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Abstract

Ulcerative colitis (UC) is a chronic, nonspecific inflammatory bowel disease (IBD) characterized by complicated and relapsing
inflammation in the gastrointestinal tract. SM934 is a water-soluble artemisinin analogue that shows anti-inflammatory and immuno-
regulatory effects. In this study, we investigated the effects of SM934 on UC both in vivo and in vitro. A mouse model of colitis was
established in mice by oral administration of 5% dextran sulfate sodium (DSS). SM934 (3, 10 mg/kg per day, ig) was administered to
the mice for 10 days. After the mice were sacrificed, colons, spleens and mesenteric lymph nodes (MLNs) were collected for analyses.
SM934 administration restored DSS-induced body weight loss, colon shortening, injury and inflammation scores. Furthermore, SM934
administration significantly decreased the disease activity index (DAI), histopathological scores, and myeloperoxidase (MPO) activities
in colonic tissues. Moreover, SM934 administration dose-dependently decreased the mRNA and protein levels of DSS-induced pro-
inflammatory cytokines (IL-1B, IL-6 and TNF-a), and the percentage of macrophages and neutrophils in colon tissues. The effects of
SM934 on LPS-stimulated RAW 264.7 cells and THP-1-derived macrophages were examined in vitro. Treatment with SM934 (0.8,

8, 80 umol/L) dose-dependently decreased the production of pro-inflammatory mediators in LPS-stimulated RAW 264.7 cells and
THP-1-derived macrophages via inhibiting activation of the NF-kB signaling. Our results reveal the protective effects of SM934 on
DSS-induced colitis can be attributed to its suppressing effects on neutrophils and macrophages and its inhibitory role in the NF-kB
signaling, suggests that SM934 might be a potential effective drug for ulcerative colitis.
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Introduction

Ulcerative colitis (UC) is a chronic, nonspecific inflammatory
bowel disease (IBD) characterized by complicated and relaps-
ing inflammation in the gastrointestinal tract!"l. Multiple
causes, including genetic, environmental, microbiological, and
inflammatory factors, may contribute to the pathogenesis of
UC, of which intestinal immune system dysfunction plays a
Bl A previous study
showed that oral administration of DSS to mice could lead to

direct role in the process of the disease

clinical symptoms and histopathological features similar to
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those are observed in UC patients. Therefore, the DSS-induced
mouse colitis model has been widely used to investigate the
therapeutic effects of drug candidates for UC treatment!.

The innate immunity system acts as the first line of defense
against intestinal lumenal pathogens. The intestinal lamina
propria (LP) macrophage population, which is derived from
circulating monocytes, increases in the active phase of IBD™.
During the process of ulcerative colitis, activated macro-
phages produce excessive cytokines (IL-1, IL-6, TNF-a, etc)
and reactive metabolites of oxygen and nitrogen. These accu-
mulated pro-inflammatory factors not only trigger inflam-
matory responses by stimulating neutrophil migration and
activating other lymphocytes®™ but also promote intestinal
epithelial tissue damage that enhances the dissemination of
pro-inflammatory intestinal contents, including bacteria and
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their products’. Therefore, suppressing the population of LP

macrophages or their functions may afford a new therapeutic
strategy for UC.

NF-«B is a classical nuclear transcription factor frequently
implicated in numerous diseases, including malignancies and
inflammation”’. It has been shown that excessive activation
of NF-kB plays a critical role at the onset and during the pro-
gression of experimental colitis, in which an abnormal level of
intestinal inflammation is involved®™. Neurath et al reported
a striking expression of NF-«kB family members in LP macro-
phages in IBD patients”. Additionally, clinical and histologi-
cal signs of colitis in TNBS-induced colitic mice can be abro-
gated by local administration of antisense phosphorothioate
oligonucleotides against the p65 subunit of NF-xB". Thus,
inhibition of NF-kB activation has been suggested as an anti-
inflammatory strategy against UC.

SM934, also known as B-aminoarteether maleate, which is
a water-soluble artemisinin analogue, was identified as an
immune modulator in our laboratory. Previously, we have
demonstrated that SM934 exhibits strong immunosuppressive
effects on autoimmune diseases, including systemic lupus
erythematosus, experimental autoimmune encephalomyelitis,
and rheumatoid arthritis, by regulating immune responses of
T and B cells™™. However, the protective effects of SM934
on UC remain unknown. In the present study, we sought
to explore whether SM934 could act as a useful therapeutic
agent against UC. Our findings showed that SM934 exhibited
anti-inflammatory effects by suppressing macrophages and
neutrophils and inhibiting the NF-«B signaling pathway, which
offers new potential for the use of SM934 in the treatment of
human UC.

Materials and methods

Reagents

SM934 (B-aminoarteether maleate) was synthesized from
B-hydroxyarteether at Shanghai Institute of Materia Medica
and dissolved in phosphate buffered saline (PBS) as a stock
solution. Dextran sulfate sodium (DSS, molecular weight
36-50 kDa) was purchased from MP Biomedicals, Inc (Irvine,
CA, USA). Cyclosporine (CsA) was purchased from the
National Institutes for Food and Drug Control (Beijing, China).
A fecal occult blood test kit was obtained from the Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Phorbol
12-myristate 13-acetate (PMA) and lipopolysaccharide (LPS)
were purchased from Sigma-Aldrich (St Louis, MO, USA).
CCK-8 (Cell Counting Kit-8) was bought from Dojindo Molec-
ular Technologies, Inc (Kumamoto, Japan). Proteinase and
phosphatase inhibitors and the BCA assay kit were purchased
from Thermo Scientific (Pittsburgh, PA, USA). Anti-phospho-
p65, anti-phospho-I-«B, anti-phospho-ERK1/2, and anti-iNOS
(induced NO synthase) antibodies were bought from Cell
Signaling Technology (Buckinghamshire, UK). Anti-mCD16/
CD32, FITC-anti-Gr-1, PE-anti-F4/80, and PercP-Cy5.5-anti-
CD11b antibodies and ELISA kits for mouse IL-1p, IL-6, and
TNF-a and human IL-1f, IL-6, and TNF-a were purchased
from eBioscience (San Diego, CA, USA).
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Cell culture

RAW 264.7 (a murine macrophage cell line) and THP-1
(a human acute monocytic leukemia cell line) cells were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were cultured in DMEM and
RPMI-1640 medium (Gibco, Life), respectively, containing
10% fetal bovine serum (HyClone, Logan, UT, USA), 100
U/mL penicillin and 100 pg/mL streptomycin. The cells
were cultured in a humidified incubator with 5% CO, at
37 °C. Differentiation of THP-1 cells was induced by 0.5
pmol/L PMA for 3 h as described previously™. The cells
were treated with 1 pg/mL LPS in the absence or presence of
SM934.

Mice

Female BALB/c mice (6-8 weeks, 19-22 g) were obtained from
Shanghai Lingchang Biotechnology Co, Ltd (Certificate No
2013-0018, Shanghai, China). All mice were housed under
specific pathogen-free conditions, and all experiments were
performed according to the guidelines of the Association for
Assessment and Accreditation of Laboratory Animals Care
International. All of the procedures were carried out strictly
in accordance with the animal care and use protocol (2016-06-
Z]JP-52) approved by the Institutional Animal Care and Use
Committee (IACUC) at Shanghai Institute of Materia Medica.

Induction of DSS colitis in mice and drug treatment

Acute colitis was induced via administration of 5% (w/v) DSS
in drinking water. Mice received either regular drinking
water (normal control) or DSS drinking water (model) for 7 d
followed by regular drinking water for 3 d as described pre-
viously™!. Mice were randomly divided into 5 groups with
8 mice per group: untreated normal control, vehicle control,
SM934 (3 or 10 mg/kg)-treated and CsA (20 mg/kg, reference
drug)-treated groups. SM934 and CsA were orally adminis-
tered once daily for 10 d (Figure 1). Additionally, another five
mice of each of the normal control, vehicle, CsA, and SM934
(10 mg/kg) groups were treated by the same methods but
were sacrificed at d 7 for isolating colonic LP lymphocytes.

Disease activity index (DAI)

The severity of colitis was evaluated by monitoring clinical
manifestations daily, such as body weight, stool consistency
and rectal bleeding!”. The DAI was calculated based on the
scoring system shown in Table 1 as previously described
by Zhang et al™. Weight loss was defined as the difference
between initial and testing weights, and diarrhea was defined
as the absence of fecal pellet formation and the presence of
continuous fluid fecal material in the colon. Occult blood was
assessed using a fecal occult blood test kit. DAI values were
calculated as the sum of the weight loss score, diarrhea score
and rectal bleeding score. The DAI was determined by 3
investigators who were blinded to the experimental condi-
tions. The clinical parameters used in the present study were
chosen to represent the subjective clinical symptoms observed
in human UC™.
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Figure 1. Experimental design of the induction of DSS colitis and drug treatment. Except normal control, acute colitis was induced by administration
of 5% DSS dissolved in sterile drinking water for 7 days, after that the mice were administered with regular water for 3 days. Vehicle control (saline),
SM934 (3 or 10 mg/kg), and CsA (20 mg/kg) were given by intragastric administration from day 1 to 10, respectively, five mice of each group were
sacrificed at day 7 and the colons were isolated and subject to flow cytometry analysis.

Table 1. Criteria for disease activity index.

Weight loss (%) Stool consistency Occult blood Score
<0 Normal Negative 0
1-5 + 1
5-10 Loose ++ 2
10-20 +++ 3
>20 Diarrhea Gross bleeding 4

Five grades of weight loss (O, no loss or weight gain; 1, 1%-5% loss; 2,
5%-10% loss; 3, 10%-20% loss; 4, >20% loss); three grades of stool
consistency (0, normal; 2, loose; and 4, diarrhea); five grades of occult
blood (0, negative; 1, +; 2, ++; 3, +++; and 4, gross bleeding).

Histological processing and analysis

Mice were sacrificed at the end of the experiment. The entire
colon was dissected, flushed with ice-cold PBS and then stored
at -80°C for ex vivo analysis. Parts of the colons were fixed in
10% formalin and embedded in paraffin to provide sections
for histological evaluation. The severity of colitis was evalu-
ated in sections stained with hematoxylin and eosin (H&E)
by two independent observers blinded to the experimental
conditions according to the criteria published by Santucci et
al®, Histological evaluations of H&E-stained colonic sec-
tions were graded as follows: 0, no signs of inflammation; 1,
low leukocyte infiltration; 2, moderate leukocyte infiltration;
3, high leukocyte infiltration, moderate fibrosis, high vascular
density, thickening of the colon wall, moderate goblet cell loss,
and focal loss of crypts; and 4, transmural infiltrations, mas-
sive loss of goblet cells, extensive fibrosis, and diffuse loss of
crypts.

Whole spleens from mice in each group were harvested,
and the wet weight was measured. The spleen index was cal-
culated as the wet weight of the spleen (mg) divided by the
body weight (g). The MLNs were collected for flow cytometry
analysis.

Assessment of myeloperoxidase (MPO) activity

Neutrophil infiltration into inflamed colonic mucosa was
quantified by MPO activity assessment using the o-dianisidine
method as previously described®!. The results were shown as
activity units per mg tissue.

Single cell preparation and flow cytometry analysis

To prepare single cell suspensions, spleens and MLNs from
mice in each group were ground and filtered through a
40 pm nylon mesh strainer. Colons isolated from mice
induced by DSS for 7 d were cut into small pieces after fat
was dissected away. Cleaned colon fragments were shaken in
Mg* free Hanks’ buffer saline with 5 mmol/L EDTA to dis-
sociate epithelial cells and were then digested in RPMI-1640
medium with 5% BSA, 1 mg/mL collagenase, and 25 pg/mL
DNase. The lamina propria lymphocytes were acquired by
centrifugation in a Percoll gradient (30%-70%) after filtering
through a 67.5 pm cell strainer™. The single-cell suspen-
sions were blocked with anti-mCD16/CD32 (2.4G2) and then
stained with FITC-anti-Gr-1, PE-anti-F4/80 and PercP-Cy5.5-
anti-CD11b antibodies. Flow cytometric analysis was per-
formed on the BD LSRFortessa, and data were analyzed using
Flow]Jo 7.6 software (Treestar, Ashland, OR, USA).

Immunofluorescence analysis

Colonic tissues were embedded in OCT compound and sec-
tioned on a cryostat (6 um thick). After fixation in parafor-
maldehyde (PFA), sections were blocked with 5% BSA for 60
min and then incubated with FITC-anti-CD11b (1:100, R&D
systems, Minneapolis, MN, USA) or FITC-anti-F4/80 (1:50, Santa
Cruz, CA, USA) at 4°C overnight. The sections were counter-
stained with 4', 6-diamidino-2-phenylindole (DAPI). Fluorescent
cells were visualized and digital images were captured using a
Leica TCS SP8 STED confocal microscope.

Quantitative real-time polymerase chain reaction (QRT-PCR) analysis
Total RNA was isolated from colon tissues, and real-time
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PCR was performed as described in our previous study™.
Mouse rpl13a was used as a housekeeping gene. The primer
sequences used were as follows: mouse rpl13a, forward,
5-GAG GTC GGG TGG AAG TAC CA-3’, and reverse, 5'-TGC
ATC TTG GCC TTT TCC TT-3’; mouse IL-1f, forward, 5'-GAA
ATG CCA CCT TTT GAC AGT G-3’, and reverse, 5'-TGG ATG
CTC TCA TCA GGA CAG-3’; mouse IL-6, forward, 5'-CTG
CAA GAG ACT TCC ATC CAG-3/, and reverse, 5'-AGT GGT
ATA GAC AGG TCT GTT GG-3’; mouse TNF-a, forward,
5-CAG GCG GTG CCT ATG TCT C-3/, and reverse, 5-CGA
TCA CCC CGA AGT TCA GTA G-3’; mouse iNOS, forward,
5'-CAA CAT CAG GTC GGC CAT CAC T-3’, and reverse,
5-ACC AGA GGC AGC ACA TCA AAG C-3’; and mouse
MIP-1a, forward, 5'-GCC ATA TGG AGC TGA CAC-3’, and
reverse, 5'-TGC CTC CAA GAC TCT CAG-3'.

Cytokine analysis by ELISA

Colons from mice in each group were homogenized with lysis
buffer to extract total protein as described by Janice ] KIM et
al®. The concentration of total protein was determined by the
BCA protein assay kit. The levels of IL-1p, IL-6, and TNF-a in
colon homogenates and cell culture supernatants were quanti-
fied by an ELISA kit according to the manufacturer’s protocol.

Cytotoxicity assessment

RAW 264.7 cells and THP-1-derived macrophages were
seeded at a concentration of 5x10* cells/well in 96-well
culture plates overnight and were then supplemented with
different concentrations of SM934. After incubation for 24 h,
cell viability was measured by CCK-8 assay according to the
manufacturer’s instructions.

NO production and quantification
The NO production of RAW 264.7 cells was detected by the
Griess assay as previously described™.

Immunofluorescence cytochemistry

RAW 264.7 and THP-1-derived macrophages on coverslips
were fixed in 4% PFA for 30 min and were permeabilized
with 1% Triton X-100 for 10 min. After blocking with 3% BSA
for 1 h, cells were incubated with rabbit anti-iNOS or anti-
phosphorylated p65 (1:100) at 37°C for 2 h. After washing
with 1% PBS-Tween, Alexa Fluor 647-conjugated anti-rabbit
secondary antibodies were added. Negative control reactions
were included in each experiment and carried out by replacing
primary antibodies with PBS. The cells were counterstained
with DAPI. All images were captured using a Leica confocal
microscope.

Western blot analysis

Colon tissues were homogenized in sodium dodecyl sulfate
sample buffer containing proteinase and phosphatase
inhibitor. THP-1-derived macrophages were lysed with RIPA
lysis buffer (Beyotime, Shanghai, China). Supernatants were
collected, and protein concentrations were then measured
using the BCA assay kit. The total protein samples were
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separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes
(Amersham Pharmacia Biotech, Buckinghamshire, UK). After
blocking, the membranes were incubated with anti-phospho-
NF-xB, anti-phospho-I-xB, or anti-phospho-ERK1/2. After
washing with TBS with Tween-20, the secondary antibodies
(1:2000, Bio-Rad, Richmond, CA, USA) were added, and
HRP-conjugated monoclonal mouse anti-GAPDH (1:10000,
Kangcheng, Shanghai, China) was used as a control for
normalization. Signals were detected with an ECL system
(Amersham Bioscience, Buckinghamshire, UK) and exposed to
classic autoradiography film.

Statistical analysis

Data were presented as the mean+SEM and statistically evalu-
ated by one-way ANOVA followed by Dunnett’s test between
the vehicle control group and multiple dose group. Statistical
analyses were conducted using GraphPad Prism 5.0 software.

Results

SM934 attenuated colitis in DSS-treated mice

Sustained body weight loss, diarrhea and rectal bleeding are
the typical features in the DSS-induced mouse model of ulcer-
ative colitis®!. As shown in Figure 2A, mice in the vehicle
control group exhibited dramatic body weight loss, but SM934
and CsA significantly attenuated the loss of body weight.
SM934 also dose dependently reduced the DSS-mediated
increase in DAI scores during the disease progression (Figure
2B). Compared with vehicle controls, colon shortening was
restored in CsA- and SM934-treated groups (P<0.05, Figure 2C
and 2E). In addition, DSS caused an increase in spleen weight
that was generally correlated with the extent of inflammation
and anemia. Both SM934 and CsA significantly reversed the
DSS-mediated increase in the spleen index (P<0.05, Figure 2D
and 2F).

SM934 alleviated colonic epithelial injury and reduced the
percentage of macrophages and neutrophils in spleens and
MLNs from DSS-treated mice

DSS caused epithelial injury, including diffuse damage of
crypt structures, loss of goblet cells, and substantial neutrophil
infiltration into the LP™"". The severity of colonic ulceration
and inflammation was further examined by histopathological
analysis using H&E staining and MPO activity measurement.
The results showed that SM943-treated mice exhibited relative
intact colonic architecture with no apparent ulceration and
less inflammatory cell infiltration (Figure 3A and 3B). MPO
is released from the cytoplasmic granules of activated phago-
cytes, and neutrophil infiltration was further measured by
MPO activity in colon tissues. As shown in Figure 3C, SM934
at 3 and 10 mg/kg significantly attenuated DSS-induced
hyperactivated MPO activity (P<0.05). Additionally, flow
cytometry analysis demonstrated that the percentages of mac-
rophages (CD11b" F4/80") and neutrophils (CD11b* Gr-1%) in
spleens and MLNs were reduced after SM934 treatment com-
pared with the vehicle control (Figure 3D-E).
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Figure 2. SM934 treatment ameliorated the symptoms of DSS-induced experimental colitis in mice.

(A) Loss of basal body weight of each group mice

after DSS induction. (B) DAl evaluations of each group mice. (C) Colon length of each mouse. (D) Spleen weight index of each group mice. Macroscopic
appearances of colons (E) and spleens (F). Data are presented as means+SEM (n=8). In (A, B) "P<0.05, “"P<0.01 vs vehicle control group at the same
day. In (D, F) #P<0.01 vs normal control group; “P<0.05, “"P<0.01 vs vehicle control group. Results are from 1 of 3 independent experiments with

similar results.

SM934 reduced production of pro-inflammatory mediators in
colon tissues of DSS-treated mice

Increased production of pro-inflammatory mediators, such
as IL-1pB, IL-6, TNF-a, iNOS and macrophage inflammation
protein-la (MIP-1a), plays a critical role in DSS-induced ulcer-
ative colitis™. To investigate the influence of SM934 on the
gene expression of inflammation-associated molecules, qRT-
PCR analysis was performed. Figure 4A and 4B shows that
SM934 significantly inhibited the gene expression of these
cytokines and chemokines in the colon tissues. Furthermore,
an ELISA assay was also performed to confirm the effects of
SM934 on the protein expression of these cytokines. As shown
in Figure 4C, similar to the results obtained at the transcrip-
tion level, a notable increase in IL-1P levels in the colon tis-
sues of the DSS treatment group (70.54+2.31 pg/mg) was also
observed compared to the levels of the control group (10.91+
0.85 pg/mg). IL-1p levels were significantly lower in the CsA-
treated group (40.61+3.73 pg/mg) and SM934-treated group
(10 mg/kg, 27.47+2.13 pg/mg) (P<0.05). The increased IL-6
level in the DSS treatment group (86.04+5.08 pg/mg) compared
to the control group (36.95+1.03 pg/mg) was also downregu-
lated in the SM934 group (10 mg/kg, 51.38+3.35 pg/mg). In
addition, the tissue TNF-a levels were significantly decreased
by SM934 treatment (10 mg/kg, 65.08+3.94 pg/mg) compared
to the vehicle-treated group (96.32+1.34 pg/mg) (P<0.05).

SM934 inhibited macrophage and neutrophil infiltration in
colons in DSS-induced colitis mice

It has been reported that increased expression of CD11b, which
is the surface marker of many leukocytes, including mono-
cytes, neutrophils, granulocytes, macrophages, and natural
killer cells, can be used to monitor inflammation®!. To further
explore the possible protective mechanism of SM934 on DSS-
induced acute colitis, we examined CD11b and F4/80 (macro-
phage surface marker) expression in colon tissues. As shown
in Figure 5A and 5B, a large number of CD11b"* or F4/80"
inflammatory cells that accumulated at the mucosa of the
lesion site were detected in colonic tissues from DSS-treated
mice, while a dramatic reduction of these cells was observed
in SM934-treated colonic tissues. In addition, the accumula-
tion of macrophages and neutrophils in colonic LP were exam-
ined using flow cytometry. The percentage of CD11b" F4/80"
or CD11b" Gr-1" cells increased from 2.85% to 12.9% and from
3.73% to 16.7%, respectively, upon DSS treatment and was
then reduced to 5.01% and 6.0%, respectively, after SM934
treatment (Figure 5C-F, P<0.05).

SM934 suppressed activation of the NF-«B pathway in DSS-treated mice
It has been reported that the NF-«xB and mitogen-activated
protein kinase (MAPK) pathways may play crucial roles in

DSS-induced colonic inflammation® %1, Therefore, we exam-
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Figure 4. SM934 suppressed pro-inflammatory mediators production in colon tissues from DSS-induced colitic mice. (A) The mRNA expression of
cytokines IL-1B, IL-6 and TNF-at and (B) iNOS and chemokines MIP-1a in colonic tissues. (C) Protein levels of cytokines including IL-18, IL-6 and TNF-a in
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Figure 5. SM934 inhibited macrophages and neutrophils infiltration in colons from DSS-induced colitis mice. Sections of colonic tissues were
immunostained with DAPI (blue) and FITC-anti-CD11b (green) (A) or FITC-anti-F4/80 (B) and observed by confocal laser-scanning microscope. The
percentage of macrophages (CD11b* F4/80" cells) (C) and neutrophils (CD11b* Gr-1" cells) (D) in intestinal LP lymphocytes of DSS induced mice was
measured by FACS analysis. Data shown are the mean+SEM of the mean five mice per group. "P<0.05, ""P<0.01 vs vehicle control group.

ined whether SM934 could affect NF-xB and/or MAPK sig- indicated by the decreased phosphorylation of NF-xB and IxB
naling. NF-xB localization in the colon is illustrated in Figure (Figure 6B and 6C) (P<0.05). The increased phosphorylation
6A. SM934 and CsA markedly inhibited NF-xB activity, as of ERK1/2 induced by DSS was also abrogated by SM934 or
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CsA treatment (Figure 6B and 6D) (P<0.05).

SM934 inhibited the secretion of pro-inflammatory mediators in
LPS-stimulated RAW 264.7 cells

To evaluate the anti-inflammatory effects of SM934 in vitro, RAW
264.7 cells were stimulated by LPS to mimic M1-like macro-
phages. A cytotoxicity test indicated that the concentrations of
SM934 applied in the subsequent experiments exhibited no obvi-
ous influence on cell viability (Figure 7A). Figure 7B-C shows
that SM934 inhibited the secretion of IL-6 and TNF-a in a dose-

Normal

SM934 10 mg/kg
i

dependent manner. The phosphorylation of p65 and ERK1/2
induced by LPS was also reduced by SM934 treatment (Figure
7D). Further, the secretion of NO was also suppressed by SM934
treatment (Figure 7E), and immunocytochemistry data demon-
strated that SM934 inhibited the expression of iNOS (Figure 7F).

SM934 suppressed the secretion of pro-inflammatory cytokines
through inhibition of the NF-kB signaling pathway in THP-1 derived
macrophages

To extend our observations, the effects of SM934 on cytokine

Vehicle
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Figure 6. SM934 regulated NF-kB signaling pathway in colon tissue of DSS-induced colitis mice.
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(A) Immunohistochemical staining of NF-kB in

colonic tissues. (B) Immunoblot analysis of the level of p-p65, p-IkB, p-ERK1/2 in the colonic homogenates from each group. Phosphorylations of p65
(C) and ERK1/2 (D) were normalized to GAPDH, data are presented as mean+SEM of three independent experiments. “P<0.05, ““P<0.01 vs vehicle

control group.
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Figure 7. SM934 inhibited the secretion of pro-inflammatory mediators, activation of NF-kB, MAPK cell signaling and activation of iNOS in LPS
stimulated RAW 264.7 cells. RAW 264.7 cells were stimulated with LPS (1 pg/mL) and treated with the indicated concentration of SM934 for 24 h (A-
C and E). (A) The effect of SM934 on viability of RAW 264.7 cells were examined by CCK8 assays. The secretion of IL-6 (B) and TNF-a (C) were detected
by ELISA in the supernatant of cell culture. Phosphorylation of p65 and ERK1/2 were detected by Western blot (D). The secretion of NO was measured

by Griess reaction and expression of iINOS was detected by immunofluorescence (E and F).

experiments. "P<0.05, “'P<0.01 vs LPS group.

secretion and activation of NF-xB in PMA-differentiated
THP-1 cells were further investigated. Cytotoxicity analyses
indicated that the concentrations of SM934 applied in the sub-
sequent experiments exhibited no obvious influence on cell
viability (Figure 8A). Figure 8B-D shows that SM934 inhibited
IL-1pB, IL-6 and TNF-a secretion in a dose-dependent manner.
Western blot analysis confirmed that SM934 significantly sup-
pressed LPS-induced NF-«xB phosphorylation of p65 in THP-1
derived macrophages (Figure 8E). Immunofluorescence stain-
ing showed that THP-1 cells stimulated with LPS exhibit a dra-
matic increase in the translocation of NF-xB into the nucleus,
whereas the LPS-induced NF-xB nuclear translocation was
markedly inhibited by SM934 treatment (Figure 8F).

Discussion
Ulcerative colitis (UC) is one of the two major forms of inflam-
matory bowel disease (IBD) in humans and has become a
heavy societal burden due to its increasing prevalence and
incidence™.

rent existing therapies, more efficient therapeutic agents with

Due to many undesirable side effects of the cur-

no or few side effects are urgently needed. The present study
aimed to investigate the efficacy and underlying mechanisms
of a water-soluble artemisinin analogue, SM934, in allevi-
ating DSS-induced colitis in mice. We found that SM934
significantly attenuated DSS-induced colonic inflammatory
responses by suppressing macrophages and neutrophils and
inhibiting the NF-xB signaling pathway in vivo. Moreover,

Data are presented as mean+SEM of three independent

SM934 was shown to suppress the secretion of pro-inflamma-
tory cytokines through inhibition of the NF-«B signaling path-
way in vitro. These results suggest that SM934 might be a new
useful therapeutic agent for treating UC.

DSS-induced colitis is a well-characterized experimental
colitis model for investigating the contribution of innate
immune mechanisms in intestinal inflammation, as the acute
inflammatory response is independent of T and B cells®.
In this acute colitis model, the recruitment and infiltration
of innate immune system cells, especially neutrophils
and macrophages, are critical to the onset of an intestinal
inflammatory reaction. After activation, infiltration leucocytes
release reactive oxygen species and other pro-inflammatory
mediators, and then, the integrity of the intestinal epithelial
barrier is broken, which accelerates disease processes.
Thus, the innate immune system plays a critical role in the
pathogenesis of acute ulcerative colitis by initiating a rapid
and effective inflammatory response against the invasion of
luminal antigens™ .

SM934, among synthetized artemisinin derivatives, is a
novel water soluble artemisinin analogue and was recently
approved by the China Food and Drug Administration
for clinical trials as a new therapeutic agent®. It has been
reported that SM934 treatment exhibits promising therapeutic
effects on multiple autoimmune diseases, including
rheumatoid arthritis™! B3l and
multiple sclerosis?,

, systemic lupus erythematosus
primarily through inhibiting the adaptive
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Figure 8. SM934 suppressed the secretion of pro-inflammation cytokines and inhibited the phosphorylation and translocation of NF-kB in THP-1-
derived macrophages. PMA differentiated THP-1 cells were stimulated with LPS (1 pg/mL) and treated with the indicated concentration of SM934 for
24 h (A-D). (A) The effect of SM934 on cell viability was examined by CCK8 assays. The secretion of IL-1B (B), IL-6 (C) and TNF-a (D) were detected by
ELISA in the supernatant of cell culture. (E) The protein level of p-NF-kB (phosphorylated p65) was determined by Western blot, and the representative
data were shown. (F) Effect of SM934 on nuclear translocation of p-NF-kB. Cells were stained with DAPI (blue) and anti-phosphorylated p65 (red).
Data are presented as mean+SEM of three independent experiments. "P<0.05, “"P<0.01 vs LPS group.

immune system, such as T and B cell activation and antibody
production. However, the impact of SM934 on the innate
immune system remains largely unclear.

In the present study, SM934 was orally administered
following DSS-induced acute colitis mainly driven by the
innate immune system' to evaluate its protective effects
on the intestinal tract. Our results showed that SM934
significantly alleviates the acute intestinal injury induced by
DSS administration, including body weight loss, DAI scores,
colon length shorting, and fecal occult blood. MPO activity is
a marker of neutrophil infiltration and is proportional to the
number of neutrophils in the inflamed tissue®™!
a significant reduction of MPO activity was found after SM934

. In our study,

treatment compared with the vehicle control. Using flow
cytometry analysis, we further revealed that the percentages
of macrophages and neutrophils in spleens and MLNs were
significantly reduced by SM934 treatment. These results
suggest that the protective effects of SM934 on DSS-induced
colonic damage were related to the inhibition of infiltration of
macrophages and neutrophils in spleens and MLNs.

It has been demonstrated that increased levels of pro-
inflammatory mediators including inflammatory cytokines
IL-1B, IL-6, TNF-a and chemokines such as MIP-1a, play a
crucial role in the pathogenesis of DSS-induced ulcerative
colitis and correlate with the severity of inflammation'®.
These pro-inflammatory factor levels in colon tissue were
also highly elevated in response to invading bacteria and
their products in IBD patients . Using quantitative qRT-
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PCR and ELISA assays, we found that SM934 significantly
inhibited both mRNA and protein expression of IL-1(3, IL-6
TNF-a, and MIP-1a in the colon tissues compared with the
levels in the DSS group. The inducible isoform of nitric oxide
synthase (iNOS) has been shown to play an important role
in modulating the expression of pro- and anti-inflammatory
genes™!. Inhibition of tissue iNOS expression has been shown
to alleviate inflammation in UC. Our results demonstrated
that SM934 treatment significantly inhibited iNOS expression
in the colon tissues. Furthermore, we revealed that SM934
administration markedly reversed the increased macrophage
and neutrophil infiltration in colon tissues in DSS-induced
colitis mice as evaluated by flow cytometry analysis. Taken
together, these data further demonstrate that SM934 reduced
the increased infiltration of macrophages and neutrophils in
colon tissues, leading to the reduced expression of colonic pro-
inflammatory mediators and iNOS.

NF-xB and/or MAPKSs are signal messengers that regulate
pro-inflammatory gene transcription in the inflammatory
process™. NF-«B exists in the cytoplasm as an inactive form,
and its activation is tightly regulated by I-xB, which under-
goes phosphorylation and degradation followed by NF-xB

71 Nuclear translocation of NF-xB acti-

nuclear translocation
vates its target genes to promote the expression of various
pro-inflammatory cytokines and mediators. Previous studies
have shown that NF-xB inhibitors suppress pro-inflammatory
cytokine production and ameliorate experimental colitis®.

As evaluated by IF and Western blot analyses in this study,



DSS induction of colitis resulted in rapid phosphorylation and
degradation of I-xB in colonic mucosa. In contrast, SM934
suppressed DSS-induced phosphorylation of I-xB and nuclear
translocation of NF-xB in colonic mucosa. Moreover, an obvi-
ous reduction of phosphorylation of MAPK extra-cellular sig-
nal-regulated kinase (ERK1/2) was observed following SM934
treatment. These results in vivo indicate that SM934 has a role
in the suppression of DSS colitis-induced NF-«B activation.
Therefore, SM934 might attenuate DSS-induced colitis inhibit-
ing NF-xB activation and ERK cell signaling.

To validate the conclusion from our in vivo study, we
further evaluated the protective effects of SM934 in vitro using
LPS-stimulated RAW 264.7 and THP-1 cells.
demonstrated that the secretion of pro-inflammatory cytokines

Our results

in the two kinds of macrophage-like cells was inhibited
after SM934 treatment. In addition, SM934 administration
significantly inhibited the secretion of NO and expression of
iNOS in LPS-stimulated RAW 264.7 cells and inhibited nuclear
translocation of NF-xB in THP-1 cells. These data further
revealed that SM934 suppressed the transcription and final
secretion of pro-inflammatory factors through the inhibition of
the NF-«xB signaling pathway.

In conclusion, our study explored a novel therapeutic
strategy for ulcerative colitis by targeting the innate immune
system with a novel water soluble artemisinin analogue,
SM934. We found that SM934 could ameliorate DSS-
induced acute colitis mainly by suppressing macrophages
and neutrophils and inhibiting activation of the NF-xB cell
signaling pathway. Our results suggest that SM934 might
serve as a potential alternative candidate for the treatment
of UC. However, more animal models, such as DSS-induced
chronic colitis, TNBS-induced colitis and T cell transfer colitis,
are needed to assess the pharmacodynamics of SM934 in the
treatment of IBD.
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