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a b s t r a c t
Austroinulin (AI) and 6-O-acetyl-austroinulin (6-OAAI) are natural diterpenoids isolated from Stevia
rebaudiana with anti-inﬂammatory activity. However, the mechanisms underlying their anti-inﬂammatory effects are not well understood. The purpose of this study was to investigate the effect of AI and
6-OAAI on nitric oxide (NO) production and their molecular mechanism in LPS-stimulated RAW264.7
macrophages. We found that AI and 6-OAAI inhibit the production of NO, iNOS, and pro-inﬂammatory
cytokines (TNF-a, IL-6, IL-1b, and MCP-1) in LPS-stimulated RAW264.7 macrophages. In these same cells,
AI and 6-OAAI also suppressed the phosphorylation of STAT1 and the production of interferon-beta (IFNb). Moreover, treatment with AI and 6-OAAI inhibited the activation of interferon regulatory factor-3
(IRF3) and NF-jB. Taken together, our results suggest that AI and 6-OAAI inhibit NO production and iNOS
expression by blocking the activation of STAT1, IRF3, and NF-jB in LPS-stimulated RAW264.7
macrophages.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Inﬂammation is part of the non-speciﬁc immune response that
occurs in reaction to any type of bodily injury. The innate immune
system is the ﬁrst response to infection and plays a critical role in
acute inﬂammation. The inﬁltration of neutrophils and macrophages characterizes acute inﬂammation, while the inﬁltration of
T lymphocytes and plasma cells are features of chronic inﬂammation (Ferrero-Miliani et al., 2006). Chronic and uncontrolled inﬂammation may cause the pathogenesis of a variety of diseases, such as
arthritis, asthma, multiple sclerosis, inﬂammatory bowel disease,
and atherosclerosis (Kim et al., 2010). Macrophages play a central
role in inﬂammatory diseases and produce many pro-inﬂammatory cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), and interleukin-1b (IL-1b). Macrophages also
produce inﬂammatory mediators, including nitric oxide (NO) and
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prostaglandin E2 (PGE2) (Heo et al., 2010). As the major component
of the outer membrane of Gram negative bacteria cell walls, lipopolysaccharide (LPS) can stimulate macrophages to produce proinﬂammatory cytokines, including TNF-a and IL-6, and inﬂammatory mediators such as NO and PGE2 (Lu et al., 2012). NO is produced by inducible nitric oxide synthase (iNOS) and mediates
many disease processes, such as atherosclerosis, inﬂammation,
carcinogenesis, hypertension, obesity, and diabetes (Mordan
et al., 1993; Ohshima and Bartsch, 1994; KrÖche et al., 1998).
Therefore, inhibition of these pro-inﬂammatory mediators may
be an effective strategy for the treatment of inﬂammatory diseases.
Stevia rebaudiana Bertoni is a branched bushy shrub that belongs to the Asteraceae family and is native to Paraguay, Brazil,
and Argentina. Today, it is also cultivated in Canada and in some
parts of Asia and Europe (Lemus-Mondaca et al., 2012). Extracts
from Stevia leaves have been used in traditional medicine for the
treatment of diabetes. It is also used to sweeten soft drinks, soju,
soy sauce, yogurt, and other foods in Japan, Korea, and certain
countries of South America (Shukla et al., 2009). Several studies
have demonstrated that S. rebaudiana sweetener extractives possess anti-hypertensive, anti-hyperglycemic, and anti-human rotavirus activities (Chan et al., 2000; Jeppesen et al., 2002; Lee and
Shibamoto, 2001). A recent study has reported that the essential
oil and extracts from S. rebaudiana leaves exhibit antioxidant,
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anti-microbial, and anti-inﬂammatory effects (Muanda et al.,
2011). The leaves of Stevia contain ﬂavonoids, alkaloids chlorophylls, xanthophylls, hydroxycynnamic acids, oligosaccharides,
free sugars, amino acids, lipids, and trace elements (Muanda
et al., 2011). In addition, the leaves of Stevia are known to contain
diterpenoid glycosides, including stevioside, steviolbioside, rebaudioside A–F, and dulcoside, as well as diterpenes, such as sterebin
A-N and 6-O-acetyl-austroinulin (Oshima et al., 1986, 1988; Dacome et al., 2005). It has been reported that diterpene contents exhibit antioxidant, anti-bacterial, and anti-viral activity (Wang et al.,
2002; Porto et al., 2009; Vallim et al., 2010). However, the biological activities of these components have not yet been fully deﬁned.
Therefore, the aim of the present study was to characterize austroinulin (AI) and 6-O-acetyl-austroinulin (6-OAAI) isolated from S.
rebaudiana based on the results of NMR and other analytical data
and to evaluate their anti-inﬂammatory effects in LPS-stimulated
RAW264.7 macrophages.
2. Materials and methods
2.1. Materials
The leaves of S. rebaudiana used in the present study, which were collected in
the Jeonbuk province in Korea, were purchased from Koreastevia Co., Ltd. (http://
www.koreastevia.com/, Jeongeup, Korea) in October 2010. The leaves were airdried, pulverized, and stored at 4 °C before extraction. All chemicals used were of
reagent grade and were purchased from Sigma–Aldrich (St. Louis, MO, USA), unless
otherwise stated. All solvents were distilled before use. Antibodies for b-Tubulin
and iNOS were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA)
and BD Pharmingen (San Diego, CA, USA), respectively. Antibodies for STAT1 and
phospho-STAT1 (Tyr701) were purchased from Cell Signaling Technology (Danvers,
MA, USA). Goat anti-rabbit IgG HRP-conjugated antibody, Opti-MEM I medium, and
Lipofectamine 2000 were purchased from Invitrogen (Carlsbad, CA, USA). Enzymelinked immunosorbent assay (ELISA) kits for IFN-b, MCP-1, TNF-a, IL-6, and IL-1b
were purchased from R&D Systems (Minneapolis, MN, USA).
2.2. General procedure
NMR spectra were recorded on a JEOL ECX-500 instrument (1H NMR at
500 MHz, 13C NMR at 125 MHz) (JEOL, Tokyo, Japan). Electron ionization (EI) and
EI-high resolution (HR) mass spectra were obtained on a JEOL JMS-700 instrument
(JEOL Ltd., Tokyo, Japan). Melting points were measured on a Thomas Scientiﬁc Capillary Melting Point Apparatus and were uncorrected. Column chromatography was
performed on silica gel (230–400 mesh; Merck, Darmstadt, Germany), RP-18 (ODSA, 12 nm, S-150 lM; YMC, Kyoto, Japan) and Sephadex LH-20 (GE Healthcare BioScience AB, Björkgatan, Sweden). Thin layer chromatography (TLC) was performed
on precoated TLC plates on silica gel 60 F254 (0.25 mm, normal phase; Merck).
These were visualized using a UVGL-58 254 nm hand-held UV lamp (UVP, Cambridge, UK) or by spraying with 10% H2SO4 in ethanol followed by heating. Acetone-d6 and DMSO-d6 were purchased from Cambridge Isotope Laboratory Inc.
(Andover, MA, USA).
2.3. Extraction and isolation of compounds from S. rebaudiana
The dried leaves of S. rebaudiana (1 kg) were extracted three times with 80%
ethanol, and the supernatant was evaporated under vacuum at 40 °C. The ethanol
extract was dissolved in distilled water and partitioned with ethyl acetate. Evaporation of the solvent under reduced pressure yielded the ethyl acetate extract (50 g),
which was fractionated on a silica gel column (10  30 cm, 230–400 mesh, 700 g)
and eluted using hexane/acetone [50:1 (1.5 L), 40:1 (1.5 L), 20:1 (1.5 L), 10:1 (3 L),
8:1 (2.5 L), 6:1 (2 L), 3:1 (2 L), 1:1 (1 L), and then only acetone (2 L)] to give eight
pooled fractions F1–F7 based on comparison of TLC proﬁles. Subfraction F5 was
subjected to ﬂash column chromatography (2.5  30 cm, 230–400 mesh, 200 g)
employing a hexane/ethyl acetate gradient (20:1 ? 1:1) to give compound 1
(385 mg) and 2 (185 mg) (Fig. 1). Finally, the puriﬁed compound was identiﬁed
by comparing its 1H and 13C NMR data with published literature (Supplementary
materials) (Quijano et al., 1982; Sholichin et al., 1980).
2.4. Austroinulin (1)
White crystals; mp 75–78 °C; [a]D + 33.6° (CHCl3, c 0.48); EIMS: m/z [M]+ 322;
HREIMS m/z 322.2508 (calcd for C20H34O3, 322.2508); 1H NMR (500 MHz, CDCl3) d
0.87 (3H, s, H-18), 0.96 (3H, s, H-20), 1.11 (3H, s, H-17), 1.14 (3H, s, H-19), 1.11–1.51
(6H, m, H-1,2,3,5,9), 1.76 (3H, s, H-16), 2.21 (1H, m, H-11a), 2.40 (1H, m, H-11b),
3.39 (1H, t, J = 10 Hz, H-7), 3.58 (1H, t, J = 10 Hz, H-6), 5.08, 5.17(2H, br d,

J = 17 Hz, H-15), 5.43(1H, t, J = 6.6 Hz, H-12), 6.83(1H, d, J = 17 Hz, H-14); 13C
NMR (500 MHz, CDCl3) d 17.0 (C-20), 18.2 (C-2), 19.4 (C-17), 19.9 (C-16), 22.3 (C19), 22.8 (C-11), 33.8 (C-4), 36.4 (C-18), 39.2 (C-10), 39.9 (C-10), 43.4 (C-3), 57.3
(C-5), 59.6 (C-9), 71.7 (C-6), 77.3 (C-8), 85.0 (C-7), 113.8 (C-15), 130.9 (C-13),
133.6 (C-12), 133.7 (C-14).
2.5. 6-O-acetyl-austroinulin (2)
White crystals; mp 174–175 °C; [a]D + 36.8° (CHCl3, c 0.46); EIMS: m/z [M]+
364; HREIMS m/z 364.2614 (calcd for C22H36O4, 322.2614); 1H NMR (500 MHz,
CDCl3) d 0.84 (3H, s, H-18), 0.92 (3H, s, H-20), 0.97 (3H, s, H-19), 1.18 (3H, s, H17), 1.18–1.51 (6H, m, H-1,2,3,5,9), 1.75 (3H, s, H-16), 2.08 (3H, s, H-22), 2.21
(1H, m, H-11a), 2.42 (1H, m, H-11b), 3.43 (1H, t, J = 10 Hz, H-7), 3.45 (1H, t,
J = 10 Hz, H-6), 5.07, 5.17(2H, br d, J = 17 Hz, H-15), 5.42(1H, t, J = 6.6 Hz, H-12),
6.82 (1H, d, J = 17 Hz, H-14); 13C NMR (500 MHz, CDCl3) d 16.8 (C-20), 18.1 (C-2),
19.5 (C-17), 19.9 (C-16), 21.9 (C-22), 22.2 (C-19), 22.8 (C-11), 33.4 (C-4), 36.0 (C18), 39.4 (C-10), 39.8 (C-10), 43.5 (C-3), 56.5 (C-5), 59.2 (C-9), 73.3 (C-6), 77.1 (C8), 83.5 (C-7), 113.8 (C-15), 130.9 (C-13), 133.5 (C-14), 133.7 (C-12) 171.9 (C-20).
2.6. Cell culture
RAW264.7 macrophage cells were purchased from American Type Culture Collection (Manassas, VA, USA). The cells were cultured in DMEM supplemented with
10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 units/mL of penicillin, and
100 lg/mL of streptomycin (Invitrogen, Carlsbad, CA, USA) and maintained in a
humidiﬁed incubator at 37 °C with 5% CO2.
2.7. Cytotoxicity assay
To measure cell viability, we used an EZ-Cytox cell viability assay kit (DAEIL lab,
Seoul, Korea). RAW264.7 cells were cultured in a 96-well plate at a density of
2  105 cells/mL for 24 h. The cells were subsequently treated with various concentrations of AI or 6-OAAI (10, 20, 40, 60, 80, and 100 lM). After culturing for 24 h,
10 lL of the kit solution was added to each well and incubated for 4 h at 37 °C
and 5% CO2. The index of cell viability was determined by measuring formazan production with an ELISA reader (Benchmark Plus, Bio-Rad, Hercules, CA, USA) at an
absorbance of 480 nm. The reference wavelength was 650 nm. Cell viability was
determined relative to untreated control cells.
2.8. Measurement of NO production
RAW264.7 cells were cultured in a 96-well plate at a density of 2  105 cells/mL
for 24 h. After incubation, the cells were pretreated with various concentrations of
AI or 6-OAAI (10, 20, and 40 lM) for 1 h and were treated with 1 lg/mL of LPS (Sigma–Aldrich) for an additional 16 h. The culture supernatant was collected at the
end of the culture period for a nitrite assay. The culture supernatant (100 lL) was
mixed with an equal volume of Griess reagent (Sigma–Aldrich) in a 96-well plate.
After 15 min incubation at room temperature, the absorbance was measured at
540 nm. The concentration of nitrite was calculated using a standard curve produced from known concentrations of sodium nitrite dissolved in DMEM. The results
are presented as the mean ± SD of four replicates of one representative experiment.
2.9. Western blotting
RAW264.7 cells were cultured in a 100 mm dish at a density of 2  105 cells/mL
for 24 h. After incubation, the cells were pretreated with various concentrations of
AI or 6-OAAI (10, 20, and 40 lM) for 1 h and were treated with 1 lg/mL of LPS for
the indicated times. The cells were harvested and lysed by cell lysis buffer (50 mM
Tris, pH 7.4, 250 mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na3VO4, 1% NP40, 0.02%
NaN3, and 1 mM PMSF) containing a protease inhibitor cocktail (Sigma–Aldrich) for
30 min on ice, and the cell extracts were then centrifuged. After quantiﬁcation of
protein concentration, equal amounts of protein were separated in SDS–polyacrylamide gels and transferred onto nitrocellulose membranes (Hybond ECL Nitrocellulose; Amersham Biosciences, Bucks, UK). The membranes were then blocked with
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Fig. 1. Chemical structure of compound 1 and 2.
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3.1. Effect of AI and 6-OAAI on cell cytotoxicity in RAW264.7 cells
RAW264.7 cells were treated with various concentrations of AI
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did inhibit cell viability at the doses of 80 and 100 lM. Based on
these results, a dose of less than 40 lM of AI and 6-OAAI was used
in subsequent experiments.
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Fig. 2. Effect of AI and 6-OAAI on cell viability (A), NO production (B), and iNOS
expression levels (C) in LPS-stimulated RAW264.7 macrophages. (A) RAW264.7
cells were treated with various concentrations of AI and 6-OAAI (10, 20, 40, 60, 80,
and 100 lM) for 24 h, and the relative cell viability was assessed by WST-1 assay.
(B) RAW264.7 cells were treated with various concentrations of AI and 6-OAAI (10,
20, and 40 lM) for 1 h prior to the addition of LPS (1 lg/mL), and the cells were
further incubated for 16 h. The culture supernatant was subjected to a nitrite assay.
Error bars represent the mean ± SD. #p < 0.01 vs. control, ##p < 0.001 vs. control,

p < 0.05 vs. LPS, p < 0.01 vs. LPS. (C) The iNOS expression levels were determined
by western blotting.
5% nonfat dried milk in TBS-T (10 mM Tris–HCl pH 7.4, 150 mM NaCl, and 0.1%
Tween 20) and incubated with the target antibodies overnight at 4 °C. After incubation, the membranes were washed, incubated with HRP conjugated secondary antibody for 2 h at room temperature, and then washed again. The protein bands were
detected using an enhanced chemiluminescence detection system (GE Healthcare,
Bucks, UK).
2.10. Measurement of IFN-b, MCP-1, TNF-a, IL-6, and IL-1b
The quantities of IFN-b, MCP-1, TNF-a, IL-6, and IL-1b in cell supernatant were
measured using an ELISA kit (R&D Systems) according to the manufacturer’s protocol. The results are presented as the mean ± SD of three replicates from one representative experiment.

2.11. Luciferase assay
RAW264.7 cells were cultured in a 6-well plate at a density of 4  105 cells/mL
for 24 h. The pIRF3-luc reporter vector (kind gift from Dr. Katherine Fitzgerald, University of Massachusetts Medical School, Worcester, MA), the pNF-jB-luc reporter

To evaluate whether AI and 6-OAAI possess potential antiinﬂammatory effects in LPS-stimulated RAW264.7 cells, we investigated the inhibitory effects of AI and 6-OAAI on NO production
(Fig. 2B). LPS treatment signiﬁcantly increased the concentrations
of NO when compared with the untreated cells (p < 0.001). However, the increase of NO production was signiﬁcantly suppressed
in the cells pretreated with AI or 6-OAAI in a dose-dependent
manner. To further determine the cause of decreased NO production by AI and 6-OAAI, the expression of iNOS was measured by
western blot. As expected, the expression of iNOS was signiﬁcantly increased in the LPS-treated cells. However, LPS-induced
expression of iNOS was reduced by pretreating cells with AI or
6-OAAI in a dose-dependent manner (Fig. 2B). These results
strongly suggested that AI and 6-OAAI decreased NO production
by suppression of iNOS expression. Furthermore, we found that
6-OAAI inhibited NO production and iNOS expression more effectively than AI.
3.3. Effect of AI and 6-OAAI on TNF-a, IL-6, IL-1b, and MCP-1
production in LPS-stimulated RAW264.7 cells
To determine the effects of AI and 6-OAAI on the production of
the pro-inﬂammatory cytokines TNF-a, IL-6, IL-1b, and MCP-1,
RAW264.7 cells were pretreated with various concentrations of
AI or 6-OAAI (10, 20, and 40 lM) and stimulated with 1 lg/mL of
LPS for 16 h. As shown in Fig. 3, the levels of TNF-a (p < 0.001),
IL-6 (p < 0.001), IL-1b (p < 0.01), and MCP-1 (p < 0.001) were significantly increased in the LPS-treated cells when compared with the
untreated cells. However, the levels of TNF-a, IL-6, IL-1b, and MCP1 were signiﬁcantly reduced in the cells pretreated with AI or 6OAAI in a dose-dependent manner. These results also indicated
that 6-OAAI inhibited the production of TNF-a, IL-6, IL-1b, and
MCP-1 more effectively than AI.
3.4. Effect of AI and 6-OAAI on IFN-b production and STAT1 activation
in LPS-stimulated RAW264.7 cells
To address the mechanism by which AI and 6-OAAI reduce
LPS-induced NO production and iNOS expression, we analyzed the

641

B.O. Cho et al. / Food and Chemical Toxicology 62 (2013) 638–644

B

##

90

*

80
70

TNF-α (ng/mL)

90

70

**
**

60

**

50
40

***

30

**

50

***

40
30
20

10

10
0

0

-

+

+

Compound (µM)

-

-

10

+

+

+

20

40

10

+

+

LPS (1 µg/mL)

-

+

+

20

40

Compound (µM)

-

-

10

2.5

D

#

6000

MCP-1 (pg/mL)

1.5

*
**

0.5

**

+

+

20

40

10

**

+

+

20

40

6-OAAI

##

*

5000

2

1

+

AI

6-OAAI

AI

IL-1β (ng/mL)

**

60

20

LPS (1 µg/mL)

C

##

80

IL-6 (ng/mL)

A

*

**

**

***

4000

***

3000
2000
1000

0

0

LPS (1 µg/mL)

-

+

+

Compound (µM)

-

-

10

+

+

+

20

40

10

AI

+

+

LPS (1 µg/mL)

-

+

+

+

+

+

+

+

20

40

Compound (µM)

-

-

10

20

40

10

20

40

6-OAAI

AI

6-OAAI

Fig. 3. Effect of AI and 6-OAAI on TNF-a (A), IL-6 (B), IL-1b (C), and MCP-1 (D) production in LPS-stimulated RAW264.7 macrophages. RAW264.7 cells were treated with
various concentrations of AI and 6-OAAI (10, 20, and 40 lM) for 1 h prior to the addition of LPS (1 lg/mL), and the cells were further incubated for 16 h. The culture
supernatant was subjected to ELISA. Error bars represent the mean ± SD. ##p < 0.001 vs. control, p < 0.05 vs. LPS, p < 0.01 vs. LPS, p < 0.001 vs. LPS.

ability of AI and 6-OAAI to inﬂuence LPS-induced IFN-b production
and STAT1 activation. As shown in Fig. 4A, the levels of IFN-b
(p < 0.001) were signiﬁcantly increased in the LPS-treated cells
when compared with the untreated cells. However, the levels of
IFN-b were signiﬁcantly decreased in the cells pretreated with AI
or 6-OAAI in a dose-dependent manner. Moreover, the phosphorylation of STAT1 increased in the LPS-treated cells as shown by western
blot. However, AI or 6-OAAI treatment in the LPS-treated cells decreased the phosphorylation of STAT1 in a dose-dependent manner
(Fig. 4B). We also found that 6-OAAI inhibited the production of IFNb and the phosphorylation of STAT1 more effectively than AI.

treatment signiﬁcantly increased the IRF3 and NF-jB reporter
activity when compared with the untreated cells (p < 0.001). However, the LPS-induced increases in IRF3 reporter activity were signiﬁcantly decreased in the cells pretreated with AI or 6-OAAI. We
also observed that 6-OAAI inhibited IRF3 reporter activity more
effectively than AI. NF-jB reporter activity was also decreased in
the cells pretreated with AI or 6-OAAI. These results indicate that
AI or 6-OAAI may suppress the production of NO, iNOS, and IFNb and pro-inﬂammatory cytokines through the inhibition of IRF3
and NF-jB activation.

4. Discussion
3.5. Effect of AI and 6-OAAI on IRF3 and NF-jB activation in LPSstimulated RAW264.7 cells
The above results demonstrate that AI and 6-OAAI inhibit LPSinduced production of IFN-b, pro-inﬂammatory cytokines, and
iNOS. To further identify the mechanism by which AI and 6-OAAI
exhibit anti-inﬂammatory effects in LPS-stimulated RAW264.7
cells, we assessed the activation of IRF3 and NF-jB by a reporter
gene assay. RAW264.7 cells were transiently transfected with the
pIRF3-luc plasmid (containing the IFN-b promoter domain with
the IRF3 binding site) or the pNF-jB-luc plasmid (containing repeats of NF-jB recognition sequences). As shown in Fig. 5, LPS

In this study, we demonstrated the anti-inﬂammatory effects of
AI and 6-OAAI isolated from S. rebaudiana in LPS-stimulated
RAW264.7 macrophage cells. Furthermore, we showed that AI
and 6-OAAI inhibited IRF3 and NF-jB activation and the subsequent induction of the pro-inﬂammatory mediators NO, iNOS,
IFN-b, MCP-1, TNF-a, IL-6, and IL-1b.
NO is a free radical produced from L-arginine and plays an
important role in physiological homeostasis, including the reduction of blood pressure and the inhibition of platelet aggregation.
Overproduction of NO by iNOS contributes to inﬂammation and a
variety of diseases by reacting with macrophage-derived superox-
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Fig. 4. Effect of AI and 6-OAAI on IFN-b expression (A) and STAT1 phosphorylation
(B) in LPS-stimulated RAW264.7 macrophages. (A) RAW264.7 cells were treated
with various concentrations of AI and 6-OAAI (10, 20, and 40 lM) for 1 h prior to the
addition of LPS (1 lg/mL), and the cells were further incubated for 16 h. The IFN-b
concentration in the culture supernatant was determined by ELISA. Error bars
represent the mean ± SD. ##p < 0.001 vs. control, p < 0.05 vs. LPS, p < 0.01 vs. LPS,

p < 0.001 vs. LPS. (B) RAW264.7 cells were treated with various concentrations of
AI and 6-OAAI (10, 20, and 40 lM) for 1 h prior to the addition of LPS (1 lg/mL) and
the cells were further incubated for 4 h. The STAT1 phosphorylation levels were
determined by western blotting.

ide to produce highly cytotoxic peroxynitrite (Han et al., 2008).
Several studies have reported that natural products from plants reduce LPS-induced NO production in RAW264.7 macrophage cells
through the inhibition of iNOS expression (Bae et al., 2012; Byun,
2012). The results of the present study show that AI and 6-OAAI
signiﬁcantly inhibited the increase in NO and iNOS expression levels in LPS-stimulated RAW264.7 cells. These results demonstrate
that AI and 6-OAAI suppress NO production by inhibiting iNOS
expression levels.
LPS can induce pro-inﬂammatory cytokines and chemokines
in inﬂammatory responses. Several studies have suggested that
pro-inﬂammatory cytokines such as TNF-a, IL-6, and IL-1b induce
the expression of iNOS, and thereby NO production, through the
activation of NF-jB and MAPK (Kim et al., 2010; Maity et al.,
2012). Arvelexin from Brassica rapa has been documented to suppress pro-inﬂammatory cytokines, such as TNF-a, IL-6, and IL-1b,
that are secreted upon LPS stimulation in RAW264.7 cells (Shin
et al., 2011). Moreover, Kou et al. (2011) have reported that arctigenin inhibits LPS-induced IL-6, IL-1b, and MCP-1 production in
RAW264.7 cells. In agreement with previous reports, we showed
that AI and 6-OAAI signiﬁcantly inhibited the production of TNFa, IL-6, IL-1b, and MCP-1 in LPS-stimulated RAW264.7 cells.
These ﬁndings indicate that AI and 6-OAAI could suppress the
inﬂammatory response via the inhibition of inﬂammatory
cytokines.
LPS is known to generally activate two main branches of downstream signaling pathways: MyD88- and TRIF-dependent
pathways in Toll-like receptor (TLR) signaling. Upon stimulation
with LPS, NF-jB and MAPK are activated by the MyD88-dependent
pathway, which results in inﬂammatory cytokine production
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Fig. 5. Effect of AI and 6-OAAI on IRF3 (A) and NF-jB activation (B) in LPSstimulated RAW264.7 macrophages. RAW264.7 cells were transiently transfected
with pIRF3-luc and pNF-jB-luc reporter constructs. The pRL-TK vector was used as
an internal control. These cells were treated with various concentrations of AI and
6-OAAI (10, 20, and 40 lM) for 1 h prior to the addition of LPS (1 lg/mL), and the
cells were further incubated for 24 h. The levels of luciferase activities were
determined. Error bars represent the mean ± SD. ##p < 0.001 vs. control, p < 0.05 vs.
LPS, p < 0.01 vs. LPS.

(Kawai and Akira, 2006). Many studies have demonstrated that
natural compounds suppress the inﬂammatory response by inhibiting the production of pro-inﬂammatory mediators via interfering
with NF-jB and MAPK pathways (Shin et al., 2011; Yoon et al.,
2010; Bharat Reddy and Reddanna, 2009). In the present study,
the activation of NF-jB was markedly increased in LPS-stimulated
RAW264.7 cells. However, AI or 6-OAAI treatment led to a signiﬁcant decrease in the activation of NF-jB, suggesting that the antiinﬂammatory activity of AI and 6-OAAI might be involved in the
inhibition of NF-jB activation through the MyD88-dependent
pathway. The exact mechanism of NF-jB activation by AI and 6OAAI should be investigated in future studies.
In response to LPS stimulation, TRIF plays an important role in
type I IFN induction, particularly of IFN-b. TRIF interacts with
TANK-binding kinase-1 (TBK1), which mediates IRF3 activation,
and in turn leads to induction of IFN-b. Through the proteins TRAF6
and RIP1, TRIF also activates NF-jB and MAPK, which is required
for the induction of IFN-b (Kawai and Akira, 2006). IFN-b plays a
critical role in the expression of iNOS via the activation of STAT1
in immune responses. A previous study reported that gold
nanoparticles attenuate LPS-induced NO production through the
inhibition of NF-jB and IFN-b/STAT1 pathways in RAW264.7 cells
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(Ma et al., 2010). Therefore, we investigated whether AI or 6-OAAI
inhibit the IFN-b/STAT1 pathway that is known to be activated by
LPS-stimulation in RAW264.7 cells. Here, we found that AI and 6OAAI signiﬁcantly inhibited LPS-induced IFN-b production and
STAT1 phosphorylation in RAW264.7 cells. We also showed that
AI and 6-OAAI signiﬁcantly decreased the activation of IRF3 and
NF-jB in LPS-stimulated RAW264.7 cells. Park and Youn (2010)
have shown that isoliquiritigenin suppresses IRF3 activation via
the TRIF-dependent signaling pathway of TLR by targeting TBK1.
Our results suggest that AI and 6-OAAI inhibit NO production
and iNOS expression through the suppression of the IFN-b/STAT1
pathway by blocking the activation of IRF3 and NF-jB in LPS-stimulated RAW264.7 cells. Taken together, our results suggest that AI
and 6-OAAI might modulate both MyD88- and TRIF-dependent
pathways in TLR signaling. Therefore, characterization of the main
target molecule and the upstream signaling pathway of AI and 6OAAI needs to be further investigated.
The cell membrane contains both hydrophilic and hydrophobic
compartments. The antioxidant action of a compound is known to
be dependent not only on its structural antioxidant potential but
also on its ability to pass through the plasma membrane (Pavlica
and Gebhardt, 2010). Youdim et al. (2003) have reported that the
permeation potential of ﬂavonoids is consistent with the lipophilicity of the compounds. A recent study has demonstrated that the
lipophilic diterpenes linearol and sidol with an acetyl group are
more active than the hydrophilic diterpene foliol with a hydroxyl
group (Gonzalez-Burgos et al., 2013). 6-OAAI differs structurally
from AI in the fact that 6-OAAI has an acetyl group instead of the
hydroxyl group that AI has. Our results indicate that 6-OAAI more
effectively exhibited anti-inﬂammatory activity than AI, as measured by the inhibition of the production of pro-inﬂammatory
mediators and the activation of transcription factors. We assume
that 6-OAAI may have stronger effects than AI due to its higher
lipophilicity, which is the ability of a chemical compound to pass
through the cell membrane.
In summary, our results demonstrate that AI and 6-OAAI inhibited the production of NO, iNOS, and pro-inﬂammatory cytokines
(TNF-a, IL-6, IL-1b, and MCP-1) in LPS-stimulated RAW264.7 macrophages. Moreover, AI and 6-OAAI suppressed the phosphorylation of STAT1 and the production of IFN-b in LPS-stimulated
RAW264.7 macrophages. Furthermore, AI and 6-OAAI treatment
inhibited the activation of IRF3 and NF-jB in LPS-stimulated
RAW264.7 macrophages. Therefore, we suggest that AI and 6-OAAI
should be considered as candidate potential anti-inﬂammatory
agents for the treatment of inﬂammatory diseases. Further studies
are required to elucidate the speciﬁc mechanisms and clinical therapeutic potential of AI and 6-OAAI.
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