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Abstract

Saururus chinensis (Lour.) Baill. is a perennial plant distributed throughout Northeast Asia and its roots have been widely used as a
traditional medicine for hepatitis, asthma, pneumonia, and gonorrhea. This study was designed to investigate the anti-inflammatory
activity of an extract of S. chinensis of the aerial parts (rather than the root), and the signaling pathway responsible for this effect in
lipopolysaccharide-stimulated murine macrophages. The subfraction 4 (SCF4) from the n-hexane layer of the ethanol extract of the aerial
parts of S. chinensis exhibited the highest nitrite-inhibitory activity. SCF4 significantly inhibited the production of nitrite and the expres-
sion of pro-inflammatory mediators via heme oxygenase-1 upregulation. SCF4 caused significant phosphorylation of p38 MAPK and
Akt, which subsequently induced the nuclear translocation of p-p65 nuclear factor-kB and Nrf2. SCF4 also suppressed the phosphor-
ylation of signal transducers and activators of transcription 1 (p-STAT1). The heme oxygenase-1 inhibitor zinc protoporphyrin attenuated
the inhibitory effect of SCF4 on lipopolysaccharide-stimulated nitrite production and expression of inflammatory mediators, tumor
necrosis factor alpha, and p-STAT1. We identified sauchinone as the active compound in S. chinensis extract and SCF4. Sauchinone
was shown to significantly inhibit nitrite production and inflammatory mediators expression via heme oxygenase-1 upregulation. These
results suggest that S. chinensis extract, SCF4, and its active compound, sauchinone, could be used as an anti-inflammatory agent.
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Introduction

Saururus chinensis (Lour.) Baill. is a perennial plant that
grows throughout China, Korea, and Japan. It is used as a
traditional or “folk” medicine for conditions such as hepa-
titis, edema, pneumonia, jaundice, and gonorrhea.l’2
Previous reports have shown that an extract of S. chinensis
roots has various positive effects, including antioxidant,
anti-inflammatory, antiviral, antihypertensive, anti-septic,
and anti-cancer activities.>”” Sauchinone, a diastereomeric
ligand and a potential anti-inflammatory compound, has
been isolated from the n-hexane fraction of S. chinensis
root extract.*® However, the cellular and molecular mech-
anisms of the extract of the aerial parts of this plant and its
active compounds have not been extensively characterized.

Inflammation is a complex process involving numerous
components with functions such as healing injured cells and
tissues or eliminating pathogens.'®"" Macrophages play a
vital role in the inflammatory process and create a link
between innate and adaptive immunity.'>"® When macro-
phages become activated, they express pro-inflammatory
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cytokines, such as tumor necrosis factor alpha (TNF-a)
and interleukin-1 (IL-1)."* Macrophages also upregulate
the gene expression of pro-inflammatory mediators, includ-
ing cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS), which release prostaglandin E, (PGE,)
and nitric oxide (NO), respectively.”® Lipopolysaccharide
(LPS) is a pro-inflammatory mediator that triggers strong
immune responses in animals. In addition, LPS induces acti-
vation of the signal transducer and activator of transcription
(STAT) protein and controls the expression of iNOS.'*!”
Heme oxygenase-1 (HO-1) is a cytoprotective enzyme
that limits the rate of heme degradation. It shows anti-
oxidative and anti-inflammatory activity by activating
transcription factors, such as heat shock factor, nuclear
factor erythroid 2-related factor 2 (Nrf2), and activator
protein-1."%" Andreadi et al.*® and Naidu et al.*' demon-
strated that dietary polyphenols and phorbol myristate acet-
ate activated nuclear factor (NF)-kB, which regulates major
pro-inflammatory cytokines through upregulation of HO-1
expression. Therefore, regulation of HO-1 is considered an
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important therapeutic strategy against inflammatory
response.”” HO-1 induction involves various signal trans-
duction pathways, such as extracellular signal-regulated
protein kinase (ERK) and c-Jun N-terminal.

The aerial parts of S. chinensis are rich in biomass com-
pared to the roots, which makes the aerial extract more
easily obtainable than the root extract. In this study, we
provide new insights into the anti-inflammatory effect of
S. chinensis aerial extract in LPS-induced RAW264.7 cells
and the cellular and molecular mechanisms based on the
induction of HO-1 via the activation of MAPK or STAT
pathways. We also identified the active compound respon-
sible for the anti-inflammatory effect of S. chinensis.

Materials and methods
Chemicals

LPS (Escherichia coli, serotype 055:B5), pyrrolidine dithiocar-
bamate (PDTC), zinc protoporphyrin (ZnPP), and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma Chemical Co. (St.
Louis, MO). Sauchinone (high purity) was obtained from
Elcom Science Co., Ltd. (Seoul, Korea). Rabbit polyclonal
antibodies specific for p38, phosphorylated (p-) p38, c-Jun
N-terminal kinases (JNK), Akt, p-Akt, p65, p-p65, iNOS,
COX-2, and B-actin, as well as horseradish peroxidase-
labeled donkey anti-rabbit and anti-mouse secondary anti-
bodies were purchased from Cell Signaling Technology, Inc.
(Beverly, MA). Rabbit polyclonal antibodies specific for
Nrf2, Lamin A/C, STAT1, p-STAT1, STAT3, and p-STAT3
were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Mouse monoclonal antibody specific for
HO-1 was obtained from Enzo Life Sciences Inc.
(Farmingdale, NY). The TNF-o enzyme-linked immuno-
sorbent assay kits were purchased from R&D Systems,
Inc. (Minneapolis, MN).

Preparation and subfractionation of S. chinensis extract

The dried aerial parts of S. chinensis were ground to a
powder and immersed in 80% ethanol (EtOH) at room tem-
perature for three days to extract the active components.
The solvent was then evaporated under reduced pressure
at a temperature not exceeding 50°C, to yield 139¢g of S.
chinensis extract (SCE). The SCE (100 g) was re-suspended
in distilled water (DW, 1L) and fractionated with n-hexane,
dichloromethane (CH,Cl,), ethyl acetate (EtOAc), n-butanol
(BuOH), and DW. The detailed procedure for the activity-
guided fractionation of the extracts is shown in Figure 2(a).
The n-hexane layer (5g) was chromatographed on a silica
gel column and eluted with 90% methanol:DW (9:1) to
obtain seven subfractions. The drop speed into the tubes
was controlled at 1 drop every 7-10 s and a new tube
used every 10 min. The detailed procedure for the subfrac-
tionation of the n-hexane layer is shown in Figure 3(a).

High-performance liquid chromatography analysis

High-performance liquid chromatography (HPLC) analysis
of the SCE (1 mg/mL), subfraction 4 of the n-hexane frac-
tion (SCF4, 1mg/mL), and sauchinone (100ng/mL, as a
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Figure 1 SCE had an anti-inflammatory effect. (a) Determination of anti-
inflammatory effect of SCE by estimation of nitrite production following incuba-
tion with SCE for 2 h. (b) Determination of cell viability following incubation with
SCE for 22 h. Data are the means + SEM (n =3), *p < 0.05. SCE: S. chinensis
extract; SEM: standard error of the mean; LPS: lipopolysaccharide

standard) was conducted using a C18 column with the tem-
perature set at 30°C. The mobile phase consisted of 0.4%
aqueous phosphoric acid (A) and acetonitrile (B). The gra-
dient conditions used were similar to previously reported
conditions.” The flow rate was 0.8 mL/min and the injection
volume was 10pL. A detection wavelength of 250 nm was
used for the analysis of SCE, SCF4, and sauchinone. The
absorption spectra of the samples were recorded between
190 nm and 380 nm.

Cell culture

Macrophage RAW264.7 cells derived from BALB/c mice
were obtained from the American Type Culture Collection
(Manassas, VA). The cells were cultured in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% heat-inacti-
vated fetal bovine serum and 1% penicillin/streptomycin at
37°C and exposed to 5% CO,. We performed an endotoxin
detection test for each treatment (SCE, subfractions 1-7, and
sauchinone) using the Limulus Amebocyte Lysate (LAL).

Nitrite measurement and cell viability

RAW264.7 cells were seeded in a 96-well plate (3 x10*
cells/well) and incubated overnight. The cells were pre-
treated for 2h with one of the following: various
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Figure 2 The n-hexane layer isolated from SCE had an anti-inflammatory effect. (a) Schematic of the fractionation of Saururus chinensis. (b) Determination of the anti-
inflammatory fractions by estimation of nitrite production and cell viability following incubation with various fractions for 2 h. Data are the means + SEM (n = 3), *p < 0.05.
Bu: n-BuOH; EA: EtOAc; Hx: n-hexane; MC: dichloromethane; SCE: S. chinensis extract; SEM: standard error of the mean; DW: distilled water

concentrations of SCE, the five solvent layers of the SCE
(n-hexane, CH,Cl,, EtOAc, n-BuOH, and DW), subfractions
1-7, and sauchinone, after which they were exposed to LPS
or control (no LPS) for 22h. To assess the accumulation of
nitrite as an indirect indicator of NO production, 100 uL
culture supernatants or standards (sodium nitrite) were
added to 100uL Griess reagent (1% sulfanilamide and
0.1% N-1-napthyl-ethylenediamine dihydrochloride in
2.5% HzPO,). The absorbance was measured at 540 nm
after 20-min incubation at room temperature. The nitrite
levels of the samples were calculated using a standard
curve prepared from known concentrations of sodium
nitrite (0, 2, 4, 8, 16, 32, 64, and 128 uM). Lastly, fresh
medium and MTT were added to the cells, followed by
incubation for 4h for the MTT assay, and the absorbance
was measured at 595 nm.

Measurement of TNF-a levels

RAW264.7 cells were seeded in 96-well plates (3 x 10* cells/
well) and incubated overnight. The cells were pre-treated
for 2h with SCF4 (50 ug/mL), followed by treatment with or
without LPS for 22 h. The supernatants of the culture media
were transferred to e-tubes for determination of the TNF-a
levels using an enzyme-linked immunosorbent assay kit
following the manufacturer’s instructions.

Western blot analysis

Protein samples (40pug) from the RAW264.7 cells were
loaded on a 10% sodium dodecyl sulfate-polyacrylamide
gel and separated by electrophoresis. The proteins were
subsequently transferred to nitrocellulose (NC) membranes
and treated with specific primary antibodies (1:1000)
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Figure 3 SCF4 had a key role in the anti-inflammatory activity of the n-hexane layer of the SCE among the seven subfractions. (a) Schematic of the subfractionation of
the n-hexane layer of the SCE. (b) Determination of the anti-inflammatory effect of the subfractions by estimation of nitrite production and cell viability after incubation
with the fractions for 2 h. (c) Decreased nitrite production by SCF4 at concentrations ranging from 0.5 to 200 ug/mL. (d) SCF4 was not cytotoxic at concentrations
ranging from 0.5 to 50 ug/mL. (e) SCF4 reduced LPS-activated TNF-a levels in cells. Data are the means + SEM (n = 3), *p < 0.05. LPS: lipopolysaccharide; SCF4:
subfraction 4 of the n-hexane layer of the EtOH extract of the aerial parts of S. chinensis; SCE: S. chinensis extract; SEM: standard error of the mean; TNF: tumor
necrosis factor; DW: distilled water
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overnight. This was followed by detection with horseradish
peroxidase-labeled donkey anti-rabbit (1:2000) or anti-
mouse (1:2000) secondary antibodies. A monoclonal
antibody against mouse B-actin and the rabbit polyclonal
antibody specific for Lamin A/C were used as loading con-
trols. The bands were visualized using the EZ-Western
Lumi Pico reagents (Daeil Lab Service Co. Ltd., Seoul,
Korea) according to the manufacturer’s instructions.

Statistical analysis

Data are presented as mean =+ standard error of the mean.
The group differences were determined using a one-way
analysis of variance and Dunnett’s test, followed by a mod-
ified t-test with the Bonferroni correction for comparisons
between individual groups; p < 0.05 was considered signifi-
cant (Sigma Stat).

Results

Extract of S. chinensis aerial parts suppressed LPS-
induced nitrite production in RAW264.7 cells

We first evaluated the anti-inflammatory effect and the cyto-
toxic potential of the crude extract of the aerial parts of
S. chinensis (80% EtOH) by incubating LPS-stimulated
RAW?264.7 cells with the extract for 2h and then measuring
nitrite production and cell survival rate. The crude extract
significantly inhibited nitrite production by 25.6% and 87.2%
at concentrations of 20 pg/mL and 200 pg/mL, respectively,
compared to the LPS treatment (Figure 1(a)). However, the
viability of the extract-treated cells was not affected at con-
centrations ranging from 2 to 200 pg/mL compared to the
viability of LPS-treated or non-treated cells (Figure 1(b)). To
identify potential anti-inflammatory effects of S. chinensis, we
isolated the solvent fractions (Figure 2(a)). The nitrite pro-
duction significantly decreased only in the n-hexane fraction-
treated cells compared to the LPS-treated cells. There were
no differences in cell viability among the groups at a concen-
tration of 100 pg/mL (Figure 2(b)).

To determine the active subfractions, the n-hexane frac-
tion of SCE was further fractionated, as described in the
Material and Methods section (Figure 3(a)). Subfraction 4
(SCF4) demonstrated a significant inhibitory effect on
LPS-induced nitrite production but did not affect the cell
viability at a concentration of 100 png/mL (Figure 3(b)). SCF4
significantly inhibited nitrite production in a dose depend-
ent manner at concentrations ranging from 50 to 200 pg/mL
(Figure 3(c)) and showed cytotoxic effects at concentrations
above 100 pug/mL (Figure 3(d)). We also confirmed that
SCF4 significantly lowered the LPS-activated TNF-a level
by 14.2% at the non-cytotoxic concentration of 50 ug/mL in
RAW264.7 cells (Figure 3(e)). For this reason, we selected
0.5pg/mL, 5 pg/mL, and 50 pg/mL concentrations of SCF4
for use in the subsequent experiment.

SCF4-induced down-regulation of iNOS and COX-2
protein expression and up-regulated HO-1 protein
expression

COX-2 and iNOS are the major pro-inflammatory enzymes
in LPS-stimulated cells. Therefore, to investigate the extent

of inhibition on pro-inflammatory enzymes, we measured
iNOS and COX-2 levels in LPS-stimulated RAW264.7 cells
following treatments with SCE and SCF4. As shown in
Figure 4(a), SCE significantly inhibited iNOS and COX-2
expression, and SCF4 significantly repressed the expression
of iNOS at concentrations ranging from 0.5 to 50 pg/mL but
repressed the expression of COX-2 only at a concentration
of 50ug/mL. Additionally, we investigated the effects of
SCF4 on the expression of HO-1 in RAW264.7 cells, as it
also regulates iNOS and COX-2 expression. This was
achieved by examining the extent of HO-1 expression fol-
lowing treatment with increasing concentrations of SCF4 at
various time points. The induction of HO-1 expression sig-
nificantly peaked at a concentration of 50 ug/mL (Figure
4(b)). The SCF4-mediated increase in HO-1 expression
occurred 4 h following treatment, persisted for up to 12h,
and then gradually diminished after 24 h (Figure 4(c)).

SCF4 increased HO-1 protein expression by NF-xB and
Nrf2 nuclear translocation via activation of p38 MAPK
and Akt signaling pathways

To determine the signaling pathways involved in the
up-regulation of HO-1 by SCF4, we assessed the levels of
p-MAPKs (p-p38 and p-JNK) and p-Akt in SCF4-treated
RAW264.7 cells. Treatment with SCF4 increased the levels
of p-p38 and p-Akt (Figure 5(a)) in a dose-dependent
manner but did not significantly affect p-JNK level at con-
centrations ranging from 0.5 to 50 pg/mL (Figure 5(a)). Ata
concentration of 50 ug/mL SCF4, the phosphorylation of
p38 and Akt significantly peaked at 30min (6-fold) and
120 min (1.2-fold; Figure 5(b)), respectively.

Subsequently, we investigated the effects of SCF4 on p65
(a subunit of NF-kB) and Nrf2 induction. The results
showed that p65 and Nrf2 were translocated from the cyto-
sol to the nucleus at the highest concentration of SCF4
(50pg/mL) in a time-dependent manner (Figures 6(a)
and (b)).

SCF4 suppressed LPS-induced pro-inflammatory
mediator expression via HO-1 up-regulation

SCF4-mediated up-regulation of HO-1 protein expression is
instigated by the blockade of LPS-induced iNOS, nitrite,
and TNF-o expression. To assess this affect, we estimated
the levels of these pro-inflammatory factors in RAW264.7
cells treated with the selective HO-1 inhibitor ZnPP. LPS-
induced nitrite production and iNOS protein expression
were significantly decreased by SCF4 treatment compared
to that observed in LPS-treated cells (Figures 7(a) and (b)).
In addition, SCF4-ZnPP co-treatment to some extent recov-
ered LPS-induced nitrite production and iNOS protein
expression compared to the SCF4-LPS co-treatment group.
On the other hand, SCF4-ZnPP co-treatment totally recov-
ered LPS-induced TNF-o expression compared to the SCF4-
LPS treatment group (Figure 7(c)). In addition, treatment
with the NF-kB inhibitor PDTC eliminated the SCF4-
induced HO-1 expression in RAW264.7 cells (Figure 7(d)).
To further ascertain the regulatory mechanism involved, we
examined the level of HO-1 expression induced by SCF4
and LPS. Treatment of RAW264.7 cells with SCF4 induced
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Figure 4 SCE and SCF4 decreased the expression of pro-inflammatory mediators. (a) Protein expression of pro-inflammatory mediators iNOS and COX-2 by

western blot analysis. (b) HO-1 expression was increased dose- and time-dependently following treatment with SCF4. Results of the western blot analysis represent
three independent experiments that yielded similar results. Data are the means + SEM (n = 3), *p < 0.05. COX-2: cyclooxygenase-2; HO-1: heme oxygenase-1; iNOS:
inducible nitric oxide synthase; LPS: lipopolysaccharide; SCE: S. chinensis extract; SCF4: subfraction 4 of the n-hexane layer of the EtOH extract of the aerial parts of S.

chinensis; SEM: standard error of the mean

higher HO-1 expression than LPS treatment. Simultaneous
treatment of the cells with both SCF4 and LPS induced
higher HO-1 expression than that obtained with either sub-
stance alone (Figure 7(e)). iNOS expression was higher in
RAW264.7 cells co-cultured with ZnPP and LPS than that in
cells treated with LPS alone but ZnPP alone did not induce
iNOS expression (Figure 7(f)). Our results suggest that dif-
ferent mechanisms regulate SCF4- and LPS-induced HO-1
protein expression in RAW264.7 cells.

SCF4 inhibited STAT1 activation via induction of HO-1

Our results revealed that SCF4 significantly inhibited the
phosphorylation of STAT1 at a concentration of 50 ug/mL
but did not inhibit p-STAT3 expression (Figure 8(a)). In add-
ition, we determined the inhibitory effects of SCF4-induced
HO-1 on STAT1 signaling in LPS-mediated cells by

assessing the p-STAT1 levels in ZnPP-treated cells. As
shown in Figure 8(b), SCF4 significantly lowered LPS-
induced STAT1 phosphorylation while co-treatment with
SCF4 and ZnPP essentially abolished this effect.

Sauchinone mediated anti-inflammatory effects
via HO-1 upregulation

In this study, SCF4 was obtained by fractionation of the
n-hexane layer of SCE. We used HPLC analysis to identify
and quantify the individual compounds in SCF4, including
sauchinone. Consequently, we speculated that sauchinone
could be one of the active compounds in SCF4. Our results
demonstrated that sauchinone was present in SCE and
SCF4 and was obtained at yields of 6.80 and 41.65mg/g,
respectively (Figure 9(a)). We also investigated whether the
sauchinone isolated from S. chinensis had a key role in the
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anti-inflammatory activity via induction of HO-1. We deter-
mined the extent of inhibition of nitrite production, iNOS
expression, and induction of HO-1 expression. The results
showed that sauchinone significantly induced HO-1 pro-
tein expression in a dose-dependent manner, at concentra-
tions ranging from 2.5 to 10ug/mL (Figure 9(b)). In
addition, sauchinone significantly inhibited nitrite produc-
tion and iNOS expression in LPS-stimulated RAW264.7
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Figure 6 SCF4 activated NF-xB and Nrf2 signaling pathways. (a) Dose-
dependent effects on protein expression of p65 and Nrf2 by western blot. (b)
Time-dependent effects on protein expression of p65 and Nrf2 by western blot.
Results of the western blot analysis represent three independent experiments
that yielded similar results. Data are the means + SEM (n =3), *p < 0.05. NF-xB:
nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2: nuclear
factor erythroid 2-related factor 2; SCF4: subfraction 4 of the n-hexane layer of
the EtOH extract of the aerial parts of S. chinensis; SEM: standard error of the
mean

cells (Figures 9(c) and (d)). The inhibitory effect of nitrite
production (but not iNOS production) was partially abol-

ished by co-treatment with sauchinone and ZnPP (Figures
9(e) and (f)).

Discussion

Recent studies have shown that the root of S. chinensis exhi-
bits anti-inflammatory effects. In particular, sauchinone, a
biologically active compound isolated from the root of
S. chinensis, inhibits pro-inflammatory responses through



Meng et al. HO-1-mediated anti-inflammatory effects of S. chinensis aerial parts 403

(8) %0 © 4500
—~ 20 =
= 1000 A
g e g
2 e .
= =
= L
= 104 g 500
0 ‘ ‘ ‘ ‘ ‘ 0 : ‘
LPS (1 ug/mL) - + + + - - LPS (1 pg/mL) - + +
ZnPP (1uM) - - - + - + ZnPP (1 uM) -
SCF4 (50 ug/mL) - - + + + - SCF4 (50 ug/mL) - - +
(b)
LPS (1 pg/mL) - + + + - -
(d)
ZnPP (1 pM) - - - + - +
SCF4 (50 yg/mL) - -+  + o+ - PDTC (20 uM) - - +
- SCF4 (50 pg/mL) - + +
iINOS | - — — l
HO-1 | —-—— |
B-actin | |
B-actin | |
£ 20 =15
3 :
3 3
D 15 oy =
2 210
o ®
3 1.0 3
£ . £
% 5 05
8 05 2z
k] - °
o) = m
- ©
& 00 : . : T 00 ‘ ‘ ‘
LPS (1 ug/mL) - + + + - - PDTC (20 uM) - - +
ZnPP (1uM) - N - + _ + SCF4 (50 ug/mL) - + +
SCF4 (50 ug/mL) - - + + +
e ®
LPS (1 pg/mL) - + - + LPS (1pg/mL) -+ + -
SCF4 (50 ugimL) - -+  + ZPPOWM) - - o+ 4+
| iNOS | — Py |
HO-1 | |
B-actin | _—_|
B-actin | ee———
=124
< 06 - 5 .
B ¢
] x S 104
- )
3 £ o
2 04| * g° *
e 3 06
> 2
2 (=
c ©
] = 0.4
2 02 S
= S 02
° o
2 =
& oo T 00
' ‘ ‘ ‘ LPS (1 ugiml) -
o) . , T ZnF(’PL:gJ EM; - + : .

SCF4 (50 ug/mL) - - +



404 Experimental Biology and Medicine Volume 241 February 2016

increased HO-1 expression via the ERK pathway’ induce phosphorylation of the STAT1/3 pathway.
However, the anti-inflammatory activity of the aerial parts =~ Furthermore, we identified HO-1 as one of the major medi-
of S. chinensis, and the cellular and molecular mechanisms  ators and sauchinone as one of the active compounds
involved (besides the ERK pathway) have not yet been responsible for the anti-inflammatory effects of the aerial
determined. In the present study, we showed that the parts of S. chinensis.

aerial parts of S. chinensis also inhibit LPS-induced pro- In a previous study, we screened 103 medicinal plants
inflammatory mediators, activate p38 and Akt pathways, that are frequently used in Korea, China, and Japan to iden-
lead to nuclear translocation of NF-kB and Nrf2, and tify those with anti-inflammatory effects; S. chinensis
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Figure 8 HO-1 expression induced by SCF4 blocked the LPS-induced inflammation activated by STAT1 signaling. (a) Phosphorylation of STAT1 decreased following
treatment with SCF4. (b) Inhibitory effects of SCF4 on LPS-induced STAT1 signaling were diminished following treatment with ZnPP. Results of the western blot
analysis represent three independent experiments that yielded similar results. Data are the means + SEM (n = 3), *p < 0.05. HO-1: heme oxygenase-1; LPS: lipo-
polysaccharide; SCF4: subfraction 4 of the n-hexane layer of the EtOH extract of the aerial parts of S. chinensis; SEM: standard error of the mean; STAT: signal
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Figure 7 HO-1 inhibitor (ZnPP) blocked the anti-inflammatory effect of SCF4. (a) Nitrite production in LPS-stimulated cells treated with SCF4 in the presence or
absence of ZnPP. (b) INOS expression in LPS-stimulated cells treated with SCF4 in the presence or absence of ZnPP. (c) TNF-a level in LPS-stimulated cells treated
with SCF4 in the presence or absence of ZnPP. (d) The HO-1 expression in SCF4-induced cells with or without PDTC. (e) Simultaneous treatment with SCF4 and LPS
induced HO-1 expression more than individual treatment of RAW264.7 cells with either substance alone. (f) INOS expression increased more in RAW264.7 cells co-
cultured with ZnPP and LPS than that in cells treated with only LPS. Results of the western blot analysis represent three independent experiments that yielded similar
results. Data are the means + SEM (n=3), *p < 0.05. HO-1: heme oxygenase-1; iINOS: inducible nitric oxide synthase; LPS: lipopolysaccharide; PDTC: pyrrolidine
dithiocarbamate; SCF4: subfraction 4 of the n-hexane layer of the EtOH extract of the aerial parts of S. chinensis; SEM: standard error of the mean; TNF: tumor necrosis
factor; ZnPP: zinc protoporphyrin
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showed promising results. Yoo et al.”®> demonstrated that

the EtOH extract of the dried aerial parts of S. chinensis
suppressed the production of nitrite in LPS-stimulated
RAW264.7 macrophages. Our finding that the extract of
the aerial parts of S. chinensis inhibit LPS-induced nitrite
production in RAW264.7 cells provides further evidence
in support of the previous study. Furthermore, we
employed thin-layer chromatography (TLC) and HPLC to
separate the anti-inflammatory components, isolating and
characterizing this activity specifically in SCF4 of the
n-hexane layer of the EtOH extract of the aerial parts of
S. chinensis.

Macrophages release pro-inflammatory cytokines (e.g.
IL-1 or TNF-a), which stimulate iNOS production and con-
tribute to an increase in reactive nitrogen species such as
NO. Inhibition of NO production is thought to prevent oxi-
dative damages and inflammatory responses. The enzymes
iNOS and COX-2 play crucial roles as pro-inflammatory
mediators in the activation of macrophages by inducing
NO production and PGE, expression, respectively."
Therefore, we determined the levels of iNOS and COX-2
following treatment of cells with SCF4 in order to confirm
the inhibitory effects of this subfraction on iNOS and COX-2
expression. Consequently, we believe that the aerial parts of
S. chinensis could have anti-inflammatory potential, owing
to suppression of the expression of pro-inflammatory medi-
ators under LPS-induced inflammatory stress.

HO-1 is a potent anti-inflammatory and cyto-protective
enzyme that is induced in response to numerous stress sti-
muli, including oxidative stress, presence of heavy metals,
cytokines, bacterial compounds, H,O,, and growth fac-
tors.?** HO-1 overexpression has been shown to have a
protective effect in animal models of inflammatory dis-
eases, such as atherosclerosis, cardiac ischemia, and auto-
immune neuroinflammation.?®® These reports have
prompted studies focused on identifying pharmacological
HO-1 inducers in human models. Previous reports have
shown that inflammatory signaling induces HO-1 expres-
sion, and the up-regulation of HO-1 inhibits iNOS expres-
sion in LPS-stimulated macrophages.***® We therefore
investigated whether HO-1 is a potential target for the
anti-inflammatory effects of SCF4, and tested the signaling
pathways related to the expression of HO-1 using a model
of inflammatory stimulation. Our data showed that SCF4-
mediated HO-1 expression was induced at a concentration
of 5pg/mL, with maximal effect observed at a concentra-
tion of 50 ug/mL at 12 h.

This study also assessed the activation of MAPKs and
PI3K/ Akt signaling cascades, which are known to be the
principal mediators of HO-1 expression. SCF4 was found to
increase HO-1 expression via phosphorylation and activa-
tion of p38 and Akt but not that of p-JNK levels, in LPS-
induced inflammatory cells. In the inflamed state, NF-xB
and Nrf2 activation is required for HO-1 gene or protein
expression and is regulated by kinases of the MAPK and
PI3K/Akt signaling pathways.*’** SCF4 induced the
nuclear translocation of p65 (a subunit of the NF-«xB tran-
scription complex) and Nrf2 in the presence of inflamma-
tory stimuli. Taken together, these results indicate that
signaling mechanisms related to NF-xB and Nrf2

phosphorylation via p38 MAPK and Akt activation are
responsible for SCF4-induced HO-1 up-regulation.
Consistent with our data, several previous studies have
reported that S. chinensis could regulate the induction of
HO-1 expression through various intracellular signaling
pathways, including MAPK. The methanol extract of the
roots of S. chinensis increased the production of HO-1 and
Nrf2 in LPS-treated primary mast cells.* Jeong et al.** also
showed that sauchinone, an active lignan isolated from the
roots of S. chinensis, upregulated HO-1 expression through
the p38 MAPK-Nrf2/ ARE-dependent pathway in t-butyl
hydroperoxide-damaged HepG2 cells. However, Li et al.’
found that sauchinone induced HO-1 expression via the
ERK pathway in LPS-stimulated RAW264.7 cells but did
not affect the p38 MAPK and JNK pathways. The differ-
ences in the results can be attributed to the extract prepar-
ation method, the plant part used for extraction, and
differences in experimental conditions (i.e. cell types, use
of LPS or ZnPP).

Further investigation found that the HO-1 inhibitor
ZnPP was able to block SCF4-induced decreases in levels
of nitrite and TNF-a, as well as intracellular decreases in
iNOS protein. This led to the conclusion that anti-inflam-
matory activity may be related to HO-1 over-expression
induced by SCF4. Our data also showed that SCF4-induced
HO-1 upregulation was significantly reversed in the pres-
ence of the NF-«xB inhibitor, PDTC. Taken together, HO-1 is
one of the major targets of SCF4 and various pro-inflamma-
tory mediators able to inhibit HO-1 up-regulation by SCF4.

Another pivotal inflammatory signaling pathway is the
JAK-STAT pathway.* Several studies have shown that LPS
induces iINOS expression via activation of the JAK-STAT
pathway.'*'®> The STAT family comprises seven members:
STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6.
Among these proteins, STAT1 and STAT3 are suggested to
be critical regulators of the inflammatory response. Despite
their structural similarities, STAT1 and STAT3 act as antag-
onists and mutually inhibit each another.® STAT1 is an
important transcription factor that induces inflammatory
mediators, such as iINOS and COX2. Conversely, STAT3
plays a role in IL-10-mediated anti-inflammatory signaling.
Therefore, to investigate whether SCF4 is involved in the
JAK-STAT signaling pathway, we examined its effect on
p-STAT1/3 expression in LPS-stimulated RAW264.7 cells.
Our results showed that LPS treatment increased the
levels of p-STAT1 and p-STATS3 in the cells, whereas SCF4
significantly suppressed the phosphorylation of STAT1 and
inversely increased the phosphorylation of STAT3. We also
co-treated the LPS-stimulated cells with ZnPP and SCF4 to
assess how HO-1 inhibition changes this effect. The ZnPP
treatment attenuated the decrease of the p-STAT1 level,
indicating that the anti-inflammatory activity of SCF4 in
LPS-damaged cells is associated with decreased expression
of iNOS and COX-2 through STAT1-related signaling via
HO-1 up-regulation. Our data are consistent with those of
previous studies showing that the phosphorylation of
STAT1 is responsible for the anti-inflammatory effect in
cells treated with several herbs.*”®

Finally, we identified the active compound responsible
for the anti-inflammatory effect of the aerial parts of



Meng et al.
MAPKSs (p-p38) iINOS ;s
PI3K/AKE (p-Akt) NO -
NF-KB (p65) TNF-a Y
Nrf2
] | JAK/STAT1
' (p-STAT1)

Figure 10 A model illustrating the anti-inflammatory effect SCF4 via HO-1
induction. SCF4: subfraction 4 of the n-hexane layer of the EtOH extract of the
aerial parts of S. chinensis

S. chinensis. Previously, sauchinone has been isolated from
the n-hexane layer of S. chinensis roots and reported to
induce HO-1 expression via the ERK signaling pathway in
RAW264.7 cells.”* SCF4 (extracted from S. chinensis aerial
parts) used in this study contained more than 4% sauchi-
none, which is similar to the amount found in the roots of
the plant. To examine the relationship between the active
compound and the anti-inflammatory activity, we tested
sauchinone isolated from the aerial parts of S. chinensis in
RAW264.7 cells. Sauchinone, similar to SCF4, was found to
inhibit iNOS expression and nitrite production and increase
HO-1 expression (Figures 9(b), (c), and (d)). Furthermore,
sauchinone-induced nitrite production was attenuated in
the presence of the HO-1 inhibitor ZnPP.

This is the first study to report the anti-inflammatory
effect of the aerial parts of S. chinensis through HO-1 up-
regulation via MAPK and STAT1 activation. The data sug-
gested that sauchinone and SCF4 obtained from the extract
of S. chinensis up-regulated HO-1 expression in LPS-stimu-
lated RAW264.7 cells. This induction of HO-1 expression by
sauchinone and SCF4 was mediated via the MAPK, PI3K/
Akt, NF-xB, and STAT1 signaling pathways. Sequentially,
the sauchinone- and SCF4-induced HO-1 expression inhib-
ited the production of LPS-induced inflammatory medi-
ators (Figure 10). Therefore, we suggest that sauchinone
and SCF4 possess abundant potential as potent anti-inflam-
matory pharmacological compounds.
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