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Abstract

Falcarindiol (FAD) is a natural polyacetylene compound found rich in many plants of the Umbelliferae family. Previously,
we isolated FAD from the rhizome of Cnidium officinale Makino, which belongs to the Umbelliferae family and found it
to have a significant inhibitory effect on lipopolysaccharide (LPS)-induced production of nitric oxide, a pro-inflammatory
molecule in murine macrophage RAW 264.7 cells. In this study, we investigated its effect on the expression of other major
pro-inflammatory molecules as well as the mechanism underlying these effects. Pre-treatment of RAW 264.7 cells with
FAD suppressed LPS-stimulated mRNA expression of inducible nitric oxide synthase (iNOS), tumor necrosis factor alpha
(TNFa), interleukin-6 (IL-6), and interleukin-1 beta (IL-1f) and thereby reduced the respective protein levels. Mechanistic
studies demonstrated that FAD attenuated the LPS-induced activation of JNK, ERK, STAT1, and STAT3 signaling molecules.
Moreover, we found that FAD did not influence LPS-induced activation of p38 and NF«xB signaling pathways. Collectively,
this study provides evidence that FAD inhibits the production of major pro-inflammatory molecules in LPS-challenged
murine macrophages via suppression of JNK, ERK, and STAT signaling pathways.
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DMSO Dimethyl sulfoxide

E. coli Escherichia coli

ERK Extracellular signal-regulated kinase

FAD Falcarindiol

FBS Fetal bovine serum

IL-1P Interleukin-1p

HBSS Hank’s balanced salt solution

HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesul-
fonic acid, N-(2-hydroxyethyl)piperazine-N'-
(2-ethanesulfonic acid)

HRP Horseradish peroxidase

IxB Inhibitory kappa B protein

IL-6 Interleukin-6

iNOS Inducible nitric oxide synthase

JAK-STAT Janus kinase-signal transducers and activa-
tors of transcription

INK c-Jun N-terminal kinase

LPS Lipopolysaccharide

MAPKSs Mitogen-activated protein kinases

mRNA Messenger RNA

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide)

NaCl Sodium chloride

NF«B Nuclear transcription factor kappa B

NO Nitric oxide

P38 P38 Mitogen-activated protein kinase

PBS Phosphate-buffered saline

gRT-PCR  Quantitative real-time polymerase chain
reaction

RIPA Radioimmunoprecipitation assay

RNA Ribonucleic acid

SDS Sodium dodecyl sulfate

STAT1 Signal transducers and activators of tran-
scription factor 1

STAT3 Signal transducers and activators of tran-
scription factor 3

TLR4 Toll-like receptor 4

TNF-a Tumor necrosis factor

Introduction

Cnidium officinale Makino is a common flowering plant in
the Umbelliferae family. In East Asian countries, including
Korea, this plant has been traditionally used for treatment of
various ailments [1]. Previous studies have shown that the
extract of C. officinale Makino has a wide range of pharma-
cological properties including anti-inflammatory, anti-dia-
betic, anti-proliferative, apoptotic, antioxidant, immunomod-
ulatory, and anti-angiogenic activity [2—10]. In addition, the
extract of C. officinale Makino has been shown to have a
significant inhibitory effect on retinal neovascularization in
mice [11]. A recent study in experimental rats demonstrated
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that Hemomine, an herbal mixture consisting of five dif-
ferent herbal extracts including C. officinale Makino, can
ameliorate subacute hemorrhagic anemia [12].

Moreover, the rhizome of C. officinale Makino is often
considered an important source of various therapeutic phy-
tochemicals [13—15]. Previously, we reported that the anti-
cancer and anti-inflammatory activities of the rhizome of
C. officinale Makino were related to the presence of major
compounds, falcarindiol (FAD), 6-hydroxy-7-methoxy-dihy-
droligustilide, ligustilidiol, and senkyunolide H. Further, we
found that comparatively, FAD exhibited a potent inhibitory
effect on lipopolysaccharide (LPS)-induced production of
nitric oxide (NO) in murine macrophages [16]. Kim et al.
have also reported that FAD is a potent inhibitor of NO pro-
duction in resident macrophages of brain tissues [17]. In
addition to the attenuation of NO production, the inhibition
of chronic overproduction of other major pro-inflammatory
molecules such as tumor necrosis factor alpha (TNFa),
interleukin-6 (IL-6), and interleukin-1 beta (IL-1f) from
acute inflammatory cells, especially macrophages, is often
considered to be an important target in the treatment of the
most prevalent inflammatory disorders, such as arthritis and
atherosclerosis [18-20]. Therefore, the aim of this study was
to determine the effects of FAD on the overproduction of
TNFa, IL-6, and IL-1p, as well as the mechanism behind its
effects on NO and cytokine production in LPS-challenged
RAW 264.7 murine macrophage cells.

Materials and methods
Materials

FAD was previously isolated from the rhizome of C. offici-
nale Makino [16]. Figure 1 shows the structure of FAD. The
purity of FAD is around 98%. The stock solution of FAD was
prepared using DMSO (D8418) at a concentration of 50 mM.
The solution was filter sterilized twice, using 0.2 um DMSO-
Safe Acrodisc® Syringe Filter (Catalog. No. 4433, Pall Cor-
poration, NY, USA) and stored at —20 °C for further use.
LPS (L3012; E. coli, Serotype 0111:B4) and MTT (M2128)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
ELISA kits to assay TNFa (MTAO0B), IL-6 (M6000B),
and IL-1B (MLBOOC) were purchased from R&D Systems
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Fig.1 Chemical structure of FAD



Molecular and Cellular Biochemistry (2018) 445:169-178

171

(Minneapolis, MN, USA). Amersham™ Protran™ 0.2 uM
nitrocellulose membranes (10600001) were purchased from
GE Healthcare Life Sciences. AG490 (tlrl-ag4) was obtained
from InvivoGen, San Diego, USA. Inhibitors SP600125 (sc-
200635) and U0126 (sc-222395), antibodies against iNOS
(sc-7271), NFxB (sc-372), Lamin-B (sc-374015) and f-actin
(sc-47778), as well as HRP-conjugated secondary antibodies
(sc-2004 and sc-2005) were obtained from Santa Cruz Bio-
technology, Inc. (Dallas, TX, USA). Antibodies to MAPKs
[P38, 9212; phospho-P38, 9211; JNK, 9252; phospho-JNK,
9251; ERK, 9102; phospho-ERK, 9101]; IxB, 4812; STATS3,
9139; phospho-STAT3 (Tyr705), 4113; STAT1, 9172; and
phospho-STAT1 (Tyr701), 7649;] and HRP-conjugated sec-
ondary antibodies (7074 and 7076) were purchased from
Cell Signaling Technology (Beverly, MA, USA). The primer
sequences (Bioneer Corporation, Daejeon, 34302, Republic
of Korea) used in the present study were as follows: iNOS,
CAT GCT ACT GGA GGT GGG TG (forward), CAT TGA
TCT CCG TGA CAG CC (reverse); TNFa, AGC ACA GAA
AGC ATG ATC CG (forward), CTG ATG AGA GGG AGG
CCA TT (reverse); IL-6, GAG GAT ACC ACT CCC AAC
AGA CC (forward), AAG TGC ATC ATC GTT GTT CAT
ACA (reverse); IL-1p, TGC AGA GTT CCC CAA CTG
GTA CAT C (forward), GTG CTG CCT AAT GTC CCC
TTG AAT C (reverse); and fp-actin, ATC ACT ATT GGC
AAC GAG CG (forward), TCA GCA ATG CCT GGG TAC
AT (reverse).

Cell culture

Murine macrophage RAW 264.7 cells (KCLB No. 40071),
obtained from the Korea Cell Line Bank (Seoul, Korea),
were cultured in DMEM (Hyclone, SH30022.01) contain-
ing 4.5 g/L glucose, 4 mM glutamine, 25 mM HEPES
(15630080—Thermo Fisher Scientific), 10% heat-inac-
tivated FBS (10082147—Thermo Fisher Scientific), and
antibiotics (100 U/mL penicillin, 100 pg/mL streptomycin
sulfate and 0.25 pg/mL amphotericin B; 15240062—Thermo
Fisher Scientific). Cells were seeded at a density of 1x 10°
cells/mL and maintained in DMEM supplemented with 2%
FBS, before being treated with FAD and/or LPS.

MTT assay

The effect of FAD on the viability of RAW 264.7 cells was
determined by the MTT colorimetric assay, as previously
described. Briefly, 80 pL of cell suspension (1.25x 10° cells/
mL) per well was seeded into 96-well plates and incubated
overnight, to which 20 pL of various concentrations (25,
50, 75, 100, and 125 uM) of FAD, prepared in fresh serum
and phenol-red free DMEM, were added. The final concen-
trations of FAD were 5, 10, 15, 20, and 25 pM. After 24 h
of treatment with FAD, medium was replaced with 100 pL

of MTT (0.5 mg/mL) solution in phenol-red free DMEM
and incubated for an additional 4 h. Thereafter, cell culture
supernatants were discarded; formazan crystals were dis-
solved in 100 pL DMSO, and the optical density (OD) was
measured at 570 nm, using a micro-plate reader (OPSYS MR
Dynex Technologies).

Measurement of extracellular NO production

RAW 264.7 macrophage cells were pre-treated with FAD
for 1 h and then stimulated with LPS (1 pg/mL) for 18 h.
Afterwards, cell-free supernatants were collected by cen-
trifugation at 3000 rpm and 4 °C for 5 min. NO levels
were quantified using Griess reagent containing equal vol-
umes of 1% sulfanilamide in 5% phosphoric acid and 0.1%
N-(1-naphthyl)ethylenediamine. Each experiment was per-
formed in triplicate. NO levels were expressed as number of
folds versus control.

Measurement of intracellular NO production

Cells were pre-treated with FAD for 1 h and then challenged
with LPS (1 pg/mL) for 12 h. Thereafter, cells were washed
with Hank’s Balanced Salt Solution (HBSS) and incubated
with 5 uM DAF-FM DA (D-23844, Thermo Fisher Scien-
tific) for 1 h. After the removal of excess probe, cells were
incubated in fresh HBSS for an additional 15 min. Cells
were then collected, and fluorescence intensity was analyzed
using flow cytometer (BD Biosciences).

Measurement of extracellular cytokines production

The levels of cytokines TNFa, IL-6, and IL-1p in cell culture
supernatants of FAD and/or LPS-treated groups were meas-
ured using commercial ELISA kits (Mouse TNFoa Immu-
noassay, MTAOOB; Mouse IL-6 Immunoassay, M6000B;
Mouse IL-1f Immunoassay, MLBOOC), according to the
manufacturer’s instructions. At least three replicates were
fixed for each of the three independent experiments.

Quantitative real-time-polymerase chain reaction
(qRT-PCR)

Cells were treated with FAD for 1 h and then challenged
with LPS for 6 h. Total cellular RNA was isolated by Trizol
reagent (Invitrogen, 15596026) according to the manufac-
turer’s instructions. From each sample group, 1 pg of total
RNA was utilized to synthesize cDNA using an iScriptTM
cDNA Synthesis kit (170-8891) from Bio-rad. Then qRT-
PCR analysis was performed using the customer iQTM
SYBR Green Super mix (Bio-rad, 170-8880AP) and spe-
cific primer sequences. The PCR reaction conditions were
as follows: 95 °C for 3 min, followed by 40 cycles of 95 °C
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for 15 s, 55-60 °C for 30 s, and 72 °C for 30 s. In addition, a
melt curve analysis was performed to exclude non-specific
signals. The mRNA expression levels of iNOS, TNFa, IL-6,
and IL-1f were normalized with the mRNA levels of a con-
trol gene, f-actin. Three independent experiments were car-
ried out in triplicate. The expression level of each gene is
presented as the relative number of folds versus control gene.

Western blot analysis

After treatment with FAD and/or LPS, cells were washed
twice with ice-cold phosphate-buffered saline (PBS), and
whole cell lysates were prepared using RIPA buffer (50 mM
Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, and 0.1% SDS) supplemented with protease and
phosphatase inhibitors (04693159001 and 04906837001—
Roche). Cytoplasmic and nuclear fractions were prepared
according to our previous study [21]. The protein concen-
tration of the lysates was determined using the BCA protein
assay reagent according to the manufacturer’s instructions.
Lysates were resolved on 10% gels, and proteins were blot-
ted onto a nitrocellulose membrane. The membranes were
blocked with either 5% (w/v) non-fat milk or 5% (w/v) BSA
for 1 h, and target proteins were conjugated with specific
primary antibodies at 4 °C overnight. Then, the membranes
were incubated with their respective HRP-conjugated sec-
ondary antibody at room temperature for 1 h. Target signals
were developed using SuperSignal™ West Pico Chemilumi-
nescent Substrate (34577—Thermo Fisher Scientific). The
signals were recorded with a LI-COR image processing sys-
tem and analyzed with a gel imaging software.

Statistical analysis

All experiments were performed three independent times
(N=3). A minimum of three replicates (n=3) in each sam-
ple group was used in each single experimental assay of
MTT, NO quantification, ELISA, and PCR assays. Data
were subjected to One-Way Analysis of Variance (ANOVA)
followed by Dunnett’s multiple comparisons test to measure
the significant difference between the sample groups. The
data were given as the mean + SEM. A p value of less than
0.05, 0.01, or 0.001 was considered statistically significant.
Analysis was performed using the GraphPad Prism 7.02
Software (San Diego, CA).

Results

Effect of FAD on RAW 264.7 cell viability

Prior to determining the effects of FAD on the expression
of pro-inflammatory molecules, cytotoxicity assays were
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performed using MTT reagent to assess the concentration-
dependent effect of FAD on RAW 264.7 cell viability. As
shown in Fig. 2, FAD showed no significant toxic effects on
RAW 264.7 cells up to a concentration of 20 uM, whereas
FAD at the 25 pM concentration showed a significant (p
< 0.05) cytotoxic effect against RAW 264.7 cells. Hence,
the concentration of FAD was limited to 20 pM for further
experimental analysis.

Effect of FAD on LPS-stimulated NO production

Although previous studies of ours, as well as those of other
researchers, have already demonstrated FAD to be a potent
inhibitor of NO production [16, 17], we further confirmed
its effect on NO production in LPS-challenged RAW 264.7
cells. Figure 3 shows the dose-dependent effect of FAD
on NO production. FAD at 15 and 20 pM concentrations
showed a maximum inhibitory effect without further influ-
encing the LPS-induced cytotoxicity. NO levels in the LPS
(1 pg/mL)-treated group were 13.63 +0.59 fold higher than
vehicle-treated control cells. However, in the presence of
FAD at the 5, 10, 15, and 20 uM concentrations, NO levels
were 12.96+0.72, 8.67+0.56, 4.66+0.11, and 2.83 +0.37
fold higher when compared to the control group, respec-
tively. Flow cytometric analysis of intracellular NO produc-
tion, using DAF-FM DA, further demonstrated that FAD
has a significant inhibitory effect on NO production. The
results of both assays indicate that FAD at concentrations
greater than or equal to 10 uM induces a significant inhibi-
tory effect on LPS (1 ug/mL)-induced NO production from
RAW 264.7 murine macrophage cells. Further, it is evident
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Fig.2 Cytotoxicity of FAD in RAW 264.7 cells. Cells were treated
with FAD at 5-25 pM and fert-Butyl hydroperoxide (TBHP) at
200 pM for 24 h. Then, cell viability was determined by the MTT
assay which was conducted three independent times with triplicates
(n=3) in each group. The viability of cells untreated with FAD was

taken as the control. *p<0.05, ***p<0.001 in comparison to the
control group
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Fig.3 Effect of FAD on LPS-induced NO production in RAW 264.7
cells. Cells were pre-treated with FAD at 0-20 pM for 1 h and then
stimulated with LPS for 18 h. The amount of NO (in the form of
nitrite) in cell-free supernatant was quantified by the Griess reaction.
For the intracellular NO production assay using DAF-FM DA, cells

that there was no significant difference between the inhibi-
tory effects for FAD concentrations of 15 and 20 pM. Hence,
the concentration of FAD in subsequent experiments was
limited to 15 uM.

Effect of FAD on mRNA and protein expression
of iNOS, TNFaq, IL-6, and IL-18

To further study the anti-inflammatory effect of FAD in
LPS-challenged RAW 264.7 cells, mRNA and protein lev-
els of iNOS, TNFa, IL-6, and IL-1p were determined by
gRT-PCR and immunoblotting or ELISA methods, respec-
tively. FAD dose-dependently decreased the LPS-induced
expression of the above-mentioned pro-inflammatory mol-
ecules in RAW 264.7 cells (Fig. 4). When compared to the
vehicle-treated control group, mRNA expression levels in
the presence of FAD at concentrations 0, 5, 10, and 15 uM

were pre-treated with FAD at 0-20 pM for 1 h and then stimulated
with LPS for 12 h. Both the assays were performed three separate
times with triplicates (n=3) in each sample group. ***p <0.001 in
comparison to the control group; ns: non-significant, ##p <0.001 in
comparison to the LPS-stimulated group

were increased, for iNOS: 45.37+3.77, 41.02 +3.76,
28.51 +3.62, and 16.86+1.29 fold; for TNFa:
37.64+4.95,35.14+4.97,22.69+3.20, and 17.00 +1.43
fold; for IL-6: 68.22 +7.63, 63.80+7.97, 38.97 +3.43,
and 26.94 +1.16 fold; for IL-1p: 315.10 +42.46,
285.66 +28.27, 206.65 + 18.81, and 119.05 +9.13 fold,
respectively. Protein levels were increased, for iNOS:
11.10, 10.20, 7.18, and 4.82 fold; for TNFa: 58.47 +6.22,
53.24 +£8.92,34.83 £5.79, and 25.23 +2.05 fold; for IL-6:
33.81+2.92,29.67+3.21,22.30+1.99, and 15.11 +1.22
fold; for IL-1B: 53.02 +3.23, 47.57+1.97, 30.86 +2.12,
and 20.17 + 1.01 fold, respectively. The data represent that
FAD, at concentrations of 10 and 15 pM, had a significant
inhibitory effect on both mRNA and protein expression of
iNOS, TNFa, IL-6, and IL-1p, in LPS-challenged RAW
264.7 macrophage cells.
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Fig.4 a Effect of FAD on LPS-induced mRNA expression of iNOS
and cytokines in RAW 264.7 cells. Cells were pre-treated with FAD
at 0—15 pM for 1 h, followed by LPS stimulation for 6 h. The mRNA
levels were determined by qRT-PCR as described in “materials and
methods.” The graphical figures represent the change in mRNA
expression of inflammatory mediators normalized against actin.
*#%p <(0.001 in comparison to the control group; ns non-significant,
#»<0.05, #p<0.01, ¥ p <0.001 in comparison to the LPS-stimu-
lated group. b Effect of FAD on LPS-induced iNOS protein expres-
sion in RAW 264.7 cells. The cells were pre-treated with FAD at
0-15 pM for 1 h, followed by LPS stimulation for 18 h. Then, whole
cell lysates were prepared and used to quantify iNOS levels by the
immunoblotting assay method. Western blotting was performed
three separate times. The graphical figure represents the change in

Effect of FAD on LPS-induced activation of MAPKs,
NFkb, and JAK-STAT signaling pathways

Figure 5 shows the dose-dependent effect of FAD on LPS-
induced activation of p38, JNK, and ERK, IxB, NFxB p65,
STAT1, and STAT3 signaling molecules in RAW 264.7
cells. FAD significantly reduced the LPS (1 pg/mL)-induced
phosphorylation of INK, ERK, STAT1, and STAT3 proteins.
However, FAD did not affect the activation of p38, IxB, and
NFxB p65 signaling molecules. Moreover, LPS (1 pg/mL)-
induced nuclear translocation of NFkB p65 was not affected
by FAD.

Effect of FAD, SP600125, U0126, and AG490
on LPS-stimulated production of inflammatory
molecules

Specific inhibitors for JNK (SP600125), ERK (U0126)
and JAK-STAT (AG490) pathways were used to further
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the ratio of iNOS to actin levels. ***p <0.001 in comparison to the
control group; ns non-significant, *p <0.05, #p <0.01, #¥p <0.001 in
comparison to the LPS-stimulated group. ¢ Effect of FAD on LPS-
induced cytokine production in RAW 264.7 cells. The cells were pre-
treated with FAD at 0-15 pM for 1 h, followed by LPS stimulation
for 18 h. The cell-free supernatant was subjected to quantify TNFa,
IL-6, and IL-1 levels, using ELISA kits, according to manufacturer’s
protocol. The graphical figures represent the change in cytokine lev-
els relative to the control group. ***p <0.001 in comparison to the
control group; ns non-significant, *p <0.05, #p <0.01, ##p <0.001 in
comparison to the LPS-stimulated group. Both qRT-PCR and ELISA
assays were conducted three independent times with triplicates (n=23)
in each sample group

confirm that the effect of FAD on the LPS-induced NO,
TNFa, IL-6, and IL-1p production in RAW 264.7 murine
macrophage cells involves the MAPK and JAK-STAT
signaling pathways. As shown in Fig. 6, both FAD and
JNK inhibitors (SP600125) significantly suppressed the
LPS (1 pg/mL)-stimulated increased levels of NO, TNFa,
IL-6, and IL-1pB. Though the ERK inhibitor (U0126) sig-
nificantly decreased the levels of TNFa, IL-6, and IL-1p, it
showed a stimulatory effect on LPS (1 pg/mL)-induced NO
production. JAK?2 is an upstream activator of both STAT1
and STAT3 in JAK-STAT pathway. AG490, which inhibits
JAK?2, significantly decreased the levels of NO, IL-6, and
IL-1p but not TNFa. Based on these data, it seems reason-
able to say that FAD may suppress the production of NO,
TNFa, IL-6, and IL-1p from murine macrophage RAW
264.7 cells by inhibiting the LPS-induced activation of
MAPK and JAK-STAT signaling pathways.
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Fig.5 a Effect of FAD on the MAPK pathway in RAW 264.7 cells.
Cells were pre-treated with FAD at 0-15 uM for 1 h, followed by
LPS stimulation for 30 min. Then, whole cell lysates were prepared
and used to quantify the levels of phosphorylated and total p38, INK,
and ERK by the immunoblotting method. The graphical figure repre-
sents the change in the ratio of their phosphorylated protein level to
their respective total protein level. ***p <0.001 in comparison to the
control group; ns non-significant, *p <0.05, #p <0.01, #*p <0.001 in
comparison to the LPS-stimulated group. b Effect of FAD on NFxB
pathway in RAW 264.7 cells. Cells were pre-treated with FAD at
0-15 pM for 1 h, followed by LPS stimulation for 30 min. Cytosolic
and nuclear fractions were prepared and used to quantify the levels
of IxkB and NFkB p65 by the western blot method. The graphical fig-
ure represents the change in the ratio of IkB to actin in the cytosol

Discussion

Inflammation is a normal immunological defense response
of organisms to invading foreign pathogens and various
internal or external harmful stimuli that induce systemic tis-
sue damage [22]. In the immunological defense mechanism,
macrophages are considered primary acute inflammatory
cells as they initiate, as well as modulate, the host inflam-
matory response [23, 24]. They produce a variety of inflam-
matory mediators which can amplify the response to elimi-
nate pathogens and remodel damaged tissues [25]. However,
prolonged activation of macrophages and increased produc-
tion of inflammatory mediators are reported to contribute to
the development of many disease complications [26]. For
instance, macrophages in atherosclerotic lesions initiate and
maintain the local inflammatory response by continuously
releasing pro-inflammatory mediators. This eventually leads
to the failure of inflammation resolution and results in the
progression of the lesion into a complicated atherosclerotic
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*#%p <0.001 in comparison to the control group; ns non-significant
in comparison to the LPS-stimulated group. ¢ Effect of FAD on LPS-
induced activation of the JAK-STAT pathway in RAW 264.7 cells.
Cells were pre-treated with FAD at 0 or 15 pM for 1 h, followed by
LPS stimulation for 120-240 min. Then, whole cell lysates were pre-
pared and used to determine the total levels as well as phosphoryl-
ated levels of STAT1 and STAT3 by the western blot method. West-
ern blotting was performed three separate times. The graphical figure
represents the change in the ratio of their phosphorylated protein level
to their respective total protein level. ***¥p <0.001 in comparison to
the control group; #p <0.001 in comparison to the LPS-stimulated

group

plaque [19]. Hence, inhibition of macrophage-induced
inflammation is thought to be a promising target to control
the development of disease complications. In the present
study, we used LPS-stimulated murine macrophage RAW
264.7 cells to explore the anti-inflammatory effect of a natu-
ral polyacetylene compound FAD.

Generally, in the field of natural products research, crude
extracts are used to screen for their pharmacological prop-
erties. Such crude extracts are complicated mixtures con-
taining various components differing in their characteristic
features. At times, effective components are found too low
in concentration or their effects are compromised by other
interfering components. Hence, isolation of individual com-
ponents offers a promising way to select a compound with
valuable therapeutic potential. In our previous study, we iso-
lated FAD from the rhizome of C. officinale Makino, which
is reported to have an inhibitory effect on LPS-induced
NO production in RAW 264.7 cells [16]. Similar results
were also observed in the present study. The FAD-induced,
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Fig.6 Effect of FAD, SP600125 (JNK inhibitor), U0126 (ERK inhib-
itor), and AG490 (JAK2 inhibitor) on LPS-induced NO and cytokine
production in RAW 264.7 cells. The cells were pre-treated with FAD
(15 pM), SP600125 (20 pM), U0126 (20 pM), or AG490 (30 pM) for
1 h, followed by LPS stimulation for 18 h. The cell-free supernatant
was subjected to quantify NO, TNFa, IL-6, and IL-1p levels. The

decreased production of NO in LPS-challenged murine mac-
rophages may be due to its inhibitory effect on the expres-
sion of the corresponding enzyme, iNOS. Further, existing
literature has also shown that FAD reduced iNOS-mediated
NO production in LPS-activated microglia cells, the resi-
dent macrophages in brain tissues. So, it can be concluded
that FAD is a potent inhibitor of NO production in acti-
vated macrophages. In addition, the present study provides
evidence that FAD has a significant, suppressive effect on
LPS-induced expression of pro-inflammatory cytokines such
as TNFa, IL-6, and IL-1p. These results suggest that FAD
possesses a significant anti-inflammatory effect in LPS-
activated murine macrophages.

Next, we explored the mechanisms of FAD on the inhibi-
tion of LPS-induced production of pro-inflammatory media-
tors. LPS induces an inflammatory response in macrophages
by activating a number of signaling pathways. LPS initiates
the inflammatory response in macrophages by first binding
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assay was performed three independent times with triplicates (n=3)
in each group. The graphical figures represent the change in NO or
cytokine levels relative to the control group. ***p <0.001 in compari-
son to the control group; #p <0.01, ##p <0.001 in comparison to the
LPS-stimulated group

with membrane-bound Toll-like receptor 4 (TLR4). Then,
this receptor activates its downstream signaling molecules,
mainly MAPKs and NF«B, through induction by phospho-
rylation [27]. Activated MAPKSs, such as phospho-p38,
phospho-JNK and phospho-ERK, pass their signal to down-
stream molecules, which can translocate to the nucleus and
induce the expression of inflammatory molecules [28]. FAD
had a significant inhibitory effect on LPS-induced phospho-
rylation of JNK and ERK but not p38. Further, we found that
both JNK inhibitors and FAD showed suppressive effects
on the production of NO, TNFa, IL-6, and IL-1p, whereas
an ERK inhibitor could suppress TNFa, IL-6, and IL-1p,
but would promote NO production. Previous studies also
clearly demonstrated the influences of MAPK inhibitors on
the LPS-induced expression of inflammatory mediators in
macrophages [29-32]. Unlike MAPKSs, activated NFkB can
directly enter into the nucleus and induce the production of
NO, TNFa, IL-6, and IL-1f [33, 34]. Generally, NFxB is
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sequestered by its inhibitory protein IkB within the cyto-
plasm. LPS is reported to release NFkB by increasing phos-
phorylation and proteasome-mediated degradation of IkB
[35]. Here, we found that FAD had no inhibitory effects on
LPS-induced, increased phosphorylation of IxkB and nuclear
levels of NFkB molecules in RAW 264.7 cells. These mech-
anistic study results indicated that FAD may decrease the
production of NO, TNFa, IL-6, and IL-1f by inhibiting the
LPS-induced activation of their regulatory signaling pro-
teins, JNK, and ERK, in RAW 264.7 murine macrophage
cells.

In addition to MAPKs and NFkB, the JAK-STAT path-
way has also been shown to be involved in LPS-induced,
increased expression of inflammatory molecules, especially
iNOS, IL-6, and IL-1p, in macrophage cells [36]. In this
respect, we also found that AG490, an inhibitor of the JAK-
STAT pathway, suppressed the LPS-induced production
of iNOS, IL-6, and IL-1p in RAW 264.7 cells [36]. Upon
activation of macrophages by LPS, membrane-bound JAK
receptor proteins increase the phosphorylation of their sub-
strate molecules, such as STAT proteins. Phosphorylated
STAT proteins can translocate to the nucleus to regulate the
expression of target genes encoding for inflammatory media-
tors [37]. Accumulating evidence demonstrates that STAT1
and STAT3 are the major downstream signaling proteins in
the JAK-STAT pathway of RAW 264.7 murine macrophage
cells [38, 39]. STAT is reported to regulate the transcription
of the iNOS gene, and STAT3 is said to regulate transcrip-
tion of both IL-6 and IL-1§ genes [40, 41]. Pre-treatment of
FAD showed a significant suppressive effect on LPS-induced
activation of STAT1 and STAT?3 signaling proteins in RAW
264.7 cells. While it is known that FAD inhibits JNK and
ERK activation to regulate the LPS-induced expression of
pro-inflammatory mediators iNOS, TNFa, IL-6, and IL-1p,
we believe that its inhibitory effect on STAT1 and STAT3
activation may also be partly responsible for the decreased
expression of iNOS, IL-6, and IL-1f in RAW 264.7 murine
macrophages.

Conclusion

Previous studies focused primarily on the inhibitory effect
of FAD on NO production in activated macrophages. Our
present findings demonstrate the inhibitory effect of FAD on
the inflammatory cytokines TNFa, and on IL-6 and IL-1f
production in LPS-challenged murine macrophages. FAD
also significantly reduced the respective mRNA levels of
these inflammatory cytokines as well as iNOS, which is a
corresponding enzyme responsible for NO production, in
murine RAW 264.7 macrophage cells. Further, the inhibi-
tory effect of FAD on JNK, ERK, STAT1, and STAT3 acti-
vation revealed that FAD may exhibit its anti-inflammatory

effects via inhibition of the MAPK and JAK-STAT signaling
pathways.
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