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Arsenic trioxide (ATO) is one of the most potent drugs in cancer
chemotherapy, and is highly effective in treating both newly
diagnosed and relapse patients with acute promyelocytic leuke-
mia (APL). Despite a number of reports regarding the molecular
mechanisms by which ATO promotes anti-tumor or pro-apoptotic
activity in hematological and other solid malignancies, the effects
of ATO on immune responses remain poorly understood. To fur-
ther understand and clarify the effects of ATO on immune
responses, we sought to examine whether ATO affects the pro-
duction of nitric oxide (NO) in a lipopolysaccharide (LPS)-stimu-
lated mouse macrophage cell line, RAW 264.7. Arsenic trioxide
was found to prevent NO production in a dose-dependent man-
ner. Arsenic trioxide significantly inhibited the increase in induc-
ible nitric oxide synthase (iNOS) at both the mRNA and protein
levels. Furthermore, our analyses revealed that the inhibitory
effect of ATO on iNOS expression was ascribed to the prevention
of IRF3 phosphorylation, interferon (IFN)-b expression, and STAT1
phosphorylation, but not the prevention of the MyD88-depen-
dent pathway. Taken together, our results indicate that ATO pre-
vents NO production by inhibiting the TIR-domain-containing
adaptor protein inducing IFN-b (TRIF)-dependent pathway, thus
highlighting an anti-inflammatory property of ATO in innate
immunity. (Cancer Sci 2013; 104: 165–170)

A rsenic, an ancient drug used in traditional Chinese medi-
cine, has attracted worldwide interest because it shows

substantial anticancer activity in patients with acute promyelo-
cytic leukemia (APL).(1,2) Arsenic trioxide (ATO) has been
shown to exert anti-cancer activity against APL by directly
binding to promyelocytic leukemia retinoic acid receptor a
(PML-RARa), an onco-protein regarded to be crucial for the
pathogenesis of APL, which leads to subsequent degradation
of PML-RARa protein.(3–5) Of note, a number of studies have
demonstrated the pro-apoptotic activity of ATO. Indeed, ATO
induced apoptosis by increasing CASPASE-10 expression,
which is also associated with histone H3 phosphoacetylation.(6)

Second, ATO suppressed the expression of anti-apoptotic
genes such as hTERT, MYC and C17, which are associated
with Sp1 oxidation via production of reaction oxygen spe-
cies.(7) Finally, ATO induced apoptosis of ATRA-treated NB4
cells associated with the inhibition of nuclear factor (NF)-jB
activation and the enhancement of JNK activation.(8)

Bob�e P et al.(9) reported the therapeutic effects of ATO on
the severe autoimmune disorders manifested in MRL ⁄ lpr mice,
in which ATO significantly reduced lymphoproliferation, sup-
pressed skin lesions, and reduced the serum concentration of

immunoglobulins, Th1 cytokines, and NO. Thus, it is likely
that ATO may play an important role in the regulation of
inflammatory responses. However, the cellular and molecular
mechanisms by which ATO regulates immune response
remains poorly understood. Nitric oxide, a product of macro-
phages activated by cytokines, microbial compounds or both,
is derived from the amino acid L-arginine by the enzymatic
activity of inducible nitric oxide synthase (iNOS). It functions
as a tumoricidal and anti-microbial molecule both in vitro and
in vivo.(10–15) Nitric oxide also plays a diverse role in the path-
ogenesis of osteoclastogenesis,(16,17) pleurisy,(18) and asthma,(19,20)

indicating that NO is one of the most versatile molecules in
the immune system. Sodium arsenite (SA), which forms a tri-
valent molecule (As3+), was reported to inhibit LPS-induced
NO production in mouse macrophages.(21) Therefore, it is of
particular interest to examine whether ATO affects NO pro-
duction.
In this study, we show the inhibitory effect of ATO on LPS-

induced NO production in the mouse macrophage cell line
RAW 264.7. We also discuss the molecular mechanisms
underlying the inhibitory effect of ATO on iNOS gene expres-
sion.

Materials and Methods

Reagents. RPMI-1640, penicillin-streptomycin solution, and
sodium nitrite were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Arsenic trioxide, LPS, modified Gri-
ess reagent, and rabbit anti-iNOS antibody were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Rabbit anti-mouse IFN-
b antibody was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Fluorescein isothiocyanate-labeled rat
anti-mouse CD14 IgG and phycoerythrin (PE) ⁄Cy7-labeled rat
anti-mouse CD284 (toll like receptor 4: TLR4) ⁄myeloid differ-
entiation protein 2 (MD2) complex antibody were obtained
from Biolegend (San Diego, CA, USA). All other primary and
secondary antibodies for Western blot analysis (WBA) were
obtained from Cell Signaling Technology Japan, (Tokyo,
Japan). Cell proliferation kit I (MTT assay) was purchased
from Roche (Tokyo, Japan).

Cell culture. RAW 264.7 cells (RAW cells, mouse macro-
phage cell line) were maintained in RPMI-1640 supplemented
with 5% FBS and penicillin-streptomycin at 37°C in 5% CO2

humidified air.
Measurement of nitric oxide. RAW cells were plated in a 96-

well culture plate (2.5 9 104 cells per well), and incubated for
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24 h. Cells were pre-incubated in a medium containing various
concentrations of ATO (0.001, 0.01. 0.1, 0.5, 1, and 2 lM) for
90 min, and then stimulated with LPS (100 ng mL�1) for 24 h
in the presence of ATO. The NO concentrations were deter-
mined using Griess reagent. Data represent the mean of tripli-
cate determinations � standard error (SE). To perform the
cytotoxic evaluation of ATO on RAW cells, MTT assays were
performed after the Griess assay according to the manufac-
turer’s instructions. The percentage survival was determined
by making comparisons with the untreated group.

Quantitative reverse transcription-PCRs analysis. One million
RAW cells were seeded in a 6-well plate and incubated for
24 h. Cells were pre-incubated in a medium containing 1 lM
of ATO for 90 min, and then stimulated with LPS
(100 ng mL�1) for the indicated times in the presence of
ATO. Total RNA was extracted by using PureLink RNA puri-
fication Kit (Life Technologies Japan, Tokyo, Japan), and was
reverse-transcribed using cDNA reverse-transcription kit (Life
Technologies). cDNA was amplified by KOD FX Neo poly-
merase (Toyobo, Tokyo, Japan) with SYBR Green I (TaKaRa,
Tokyo, Japan). Quantitative analysis was performed using the
StepOne Real-time PCR system (Life Technologies) according
to the manufacturer’s instructions. Glyceraldehyde-3-phosphate
dehydrogenase was used as an internal standard. Primers used
in this study are detailed in Table 1.

Flow cytometry analysis. RAW cells were stimulated with
LPS as described above. Cells were scraped, washed, and re-
suspended in ice-cold PBS containing 2% FBS, 1 mM EDTA,
and 0.05% NaN3 (FACS buffer). Cells were then incubated
with FITC-labeled anti-CD14 antibody and PE ⁄Cy7-labeled
anti-TLR4 ⁄MD2 antibody on ice for 1 h. After incubation, the
cells were washed twice with FACS buffer. Cells were then
re-suspended in FACS buffer before being examined on a
FACSCantoII (BD Bioscience, Tokyo, Japan) where 10 000
events were analyzed (determined by forward and side scatter).
Data represent the mean fluorescence intensity of triplicate
determinations � SE.

Western blot analysis. RAW cells were stimulated with LPS
as described above. Cells were washed with ice-cold PBS and
lysed in loading buffer, containing 125 mM of Tris (pH6.8),
4% sodium dodecyl sulfate (SDS), 10% b-mercaptoethanol,
20% glycerol and 0.02% bromophenol blue. Western blot anal-
ysis was performed as described previously.(23) Immune com-
plexes were detected with ImmunoStar LD (Wako) by using
LAS-1000 image analyzer (FujiFilm, Tokyo, Japan). Band
intensity was measured by using Image Gauge software (Fuji-
Film). The relative protein levels were calculated after normal-
ization to an internal standard, b-actin.

Luciferase reporter assay for NF-jB activation. RAW cells
(2 9 104 cells per well) were plated in 96-well plate. On the

following day, the cells were transiently transfected with
0.15 lg of pBIIX-Luc reporter plasmid(22) for measurement of
NF-jB activity and phRL-TK vector for internal control by
using TransIT-2020 (Mirus Bio LLC, WI, USA). After 24 h,
the cells were pre-treated with 1 lM of ATO for 90 min, and
then stimulated with LPS (100 ng mL�1) for 6 h in the pres-
ence of ATO. The cells were lysed and assayed for both firefly
and Renilla luciferase activity by using the Dual Luciferase
Assay system (Promega) and a Fluoreskan Ascent FL micro-
plate reader (Thermo Fisher Scientific, Waltham, MA, USA).

RNA interference. RAW cells (7.5 9 104 cells per well) were
plated in a 6-well culture plate. On the following day, the cells
were transfected by Lipofectamine RNAi ⁄MAX (Life Technol-
ogies Japan, Tokyo, Japan) with 100 nM of STAT1 siRNA
(STAT1 p84 ⁄p91 siRNA: sc-44124) according to the manufac-
turer’s protocol from Santa Cruz Biotechnology. An siGE-
NOME RISC-Free siRNA (Dharmacon-Thermo Fisher
Scientific, Tokyo, Japan) was used as a negative control.

Results

Arsenic trioxide inhibits NO production in LPS-stimulated RAW
cells. We first examined whether ATO inhibits LPS-induced
NO production in RAW cells by using the Griess assay. As
shown in Fig. 1(a), ATO treatment inhibited LPS-induced NO
production in a dose-dependent manner.On the other hand, the
ATO treatment alone at the same concentration range did not
affect spontaneous NO production. To examine the viability of
ATO-treated RAW cells, MTT assays were performed 24 h
after LPS stimulation. There was no significant difference in
viability between the ATO-treated and untreated RAW cells
(data not shown), strongly suggesting that the inhibitory effect
of ATO on the NO production was not due to its cytotoxicity.
We also examined the effect of the treatment time of ATO on
LPS-induced NO production. The treatment of RAW cells with
1 lM of ATO for 10 min resulted in a marked reduction in
LPS-induced NO production (data not shown), indicating that
the brief treatment with ATO was sufficient to inhibit NO
production in LPS-stimulated RAW cells.

Arsenic trioxide inhibits the expression of iNOS mRNA and pro-
tein in LPS-stimulated RAW cells. To further elucidate the
molecular mechanism by which ATO inhibits the action of
NO, we performed quantitative real-time PCR analysis on
LPS-induced the iNOS mRNA expression. As shown in
Fig. 1(b), the iNOS mRNA expression level was found to read-
ily increase after LPS stimulation, and the maximum fold
expression was detected 6 h after stimulation. ATO treatment
significantly decreased LPS-induced iNOS mRNA expression
both at 6 h (P < 0.005) and 12 h (P < 0.05) compared with
the cells not exposed to ATO. To confirm the inhibitory action
of ATO on iNOS protein expression, WBA was performed. As
shown in Fig. 1(c), the ATO treatment abrogated LPS-induced
iNOS protein expression in a dose-dependent manner.

Arsenic trioxide does not alter the cell surface expression of
CD14 or TLR4 in RAW cells. Lipopolysaccharide initially binds
to CD14, a glycosylphosphatidylinositol (GPI)-linked protein,
which is expressed on the macrophage cell surface. Lipopoly-
saccharide is then transferred to MD-2, which associates with
and activates TLR4, thereby initiating intracellular signaling
events.(23) Therefore, we examined whether ATO affects the
levels of CD14 and TLR4 expression. Fluorescence-activated
cell sorting analysis revealed no significant changes in the lev-
els of CD14 or TLR4 expression (Table 2), suggesting that
ATO may affect iNOS production by inhibiting intracellular
signal transduction after LPS stimulation.

Arsenic trioxide does not inhibit activation of NF-jB or TNF-a
protein expression in LPS-stimulated RAW cells. It has been
reported that the activation of NF-jB is involved in LPS-induced

Table 1. Primers applied for quantitative reverse transcription-

polymerase chain reaction

Gene symbol Sequences (5´-)
Product

size (bp)

iNOS

Sense 5´- CTG CAG GTC TTT GAC GCT CG 788

Antisense 5´- GTG GAA CAC AGG GGT GAT GC

IFN-b
Sense 5´- GCT GAA TGG AAA GAT CAA CCT C 216

Antisense 5´- TTC AGA AAC ACT GTC TGC TGG T

GAPDH

Sense 5´- GAT GAC ATC AAG AAG GTG GTG A 199

Antisense 5´- TGC TGT AGC CGT ATT CAT TGT C

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFN, interferon;
iNOS, inducible nitric oxide synthase.
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NO production in RAW cells. Furthermore, sodium arsenite was
reported to inhibit the activation of NF-jB in LPS-stimulated
RAW cells by preventing the degradation of IjB-a and IjB-
b.(21) Therefore, we examined whether ATO affects LPS-
induced NF-jB activation by using a luciferase reporter assay.
As shown in Fig. 2(a), an increase in NF-jB luciferase activity
was detected 6 h after LPS stimulation. However, this activation
was not significantly inhibited by ATO treatment. We also
examined the effect of ATO on LPS-induced phosphorylation of
NF-jB, IjBa by using WBA. As shown in Fig. 2(b), the phos-
phorylation of NF-jB and IjB-a was clearly detected 10 min
after LPS stimulation. However, no significant change was
observed in the phosphorylation levels with the ATO treatment.
Next, we examined whether ATO affects the expression of LPS-
induced TNF-a, a downstream molecule of NF-jB, by using an
enzyme-linked immunosorbent assay (ELISA). As shown in
Fig. 2(c), the TNF-a protein was detected 6 h after LPS
stimulation. In this setting, ATO had almost no effect on TNF-a
protein expression, further supporting the fact that the inhibitory
effect of ATO on NO production was not due to the prevention
of NF-jB activation.

Arsenic trioxide does not inhibit the phosphorylation of MAP-
Ks, including JNK ⁄ SAPK, Erk1 ⁄ 2, and p38, in LPS-stimulated RAW
cells. Lipopolysaccharide is known to activate a series of
MAPKs, such as Erk1 ⁄2, p38, and JNK ⁄SAPK, which leads to
the activation of downstream transcriptional factors such as
activator protein 1 (AP-1) and activating transcription factor 2
(ATF-2). These signaling pathways are dependent on MyD88,
and known to be involved in the regulation of iNOS expres-
sion.(25) Therefore, we examined the effects of ATO on LPS-
induced phosphorylation of AP-1 subunits by using WBA. As
shown in Fig. 2(d), the phosphorylation of c-Fos and c-Jun
proteins was detected 2 h after LPS stimulation. However, no
significant reduction in the phosphorylation of these transcrip-
tional factors was observed with ATO treatment, whereas the
phosphorylation of c-Jun appeared to be partially enhanced.
Similarly, the activation of ATF-2 (phosphorylated ATF-2), a
trans-acting element of CREB, was not prevented, suggesting
that the inhibitory effect of ATO on NO production did not
affect the activation of these transcriptional factors. Next, we
examined the effect of ATO on the activation of the MAPKs,
including Erk1 ⁄ 2, p38, and JNK ⁄SAPK, the upstream mole-
cules of AP-1 and ATF-2. As shown in Fig. 2(e), the phos-
phorylation of MAPKs was detected 30 min after LPS
stimulation. However, no significant reduction was observed in
the phosphorylation of these transcriptional factors with ATO
treatment. Taken together, these results demonstrate that the
inhibitory effect of ATO on iNOS expression is not due to the
prevention of the MyD88-dependent pathway.

Arsenic trioxide prevents the TRIF-dependent pathway through
the inhibition of IRF3 phosphorylation, IFN-b expression and
STAT1 activation. Lipopolysaccharide -induced interferon (IFN)-
a ⁄b and STAT1 activation are critical determinants of iNOS

(a)

(b)

(c)

Fig. 1. The effects of arsenic trioxide (ATO) treatment on nitric oxide
(NO) production (a), inducible nitric oxide synthase (iNOS) mRNA
expression (b), dose-dependent inhibitory effect of ATO on iNOS pro-
tein expression (c) in lipopolysaccharide (LPS)-stimulated RAW cells. (a)
RAW cells were treated with ATO (1 lM) for 90 min, and then stimu-
lated with (black bar) or without (white bar) LPS (100 ng mL�1) for
24 h in the presence of ATO (1 lM). The NO concentrations were mea-
sured using the Griess reaction (n = 6). (b) Expression of iNOS mRNA
was examined using real-time polymerase chain reaction (PCR). RAW
cells were stimulated with LPS (100 ng mL�1) for the indicated times in
the presence of ATO (1 lM). The relative iNOS mRNA expression level
with the ATO treatment (white bar) compared to that without the
treatment (black bar) is shown after normalization to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA expression. Data are
expressed relative to the mRNA levels found in the control (at 0 h after
LPS stimulation), which was arbitrarily defined as 1. An asterisk (**) or
(*) indicates a significant difference with P-value of less than 0.005 or
0.05, respectively (n = 3). (c) RAW cells were stimulated with LPS
(100 ng mL�1) in the presence of various concentrations (0, 0.01, 0.1,
0.5, 1, and 2 lM) of ATO. Ten micrograms of the protein was prepared
from RAW cells to detect the iNOS. After normalization to b-actin pro-
tein, data were expressed relatively to the protein levels found in the
untreated cells, which were arbitrarily defined as 1.

Table 2. The cell surface expression of CD14 or TLR4 in RAW cells

Mean fluorescence intensity

CD14 TLR4 ⁄MD2

12 h 24 h 12 h 24 h

Control 58.0 � 0.6 73 � 1.5 48.3 � 14 52.7 � 0.3

None 5879 � 47 5283 � 27 1042 � 22 909 � 6

ATO 4953 � 25 4229 � 57 1037 � 12 1132 � 8

LPS 7631 � 59 6669 � 30 669 � 12 1009 � 14

LPS+ATO 8645 � 27 7631 � 93 500 � 7 904 � 24

In control group, IgG iso-type matched control primary antibodies were
used for analyses. ATO, arsenic trioxide; LPS, lipopolysaccharide.
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gene expression.(25) Interferon-b expression, and subsequently,
STAT1 phosphorylation are normally induced in LPS-stimu-
lated MyD88 deficient mouse macrophages, suggesting that the
MyD88-independent pathway may play an important role in
iNOS gene expression. Therefore, we next sought to examine

whether ATO affects the LPS-induced TRIF-dependent path-
way. First, we examined the effect of ATO both on IFN-b
mRNA and protein level in LPS-stimulated RAW cells. As
shown in Fig. 3(a), the increase of IFN-b mRNA level was
detected 2 h after LPS stimulation; this increase was prevented
by ATO treatment. To confirm the inhibitory action of ATO
on IFN-b protein expression, we performed WBA. As shown
in Fig. 3(b), the ATO treatment reduced the IFN-b protein
expression in LPS-stimulated RAW cells. To further elucidate
the inhibitory effect of ATO on the TRIF-dependent pathway,
we examined the effect of ATO on LPS-induced phosphoryla-
tion of IRF3 transcriptional factor. As shown in Fig. 3(c), the
phosphorylation of IRF3 was successfully detected 2 h after
LPS stimulation. The phosphorylation was clearly prevented
by ATO. In addition, we also examined whether ATO affects
the phosphorylation of STAT1a ⁄b. As shown in Fig. 3(d), the
phosphorylation of STAT1a ⁄b was detected 4 h after LPS
stimulation. Again, this phosphorylation was prevented by
ATO. Finally, we performed siRNA experiments to investigate
the iNOS protein expression and NO production under knock-
down of STAT1. As shown in Fig. 3(e and f), knockdown of
STAT1 resulted in the significant reduction of iNOS protein
and NO production (P < 0.005) in LPS-stimulated RAW cells,
suggesting that STAT1 can act as one of the key transcrip-
tional activators of iNOS gene. Collectively, we found that the
inhibitory effect of ATO on NO production was ascribed to
the prevention of the TRIF-dependent pathway in LPS-stimu-
lated RAW cells.

Discussion

In the present study, we demonstrate that ATO inhibits iNOS
expression, leading to the reduction of NO production in LPS-
stimulated RAW mouse macrophage cells by inhibiting the
TRIF-dependent pathway. It is unlikely that the inhibition of
iNOS expression by ATO is due to its cytotoxicity or its alter-
ation of TLR4 or CD14 expression levels. Rather, this inhibi-
tion is due to the impairment of the LPS-inducible intracellular
signal transduction pathway. After LPS recognition, TLR4 ini-
tiates distinct signaling pathways depending on the adapters
MyD88 and TRIF, leading to the activation of the transcription
factors NF-jB, AP-1, ATF2, and IRF3 (Fig. 4). Activation of
these transcription factors consequentially induces the produc-
tion of pro-inflammatory cytokines such as type I interfer-
ons.(24) It is well known that iNOS expression is induced by
the activation of the TLR4 signaling pathway.(25,27) It is also
known that NF-jB acts as a transcriptional factor for iNOS
gene expression through the MyD88-dependent pathway in
LPS-stimulated mouse macrophages.(25,28) Chakravortty et al.
previously reported that sodium arsenite inhibits iNOS expres-
sion via prevention of NF-jB activity.(21) These studies
prompted us to examine whether ATO affects the activation of
NF-jB. However, in this study, ATO did not exhibit any
inhibitory effects on the transcriptional activity of NF-jB. The
transcriptional factors AP-1 and ATF2, which are activated
through MyD88 in the TLR4 signaling pathway, are known to
play an important role in the transcriptional regulation of the
iNOS gene.(25) Therefore, we examined whether ATO affects
the activation of AP-1 and ATF-2, and the activation of MAP
kinases after LPS stimulation. Again, ATO did not show any
inhibitory effects on the phosphorylation levels of AP-1 and
ATF-2 or the phosphorylation levels of MAP kinases,
including ERK1 ⁄2, p38, and JNK ⁄SAPK. Thus, our results
indicate that the inhibitory effect of ATO on iNOS expression
is not mediated by the prevention of the activation of the
MyD88-dependent pathway.
Apart from the MyD88-dependent pathway, TLR4 triggers

the TRIF-dependent signaling pathway to induce IFN-b

(a) (b)

(c) (d)

(e)

Fig. 2. The effect of arsenic trioxide (ATO) treatment on nuclear fac-
tor (NF)-jB activation (a), phosphorylation of NF-jB and nuclear factor
of kappa light polypeptide gene enhancer in B cells inhibitor a
(b), tumor necrosis factor (TNF)-a protein expression (c), phosphorylation
of AP-1, ATF-2 (d), and mitogen-activated protein kinases (MAPKs) (e)
in lipopolysaccharide (LPS)-stimulated RAW cells. (a) RAW cells were
co-transfected with 0.15 lg of pBIIX-Luc vector for the NF-jB firefly
luciferase activity and phRL-TK vector for the internal control Renilla
luciferase activity. After 24 h, the cells were treated with or without
ATO (1 lM) for 90 min, and then stimulated with LPS (100 ng mL�1)
for 6 h in the presence of ATO. After normalization to Renilla lucifer-
ase activity, the fold-change relative NF-jB activity was expressed rela-
tive to that found in the untreated group, which was arbitrarily
defined as 1 (n = 6). (b) RAW cells were stimulated with LPS
(100 ng mL�1) for 10 min in the presence of ATO (1 lM). Five micro-
grams of the protein was prepared from RAW cells to detect the total
or phosphorylated forms of p65 and IjB-a. (c) z cells were stimulated
with LPS (100 ng mL�1) for 6 h in the presence of ATO (1 lM). Tumor
necrosis factor-a protein expression was quantitatively determined
using enzyme linked immunosorbent assay (ELISA) (n = 3). ND, not
detected. (d) RAW cells were stimulated with LPS (100 ng mL�1) for
2 h in the presence of ATO (1 lM). Five micrograms of the protein
was prepared from RAW cells to detect the phosphorylated forms of
c-Fos, c-Jun, and ATF-2. b-actin protein was used as an internal con-
trol. (e) RAW cells were stimulated with LPS (100 ng mL�1) for 30 min
in the presence of ATO (1 lM). Five micrograms of the protein was
prepared from RAW cells to detect the total or phosphorylated forms
of MAPKs.
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(Fig. 4).(24) In the TRIF-dependent pathway, IRF3 is phosphor-
ylated, forms homodimers, and acts as a transcriptional activa-
tor of IFN-b expression.(29) Finally, IFN-b induces the
phosphorylation of STAT1a ⁄b, which acts as a crucial tran-
scriptional factor of the iNOS gene in LPS-stimulated mouse
macrophages.(26,30) Meraz MA et al. and Ohmori Y et al.
(31,32) have independently reported that STAT1 knockout mice
failed to produce NO from macrophages after LPS ⁄ IFN stimu-
lation. Collectively, these reports prompted us to examine the
involvement of the TRIF-dependent pathway in the inhibitory
effect of ATO on iNOS expression. Our results demonstrated
that ATO treatment decreases both IFN-b mRNA and protein
expression, and decreases the phosphorylation levels of IRF3.
Finally, knockdown of STAT1 resulted in the reduction of
iNOS expression, strongly indicating that STAT1 can act as
one of the key transcriptional activators of iNOS gene expres-
sion. Arsenic trioxide was found to decrease STAT1a ⁄b phos-
phorylation. This decrease in STAT1 phosphorylation can be
partly explained by the prevention of IRF3 activation by ATO.
Since IRF3 activation is known to occur through its phosphor-
ylation by IjB kinase e, it is possible that ATO may prevent
the activation of IRF3 by inhibiting this upstream kinase.
Arsenic trioxide has been shown to have pro-apoptotic activ-

ity by affecting a number of signal transduction pathways in
APL cells.(3–8,33,34) However, the relationship between NO
production and apoptosis in APL cells remains poorly under-
stood. In this study, we found that ATO prevents NO produc-
tion in LPS-stimulated RAW cells. Therefore, it will be
interesting to examine whether ATO exerts pro-apoptotic activ-
ity in APL cells by preventing NO production.
In conclusion, we demonstrate that ATO prevents NO produc-

tion, at least in part, through inhibition of the TRIF-dependent

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3. The effect of arsenic trioxide (ATO) on interferon (IFN)-b
mRNA expression (a), IFN-b protein level (b), phosphorylation of IRF3
(c) and STAT1a ⁄ b (d), and the effect of STAT1 siRNA on STAT1 and
inducible nitric oxide synthase (iNOS) protein levels (e), and nitric
oxide (NO) production (f) in lipopolysaccharide (LPS)-stimulated RAW
cells. (a) RAW cells were stimulated with LPS (100 ng mL�1) for 2 h in
the presence of ATO (1 lM). The IFN-b mRNA expression levels are
shown after normalization to GAPDH mRNA expression relative to
those found in the untreated group, which were arbitrarily defined as
100% (n = 3). (b) RAW cells were stimulated with LPS (100 ng mL�1)
for 2 h in the presence of ATO (1 lM). Twenty micrograms of the pro-
tein was prepared from RAW cells to detect the IFN-b. After normali-
zation to b-actin protein, bar graph shows the expression relative to
the protein levels in the untreated cells, which were arbitrarily
defined as 1. (c) RAW cells were stimulated with LPS (100 ng mL�1)
for 2 h in the presence of ATO (1 lM). Thirty micrograms of the pro-
tein was prepared from RAW cells to detect the phosphorylated forms
of IRF3. b-actin was used as an internal control. (d) RAW cells were
stimulated with LPS (100 ng mL�1) for 4 h in the presence of ATO
(1 lM). Ten micrograms of the protein was prepared from RAW cells
to detect the total or the phosphorylated forms of STAT1a ⁄ b. (e) RAW
cells were transfected with 100 nM of siRNA specific to mouse STAT1
or nonspecific control siRNA. After 48 h, RAW cells were stimulated
with LPS (100 ng mL�1) for 24 h. Ten micrograms of the protein
was prepared from RAW cells to detect the total STAT1 or iNOS. b-
actin was used as an internal control. (f) After 48 h of siRNA transfec-
tion, RAW cells were stimulated with LPS for 24 h. Nitric oxide con-
centrations were measured using the Griess reaction. An asterisk (*)
indicates a significant difference with a P-value of less than 0.005
(n = 6).

Fig. 4. A possible mechanism by which arsenic trioxide (ATO) inhibits
nitric oxide (NO) production in the lipopolysaccharide (LPS) ⁄ TLR4 sig-
naling pathway. The induction of the iNOS mRNA after LPS stimula-
tion is mediated by the MyD88-dependent and ⁄ or TRIF-dependent
pathway. Nuclear factor (NF)-jB is independently activated and acts as
the transcriptional factor in inducing pro-inflammatory cytokines, such
as tumor necrosis factor (TNF)-a, through the MyD88-dependent path-
way. In the TRIF-dependent pathway, IRF3 is phosphorylated, forms
homodimers, and acts as a transcriptional activator of interferon (IFN)-
b expression. Subsequently, IFN-b induces the phosphorylation of
STAT1a ⁄ b, which acts as a transcriptional activator of the iNOS gene
expression. In this study, ATO was found to inhibit NO production in
LPS-stimulated RAW cells through the inhibition of the TRIF-depen-
dent pathway.
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pathway. This finding raises the possibility that ATO can regu-
late TLR4-inducible pro-inflammatory gene expression and
modulate the TLR4-mediated innate immune systems. In this
study, we have done the experiments by using only one cell
line, RAW 264.7. Thus, it will be interesting to examine
whether ATO prevents NO production in either mouse or
human naive macrophages. Further studies are certainly war-
ranted to contribute to the understanding of the molecular
action of ATO in immune defense systems.
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