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SM905, an artemisinin derivative, inhibited NO and
pro-inflammatory cytokine production by suppressing
MAPK and NF-kB pathways in RAW 264.7

macrophages
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Aim: To elucidate the anti-inflammatory potentials and underlying mechanisms of SM905, a novel artemisinin derivative, in lipopoly-

saccharide (LPS)-stimulated murine macrophage RAW 264.7 cells.

Methods: Nitric oxide (NO) generation, cytokine production, and the protein expression levels of inducible nitric-oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) were examined using a Griess assay, an enzyme-linked immunosorbent assay (ELISA) and a Western
blotting assay, respectively. The mRNA expression was measured using real-time PCR. The phosphorylation of extracellular signal-
regulated kinasel/2 (ERK1/2), p38, c-jun N-terminal kinase (JNK), and the degradation of IkBa were assessed by Western blotting
analysis. The nuclear translocation of nuclear factor-kB (NF-kB) was observed using confocal microscopy.

Results: Pretreatment with SM905 (0, 0.1, 1, and 10 umol/L) suppressed LPS-induced NO, TNF-q, IL-13, and IL-6 production, and
decreased both protein and mRNA levels of iINOS and COX-2. The mRNA expression of LPS receptor Toll-like receptor 4 (TLR4) and
myeloid differentiation protein-2 (MD-2) was not changed, while LPS-induced CD14 expression was slightly reduced after SM9O05 treat-
ment. SM905 markedly decreased the activation of ERK1/2, p38 and JNK suppressed the degradation of IkBa, but did not modify the
expression of interferon regulatory factor-1 (IRF-1), signal transducer and activator of transcription 1 (STAT1) or interferon-inducible pro-
tein-10 (IP-10). By using confocal microscopy, we further observed that NF-kB was correspondingly inhibited in SM905-treated cells.
Conclusion: SM905 inhibited NO and pro-inflammatory cytokine production in LPS-stimulated RAW 264.7 cells and these effects are at
least partially mediated through suppression of the MAPK and NF-kB signaling pathways.

Keywords: artemisinin; SM905; NO; iNOS; inflammation; MAPK; NF-kB; cyclooxygenase 2; TLR4 receptor

Acta Pharmacologica Sinica (2009) 30: 1428-1435; doi: 10.1038/aps.2009.138

Introduction

The secretion of inflammatory mediators by macrophages is
involved in both the innate and adaptive immune responses
of many human diseases, such as rheumatoid arthritis
(RA)'. LPS, a component of the cell wall of gram-negative
bacteria, is known to activate a number of cellular signals in
macrophages®”. Once activated, macrophages produce large
amounts of nitric oxide (NO) and pro-inflammatory cytok-
ines (tumor necrosis factor (TNF)-a, IL-13 and IL-6). Both
the inflammatory signaling pathways and pro-inflammatory
mediators provide various effective targets for the generation
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of new anti-inflammatory agents®.

LPS binding with its receptor is the initial step of LPS sig-
naling. The functional integrity of the LPS receptor is com-
posed of three proteins: CD14, Toll-like receptor 4 (TLR4),
and myeloid differentiation protein-2 (MD-2). LPS activates
macrophages through CD14 and the TLR4/MD-2 complex on
the cell surface”. CD14 and TLR4/MD-2 are essential for con-
ferring cellular responsiveness to LPS. Mice that lack CD14
expression are resistant to death after injections of LPS and
produce only a very small elevation of serum TNF-a*!. Simi-
larly, down-regulation of TLR4/MD-2 expression also induces
LPS tolerance!.

After recognition of the LPS/CD14 complex, TLR4/MD-2
activates several downstream signal pathways, including mito-
gen-activated protein kinases (MAPKSs) and nuclear factor-«xB
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(NF-xB), through adaptor proteins of the myeloid differentia-
tion factor 88 (MyD88) family”"*. In addition, TLR4/MD-2 uti-
lizes adaptors independently of MyD88 to induce the expres-
sion of interferon (IFN)-inducible genes, such as interferon-
inducible protein-10 (IP-10), via the members of the interferon
regulatory factor (IRF) family'”. Both the MyD88-dependent
and MyD88-independent signaling pathways are important
for the macrophage response to LPS"”. Upon activation,
MAPK and NF-xB pathways coordinate the upregulation of
pro-inflammatory mediator gene expression. MAPKs are a
highly conserved family of protein serine/threonine kinases
with three major groups: extracellular signal-regulated kinase
(ERK), p38 and c-jun N-terminal kinase (JNK) MAPK™, all
of which can be strongly activated by LPS; they participate
in inducing TNF-a, IL-1B, and IL-6 production at transcrip-
tion, translation, or both levels, in human and murine mac-
rophages™.
erodimers and binds to inhibitory factor kB (IxB) proteins in

NF-xB is constitutively present as homo- or het-

the cytoplasm of resting cells. LPS stimulation leads to phos-
phorylation, ubiquitination, and degradation of one of the iso-
forms of IxB, IxBa, with associated release and nuclear trans-
location of NF-xB"!. NF-«B transcription factor functionally
and physically interacts with members of other transcription
factor families and cooperatively regulates the transcriptional
activation of many LPS-inducible genes involved in immune
and inflammatory responses, such as pro-inflammatory cytok-
ines (TNF-a, IL-1f3, and IL-6), inducible nitric-oxide synthase
(iNOS), and cyclooxygenase-2 (COX-2)> ',

For iNOS, IRF-1 is another transcription factor having the
ability to regulate its gene transcription synergistically with
NF-xB. The promoter of iNOS contains both NF-xB and
IRF-1 binding sites"”. Typically, IRF-1 is not expressed or is
undetectable, and LPS stimulation induces a prominent gene

115181 1PS ig also known to induce the

expression of IRF-
expression of signal transducer and activator of transcription 1
(STAT1)™, which is essential for the optimal induction of LPS-
stimulated IRF-1 gene expression. In macrophages prepared
from STAT1-deficient mice, mRNA expression of IRF-1, IP-10,
and iNOS in response to LPS was severely impaired"”.
Natural products have proven to be a valuable source for
new therapeutic drugs. The antimalarial drug artemisinin
is isolated from the Chinese traditional herb Artemisia annua
L. In addition to their antimalarial activity, artemisinin and
its derivatives also exhibit potent immunosuppressive activi-
ties"”?.. With the goal of developing immunosuppressive
agents from artemisinin, we synthesized a series of new
compounds from artemisinin*!. Recently, SM905, a novel
water-soluble artemisinin derivative, was identified with
promising immunosuppressive activity both in vitro and in
vivo,

inhibited both antigen-specific T cell response and inflamma-
127]

In a collagen-induced arthritis model, SM905 strongly

tory response in arthritic mice
The present study aims to further elucidate the anti-inflam-

matory potentials and underlying mechanisms of SM905 in

LPS-stimulated murine macrophage RAW 264.7 cells.

Materials and methods

Chemicals and Reagents

SM905, (1-(12pB-Dihydroartemisinoxy)-2-hydroxy-3-tert-
butylaminopropane maleate; C,sHy;3sNOo; MW=530; 99%
purity), was synthesized and provided by the Laboratory of
Synthetic Chemistry, Shanghai Institute of Materia Medica.
Before use, SM905 was dissolved in PBS as a stock solution,
and stored at -20 °C. LPS, sulfanilamide, N-[naphthyl]eth-
ylene diamine dihydrochloride and polyclonal antibody of
-actin were purchased from Sigma-Aldrich (St Louis, MO,
USA). RPMI 1640 medium was purchased from Invitrogen
(Carlsbad, CA, USA). FBS was purchased from Hyclone Labo-
ratories (Logan, UT, USA). TNF-a, IL-1B, and IL-6 ELISA kits
were from BD Biosciences Pharmingen (San Diego, CA, USA).
Polyclonal antibodies of iNOS, COX-2, and NF-xB/p65 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Polyclonal antibodies of phospho-ERK, phospho-p38,
phospho-JNK, and IxBa were purchased from Cell Signal
Technology (Beverly, MA, USA).

Cell cultures

RAW 264.7 cells (American Type Culture Collection, Manas-
sas, VA, USA), a murine macrophage cell line, were grown
in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum (FBS), 2 mmol/L L-glutamine, 100 U/mL peni-
cillin, and 10 pg/mL streptomycin. They were maintained at
37 °C in a humidified atmosphere of 5% CO,.

NO production and quantification

RAW 264.7 cells (5%10°/mL) were pretreated with SM905 (0,
0.1,1, and 10 pmol/L) for 1 h before stimulation with 1 pg/mL
LPS for 20 h. Nitrite concentration, a measure of NO produc-
tion, was assayed by a standard Griess reaction adapted to
microplates as described previously™. In brief, 100 pL of cul-
ture supernatant was mixed with an equal volume of Griess
reagent (1% sulfanilamide and 0.1% N-[naphthyl]ethylene
diamine dihydrochloride in 2.5% H,;PO,) at room tempera-
ture for 10 min. Absorbance was measured at 540 nm in a
microplate reader (SpectraMax 190, Molecular Devices Corpo-
ration, Sunnyvale, CA, USA). Nitrite concentration was calcu-
lated from a NaNO, standard curve.

Measurement of cytokines

Culture supernatants from the NO production assay in RAW
264.7 cells were collected. Pro-inflammatory cytokine TNF-q,
IL-1p, and IL-6 were measured using enzyme-linked immu-
nosorbent assay (ELISA) kits and carried out according to the
manufacturer’s instructions.

Real-time PCR analysis

RAW 264.7 cells (2x10°/mL) were pretreated with SM905
(0, 0.1, 1, and 10 pmol/L) for 1 h before stimulation with 1
pg/mL LPS for 3 h. Total RNA was isolated using Trizol
reagent (Invitrogen, Carlsbad, CA, USA), reverse transcribed,
and polymerase chain reaction amplified using specific prim-
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ers (Table 1). Relative quantitation with real-time PCR was
performed with SYBR Green PCR Reagents (Qiagen, Valencia,
CA, USA) and a Continuous Fluorescence Detection System
(M] Research, USA), according to the manufacturer’s instruc-
tions as previously described. The relative gene expression
was normalized to hypoxanthineguanine phosphoribosyl-
transferase (HPRT) for each sample.

Table 1. Nucleotide sequences of the primers used for real-time PCR.

Gene Sequence
iNOS F 5-AAGTCAAATCCTACCAAAGTGA-3’

R 5'-CCATAATACTGGTTGATGAACT-3’
COX-2 F 5-GGGTGTGAAGGGAAATAAGG-3'

R 5'-TCTCCACCAATGACCTGAT-3’
CD14 F 5'-CCACCGCTGTAAAGGAAA-3'

R 5"-CAGGGCTCCGAATAGAATC-3'
TLR4 F 5-GCAGAAAATGCCAGGATGA-3'

R 5 -TGTTTCAATTTCACACCTGGA -3’
MD-2 F 5"-ATTGGGTCTGCAACTCATCC-3'

R 5'-TCATCAGATCCTCGGCAAAT-3’
IRF-1 F 5'-GCCGAAGACCTTATGAAGC-3'

R 5'-CCCACAGGAGTCTAGCTTTT-3’
STAT1 F 5"-GCAAGCGTAATCTCCAGGA-3’

R 5-GGCTTCACCTTCTCTGTTCT-3’
IP-10 F 5"-ATCCCGAGCCAACCTT-3'

R ~AGGAGCCCTTTTAGACCTT-3’
HPRT F 5"-GTTGGATACAGGCCAGACTTTGTTG-3’

R 5-GAGGGTAGGCTGGCCTATAGGCT-3’

F, forward Primer; R, reverse primer.

Western blotting assay

RAW 264.7 cells (2x10°/mL) were pretreated with SM905 (0,
0.1, 1, and 10 pmol/L) for 1 h and stimulated with 1 pg/mL
LPS for 15 min (MAPKs and IxBa) or 20 h (iNOS and COX-2).
The cells were collected and lysed in SDS sample buffer (62.5
mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercapto-
ethanol and 0.02% bromphenol blue) and boiled for 5 min at
100 °C. Proteins were resolved by 12% SDS-polyacrylamide
gel electrophoresis (PAGE), transferred to a nitrocellulose
membrane (Amersham Pharmacia Biotech, Buckinghamshire,
UK) and blocked with 5% non-fat milk powder-TBST buf-
fer (TBS containing 0.1% Tween20) for 1 h at room tempera-
ture. The membranes were incubated overnight at 4 °C with
a 1:1000 dilution of one of the polyclonal antibodies against
iNOS, COX-2, phospho-ERK, phospho-p38, phospho-JNK,
IxBa, and B-actin. The blots were rinsed three times with
TBST buffer for 15 min each time. The washed blots were
incubated with 1:5000 dilution of the horseradish peroxidase
conjugated-secondary antibody (Biotechnology Company,
Shanghai, China) for 1 h and then washed three times with the
TBST buffer. The transferred proteins were visualized with an
enhanced chemiluminescence detection kit (Amersham Phar-
macia Biotech, Buckinghamshire, UK).
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Determination of NF-kB nuclear translocation

RAW 264.7 cells (2x10°/mL) were pretreated with SM905 (0,
0.1,1, and 10 pmol/L) for 1 h before stimulation with 1 pg/mL
LPS for 1 h. The cells were then fixed with 4% paraformalde-
hyde for 20 min and permeabilized with 0.5% Triton X-100 for
15 min. After 1 h incubation with blocking buffer (5% BSA
in PBS), cells were incubated with anti-NF-«xB/p65 antibody
diluted at 1:100 in blocking buffer overnight at 4 °C, washed,
and then incubated with FITC-conjugated anti-rabbit IgG
diluted at 1:1000 in blocking buffer for 1 h. In order to identify
the nucleus, the FITC-conjugated-labeled samples were coun-
terstained with a 1:500 dilution of Hoechst for 2 min. Fluo-
rescent images were observed under the Leica TCS SP2 laser
scanning spectral confocal microscope (Leica, Germany).

Statistical analysis

Data were analyzed using Student’s t-test and one-way analy-
sis of variance (ANOVA) with Newman-Keuls multiple com-
parisons on post-tests. Nonparametric data were analyzed
using Mann-Whitney U test. P<0.05 was considered to be sta-
tistically significant.

Results

SM905 inhibited LPS-induced NO and pro-inflammatory cytokine
TNF-«, IL-1, and IL-6 production

To investigate the effect of SM905 on NO generation, we mea-
sured the accumulation of nitrite, the stable end product of
NGO, in the culture medium using Griess reagent. As shown
in Figure 1, the nitrite production by RAW 264.7 cells was
dramatically increased over basal levels after stimulation
with LPS for 20 h. Pretreatment with SM905 at 0.1, 1, and 10
pmol/L significantly inhibited the LPS-induced NO produc-
tion. Similarly, the LPS-induced production of pro-inflamma-
tory cytokines (TNF-a, IL-1B, and IL-6) was also inhibited by
SM905. SM905 has been demonstrated to have a low cytotox-
icity in our previous study”. In an MTT assay, we observed
that SM905 did not affect the viability of RAW 264.7 cells at a
dosage of 10 pmol/L or less (data not shown). Thus, SM905
induced a suppression of LPS-induced macrophage inflamma-
tory response, which was not associated with its cytotoxicity.

SM905 decreased both protein and mRNA expression of iNOS
and COX-2

iNOS and COX-2, two critical enzymes associated with pro-
inflammatory mediator production, were then analyzed by
using a Western blotting assay. Figure 2A shows that 20 h
after stimulation with LPS the levels of iNOS and COX-2 pro-
teins were markedly increased in RAW 264.7 cells. Treatment
with SM905 inhibited the magnitude of these two molecules
in a dose-dependent manner. iNOS is the enzyme responsible
for the production of NO by macrophages, which catalyzes the
conversion of L-arginine to NO and L-citrulline®. The inhibi-
tion of the protein expression of iNOS enzyme was concurrent
with the reduction of NO secretion in SM905-treated cells, sug-
gesting that the suppressive effect of SM905 on NO production
is primarily due to the inhibition of the iNOS expression.
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Figure 1. Effect of SM905 on LPS-induced NO, and pro-inflammatory
cytokine TNF-a, IL-1B, IL-6 production. RAW 264.7 cells (5x10°/mL)
were pretreated with the indicated concentrations of SM905 for 1 h
followed by stimulation with LPS for 20 h in 96-well plates in triplicate.
The supernatants were collected and assayed for nitrite generation and
TNF-a, IL-1B, IL-6 production by using Griess assay and ELISA, respectively.
Results presented are mean+SEM. n=3. °P<0.05, °P<0.01 vs LPS-
stimulated but SM905 non-treated control group.

We further determined whether SM905 influenced transcrip-
tion of iNOS and COX-2 mRNA by using real-time PCR analy-
sis. Figure 2B depicts the results of basal and evoked levels
of iNOS and COX-2 mRNA with or without SM905 treatment
after incubation with LPS for 3 h. Pretreatment with SM905
prominently inhibited the mRNA expression levels of iNOS
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Figure 2. Effect of SM9O05 on LPS-induced protein and mRNA expression
of iNOS and COX-2. (A) RAW 264.7 cells (2x10%/mL) were pretreated with
the indicated concentrations of SM905 for 1 h followed by stimulation with
LPS (1 pg/mL) for 20 h and then lysed in SDS sample buffer. The lysates
were then probed for iNOS, COX-2 and B-actin by Western blotting. The
results presented are from one experiment, which is representative of two
others performed. (B) RAW 264.7 cells (2x10%/mL) were pretreated with
the indicated concentrations of SM905 for 1 h followed by stimulation with
LPS (1 pg/mL) for 3 h. Total RNA was isolated and analyzed for mRNA
expression with real-time PCR. The relative gene expression was obtained
after normalization with HPRT. Results are presented as mean+SEM of
three to four samples. °P<0.05, °P<0.01 vs LPS-stimulated but SM905
non-treated control group.

and COX-2. This result suggests that SM905 is able to affect
iNOS and COX-2 gene transcription upon RAW 264.7 cell acti-
vation.

SM905 did not influence TLR4 and MD-2, but slightly reduced
CD14 mRNA expression

To investigate the possible role of SM905 in the signaling that
transmits LPS stimuli into the cell, first the mRNA expression
of three members of the LPS receptor complex (CD14, TLR4,
and MD-2) was tested. As shown in Figure 3, the mRNA
expression of CD14, TLR4, and MD-2 is regulated differently
by LPS. LPS stimulation of RAW 264.7 cells for 3 h caused a

Acta Pharmacologica Sinica
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Figure 3. Effect of SM905 on LPS receptor CD14, TLR4 and MD-2 expression. RAW 264.7 cells (2x10°/mL) were pretreated with the indicated
concentrations of SM905 for 1 h followed by stimulation with LPS (1 ug/mL) for 3 h. Total RNA was isolated and analyzed for mRNA expression with
real-time PCR. The relative gene expression was obtained after normalization with HPRT. Results are presented as mean+SEM. n=3. °P<0.05 vs LPS-

stimulated but SM905 non-treated control group.

relative increase in CD14 mRNA expression. In contrast, there
was no evident increase of TLR4 and MD-2 mRNA levels.
SM905 did not influence the constitutive expression levels of
TLR4 and MD-2 mRNA, but exhibited a statistically effective
inhibitory effect on the increased expression of CD14 at 10
pmol/L. Nevertheless, this effect appears not sufficient for the
prominent reduction of NO and pro-inflammatory cytokine
secretion in SM905-treated macrophages.

SM9O05 inhibited LPS-induced phosphorylation of ERK1/2, p38,
and JNK, and degradation of IkB

Next, the action of SM905 on intracellular signaling transduc-
tion pathways downstream of the LPS receptor was investi-
gated. The MAPK pathway has been well recognized to regu-
late pro-inflammatory cytokine production!™. We examined
the phosphorylation of ERK, p38, and J]NK MAPKs in RAW
264.7 cells after LPS stimulation for 15 min. The result showed
that the levels of activated ERK, p38, and JNK MAPKs were
very low in control cells without LPS stimulation, and LPS
activated all three major MAPKs within 15 min. Treatment
with SM905 exerted an apparent inhibitory effect on LPS-trig-
gered phosphorylation of ERK, p38, and JNK MAPKs in RAW
264.7 cells (Figure 4A).

The NF-kB pathway regulates the transcription of a wide
array of genes, including pro-inflammatory cytokines, iNOS
and COX-2M"l, The nuclear translocation of NF-xB depends on
the degradation of its inhibitory IxBa protein. Therefore, we
tested the effect of SM905 on the levels of IkBa using a West-
ern blotting assay. As shown in Figure 4B, the IxBa protein
level decreased markedly within 15 min after LPS stimulation.
Pretreatment of cells with SM905 (0.1, 1, 10 pmol/L) inhibited
IxBa degradation in a dose-dependent manner.

In addition to NF-xB pathway, iNOS expression can also
be modulated by the IRF pathway. The mRNA expression of
IRF-1, STAT1, and IP-10 was very low before LPS stimulation
(Figure 4C). Upon exposure to LPS, a remarkable increase
in the expression of IRF-1, STAT1, and IP-10 was observed
within 3 h. However, treatment with SM905 did not affect the
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increased expression of these molecules (Figure 4C). These
results suggest that the inhibitory effects of SM905 on the LPS-
triggered inflammatory response are correlated with MAPK
and NF-kB pathways, but not the IRF pathway.

SM905 inhibited LPS-induced NF-kB translocation into nucleus
Once released from IkB, the free NF-xB translocates into the
nucleus, where it stimulates target gene transcription. To
demonstrate the effect of SM905 on the NF-kB pathway, the
nuclear translocation of NF-xB/p65 was viewed under ala-
ser confocal microscope. In a separate series of experiments,
RAW 264.7 cells stimulated with LPS showed a dramatic
increase in the translocation of NF-«B into the nucleus and its
levels reached a peak at 1 h after stimulation (Figure 5). In
contrast, the LPS-induced NF-xB nuclear translocation was
markedly impaired after SM905 treatment (Figure 5). This
result suggests that SM905 inhibits IkBa degradation, and pre-
vents NF-kB activation and translocation into the nucleus.

Discussion

The antimalarial drug artemisinin and its derivatives exhibit
potent immunosuppressive activity. It was reported that
artemisinin inhibited NF-xB-mediated iNOS expression and
NO synthesis™. Owing to this property, several artemisinin
derivatives were found to be effective for treating experimen-
tal arthritis and lupus nephritis in animal models, however,
their bioactivity is limited™ . SM905 is a novel artemisinin
derivative with promising immunosuppressive activity in vitro
and in vivo®!, and oral administration of SM905 induced sup-
pression of collagen-induced arthritis in mice®). The present
study provided evidence to demonstrate that SM905 posesses
potent anti-inflammatory properties by inhibiting NO and
proinflammatory cytokine secretion in RAW 264.7 mac-
rophages. Furthermore, we, for the first time, systematically
analyzed the mechanisms of action of a new artemisinin deriv-
ative on LPS signaling, and found it profoundly inhibited the
two major signal transduction pathways, those for the MAPKs
(ERK, p38, and JNK) and NF-kB, known to be involved in the
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Figure 4. Effect of SM905 on LPS-induced MAPK activation, IkBa degradation and expression of IRF-1, STAT1, and IP-10 mRNA. (A) SM9O05 inhibited
activation of ERK, p38, and JNK MAPKs in LPS-stimulated RAW 264.7 cells. RAW 264.7 cells (2x10° cells/mL) were pretreated with the indicated
concentrations of SM905 for 1 h followed by stimulation with LPS (1 ug/mL) for 15 min. Cells were lysed and assayed for phospho-ERK, phospho-p38,
and phospho-JNK by Western blotting. The blots were probed with B-actin antibody to confirm equal protein levels. (B) SM905 inhibited IkBa
degradation in LPS-stimulated RAW 264.7 cells. RAW 264.7 cells were pretreated with SM9OO05 for 1 h followed by stimulation with LPS (1 pg/mL) for
15 min. Cells were lysed and assayed for IkBa and B-actin by Western blotting. The results presented are from one experiment, which is representative
of two others performed. (C) SM905 had no apparent effect on IRF-1, STAT1, and IP-10 expression. RAW 264.7 cells were pretreated with SM905 for
1 h followed by stimulation with LPS (1 pg/mL) for 3 h. Total RNA was isolated and analyzed for mRNA expression with real-time PCR. The relative gene
expression was obtained after normalization with HPRT. Results were presented as mean+SEM, n=3.

regulation of inflammatory response.

In LPS signaling, the binding of LPS to its receptor is the first
step for the initiation of intracellular signaling cascades, and
the expression levels of the LPS receptor are of significance for
enabling optimal LPS responsiveness™ *!. RAW 264.7 mac-
rophages constitutively express high levels of TLR4 and MD-2
mRNA, and SM905 did not affect the steady-state expression
of these two components. For CD14, LPS induced a promi-
nent increase in its mMRNA expression. Treatment with SM905
attenuated the enhanced expression of CD14 in response to
LPS, but this effect was limited. Only at the high dosage of
10 pmol/L did SM905 show a moderate inhibitory effect on
CD14 expression. Moreover, the downstream IRF pathway
was apparently not affected by SM905, which collectively indi-
cats that the components of the LPS receptor complex, CD14,
TLR4, and MD-2, may not play a key role in the mechanism of
action by which SM905 exerts its prominent inhibitory effect
on LPS signaling.

Activation of the ERK, p38, and JNK MAPKSs is important
in mediating a broad array of cellular responses, such as cell
proliferation and differentiation, transcription factor activa-
tion, and cytokine gene expression and production®™ *!. In
this study, we observed that SM905 downregulated the LPS-
triggered activation of the ERK, p38, and JNK MAPKs in RAW
264.7 macrophages. These findings are consistent with our

previous study that artemether inhibited Ras-Raf-ERK activa-
tion”, and the new artemisinin derivative SM905 suppressed
the activation of ERK, p38, and J]NK MAPKs in T cell recep-
tor (TCR)/CD3-mediated primary T cell activation®. The
activation of all three MAPKSs was suppressed by SM905, sug-
gesting that SM905 might influence signaling factors that lie
upstream of MAPKs. Among the MAPK family, p38, and JNK
in particular have been implicated in the regulation of inflam-
matory mediators, including the pro-inflammatory cytokines,
iNOS, and so on, which make them potential targets for anti-
inflammatory therapeutics™!. The anti-inflammatory effect of
SM905 in RAW 264.7 macrophages may depend primarily on
the inhibition of the p38 and JNK MAPK activation.

Much experimental evidence has pointed out the effect of
artemisinin derivatives on the NF-xB pathway® * . It is
known that the parent analog artemisinin has the ability to
inhibit the activation of the nuclear factor NF-«B, and thereby
inhibits NO synthesis in LPS/cytokine mix (IL-1p, IFN-y, and
TNF-a)-stimulated human astrocytoma T67 cells®. To test
the action of SM905 on the NF-xB pathway, we observed two
critical events for the activation of this pathway, namely the
degradation of IxBa inhibitor proteins and the nuclear trans-
location of nuclear transcription factor NF-xB/p65. Firstly,
pretreatment with SM905 prevented the degradation of IxBa.
Then, using immunofluorescence analysis, the inhibitory effect
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Figure 5. Effect of SM905 on LPS-induced NF-kB translocation into the
nucleus. RAW 264.7 cells (2x10° cells /mL) were pretreated with the
indicated concentrations of SM905 for 1 h followed by stimulation with
LPS (1 pg/mL) for 1 h. Samples were prepared for confocal microscopy
analysis. The results shown are from one experiment, which is
representative of two others performed.

of SM905 on NF-xB/p65 translocation from cytoplasm into the
nucleus was clearly seen. The effective dosages of SM905 for
inhibiting the IxBa degradation and NF-«B nuclear transloca-
tion were consistent with that for inhibiting MAPKSs activation.
Since the MAPK pathway can also play a role in the activation
of NF-xB, SM905 effectively inhibited NF-xB translocation,
which may be partially mediated by inhibiting MAPKSs activa-
tion.

The IRF pathway can induce iNOS gene expression!™. Tt
has been well recognized that the induction of macrophage
gene expression by LPS utilizes both MyD88-dependent sig-
naling cascades, including the MAPK and NF-xB pathways,
and MyD88-independent signaling cascades, for example
the IRF pathway!”. The MyD88-independent gene expres-
sion is predominantly transcriptionally regulated by LPS"".
Although the IRF-1, STAT1, and IP-10 mRNA expression were
strongly induced by LPS, treatment with SM905 showed no
significant effect on their gene expression. This result sug-
gests that the inhibitory effect of SM905 on LPS-induced iNOS
expression may not be due to the IRF pathway. SM905 seems
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to have a specific inhibitory action on MyD88-dependent path-
way; however, future experiments will be required to test this
hypothesis.

In conclusion, the result of this study illustrated the anti-
inflammatory property of the new artemisinin derivative
SM905 by inhibiting NO and pro-inflammatory cytokine pro-
duction, as well as the iNOS and COX-2 expression in RAW
264.7 cells. These effects were mediated, at least partially,
by inhibiting the activation of the MAPK and NF-«xB signal
transduction pathways. The novel compound SM905, derived
from the natural product artemisinin, may provide an alterna-
tive candidate for the safe and effective treatment of chronic
inflammatory autoimmune diseases, such as RA and systemic
lupus erythematosus.
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