and overexpression of TLR4-NF-kB
must be performed to study the underlying mechanism in more
detail. Another limitation is that the present study only revealed
the level change of caspase-9; however, theoretically the
expression levels of both caspase-3 and -9 should be examined,
since numerous studies have suggested that caspase-3 is more
representative of the apoptosis pathway in comparison with
caspase-9. Furthermore, a number of studies have demonstrated
that various cytokines associated with UC, such as IL-1f and
IL-6, are also able to increase inflammatory response through
the TLR4-NF-kB signaling pathway, with the exception of
TNF-a, IL-8 and IFN-y. Certain studies have further indicated
that NF-kB was a key transcription factor of M1 macrophages
and induced a great amount of inflammatory gene expression,
including IL-1p, IL-6, IL-10, IL-12 and cyclooxygenase-2.
Thus, the relevant inflammatory factors mentioned above
can be detected in further experiments. Finally, an analytical
experiment with other tissues of UC rats must be conducted to
investigate whether UC affects other organs as well. Therefore,
in order to obtain more evidence supporting the present find-
ings, further research is required in the future.

In conclusion, ART effectively controlled the development
of UC by improving the antioxidant and anti-inflammatory
status of UC rats via the TLR4-NF-«B signaling pathway
in vivo. Corresponding cell experiments in vitro demonstrated
that ART affected the TLR4-NF-kB signaling pathway by
reducing cell apoptosis and the expression of inflammatory
factors. The present findings are promising and support the use
of ART as anatural drug with anti-inflammatory, anti-apoptotic
and antioxidants properties. In view of the complex role of
ART and the fact that current research on ART is limited to
animal and cell experiments, further studies and clinical trials
are crucial for determining whether ART may be developed
into a drug for UC therapy in the future. Furthermore, the
present study highlighted the importance of the TLR4-NF-kB
signaling pathway in the development of UC. Inhibition of this
signaling may, thus, be a possible therapeutic strategy for the
treatment of UC, and ART may provide a theoretical basis for
the development of new drugs for UC treatment.
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