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Inhibitory Effect of Black Radish (Raphanus sativus L. var. nigen
Extracts on Lipopolysaccharide-Induced Inflammatory Response
in the Mouse Monocyte/Macrophage-Like Cell Line RAW 264.7
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ABSTRACT: Black radish (Raphanus sativus L. var. niger), which is cultivated worldwide, is used in traditional medicine as
it aids liver function, gastric secretion, gallbladder function, and gallstone mitigation. In this study, we examined the an-
ti-inflammatory effects of black radish extract (BRE) on the lipopolysaccharide (LPS)- and interleukin (IL)-6-mediated in-
flammatory responses in the RAW 264.7 cell lines. Our findings show that BRE significantly ameliorated LPS-induced ni-
tric oxide (NO) release and production of pro-inflammatory cytokines, such as IL-1p, IL-6, tumor necrosis factor (TNF)-o,
and prostaglandin E2. The levels of cyclooxygenase (COX)-2 and inducible NO synthase (iNOS) in LPS-stimulated RAW
264.7 cells were found to be suppressed by BRE. Further, BRE significantly suppressed the LPS-induced expression of
mRNAs encoding COX-2, iNOS, IL-1B, IL-6, and TNF-a in a concentration-dependent manner. BRE treatment signifi-
cantly inhibited Janus kinase 2 (JAK2) and signal transducer and activator of transcription 3 (STAT3) phosphorylation in
IL-6- and LPS-treated RAW 264.7 cells. In addition, BRE decreased the levels of phosphorylated extracellular signal-regu-
lated protein kinases and c-Jun N-terminal kinase under the same conditions. Moreover, BRE induced high nuclear factor
erythroid 2-related factor 2 (NRF2) levels and its target gene heme oxygenase 1 (HO-1) in the absence of LPS. These da-
ta demonstrate that BRE may be beneficial for treating inflammation through selective immunomodulatory effects, which
may be mediated by inhibition of the STAT3/JAK2 and activation of the NRF2/HO-1 signal transduction pathways.
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INTRODUCTION

Inflammation play an essential role in tissue injury and
bacterial and viral infections, and this may induce ad-
verse effects by activating inflammatory cytokines [tumor
necrosis factor (TNF)-q, interleukin (IL)-1pB, IL-6, and IL-
10], as well as by mediators of inflammation [prostaglan-
din E2 (PGE,) and nitric oxide (NO)] that are produced
by cyclooxygenase (COX)-2 and inducible NO synthase
(iNOS), respectively (Adams and Hamilton, 1984; Guzik
et al., 2003). However, excessive inflammation can cause
severe chronic pathologies, such as arthritis (Berenbaum,
2000; Selmi et al., 2014), cancer (Itzkowitz, 1997; Elinav
et al., 2013), obesity, diabetes (Esser et al., 2014; Shay et
al., 2015), atherosclerosis (Libby et al., 2002), and non-
alcoholic fatty liver disease (NAFLD), while inflammatory

cells, such as monocytes and macrophages, can produce
a large repertoire of cytokines and induce pathogenic
changes in tissues (Duarte et al., 2015). Inflammation is
typically initiated through specific cytokine and chemo-
kine production, such as NO, COX-2, and PGE,. Inflam-
mation is also characterized by the recruitment of leuko-
cytes to the injury site (Luster, 1998).

Nuclear factor (NF)-«xB and the mitogen-activated pro-
tein kinase (MAPK) family proteins extracellular signal-
regulated protein kinase (ERK) 1/2, JNK, and P38 MAPK
(Kim et al., 2007; Shan et al., 2009; Elinav et al., 2013) in
response to lipopolysaccharide (LPS) treatment. Further,
the cytokine (IL-6) is seen to bind with glycoprotein-130
and activate Janus kinase 2 (JAK2) and signal transducer
and activator of transcription 3 (STAT3). These mole-
cules mediate inflammation-induced cancer or tumor de-
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velopment by activating transcriptional factors of STAT-
3, which promotes cell proliferation, cell survival, angio-
genesis, oncogene addiction, invasion, and metastasis
(Banerjee and Resat, 2016; Zimmers et al., 2016). Acti-
vated STAT3 translocates to the nucleus in order to acti-
vate inflammatory cytokine expression, such as IL-1p and
IL-6, and the receptors of which require STATs for intra-
cellular signal transduction. Thus, STAT3 is critical for
activating and signaling factors that mediate inflamma-
tory responses (Ahmed and Ivashkiv, 2000; Ben-Neriah
and Karin, 2011).

Radishes are rich in a variety of functional components,
such as glucosinolates, flavonoids, organic acids, antho-
cyanin, polyphenol, and minerals, which helps in the
treatment of a number of diseases (Gutiérrez and Perez,
2004; Beevi et al., 2010). Radish has been used as a lax-
ative, stimulant, digestive aid, appetizer, and treatment
for stomach disorders (Alqasoumi et al., 2008; Shin et al.,
2015; Kapoor, 2017). The main isothiocyanates (ITCs) of
radish roots are glucobrassicin (indole-3-carbinol precur-
sor), glucoraphanin, 4-(methylthio)-3-butenyl isothiocya-
nate (MBITC), allyl isothiocyanate (AITC), benzyl iso-
thiocyanate (BITC), sulforaphene, glucoraphasatin, and
phenethyl isothiocyanate (PEITC) (Adachi et al., 1998;
Gong et al., 2009; Ediage et al., 2011; Beevi et al., 2012).

Raphanus sativus L. var. niger, a cruciferous vegetable
that contains high glucosinolate concentrations, as well
as sulfates and cysteine-rich proteins, which are consid-
ered glutathione synthesis precursors (Hanlon et al.,
2007). BRE has been used in folk medicine in Spain, Iran,
China, and Turkey to treat flatulence, gallstones, asth-
ma, bronchitis, and other respiratory disorders (Castro-
Torres et al., 2014). BRE is best recognized for its anti-
oxidant and antidiabetic effects, as well as for pulmonary
fibrosis treatment (Lugasi et al., 2005; Salah-Abbes et
al., 2008; Shukla et al., 2011; Asghari et al., 2015).

There are only a few reports available to confirm the
anti-inflammatory capacity and mechanisms of action of
BRE using the RAW 264.7 cell model. To the best of our
knowledge, this is the first study examining the mecha-
nism of the STAT3 signal transduction pathway in medi-
ating the anti-inflammatory effects of BRE. Specifically,
the objectives of the current study are as follows: (1) eval-
uate the inhibitory effect of BRE on releasing inflamma-
tory cytokines (NO, PGE,, IL-6, IL-1B, and TNF-a); (2)
evaluate the levels of mRNAs encoding IL-6, IL-1p, TNF-
a, INOS, and COX-2 in LPS-treated RAW 264.7 cells
with or without BRE; (3) determine if BRE inhibited
JAK2 and STAT3 phosphorylation (activation); and (4)
determine if BRE activated ERK and JNK and induced
nuclear factor erythroid 2-related factor 2 (NRF2)-medi-
ated transcription of the gene encoding heme oxygenase-
1 (HO-1).

MATERIALS AND METHODS

Chemicals and reagents

The cell culture medium high-glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM), trypsinase, and penicillin-
streptomycin were all purchased from Gibco (Grand Is-
land, NY, USA). Fetal bovine serum (FBS) was purchased
from Gibco, while 3-(4,5-dimethy-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide (MTT) and LPS were
obtained from Sigma-Aldrich Co. (St. Louis, MO, USA).
Enzyme-linked immunosorbent assay (ELISA) kits for
mouse PGEp, IL-6, IL-1B, and TNF-o were purchased
from R&D Systems (Minneapolis, MN, USA). NucleoSpin
RNA reagent was obtained from Macherey-Nagel GmbH
& Co. KG (Diiren, Germany), and the ReverTra Ace-a
first strand cDNA synthesis kit was procured from
Toyobo (Osaka, Japan). FastStart Universal SYBR Green
Master was purchased from Bio-Rad Laboratories, Inc.
(Hercules, CA, USA), while AG490 and PEITC were ob-
tained from Invivogen, Inc. (San Diego, CA, USA) and
Sigma-Aldrich Co., respectively. Antibodies against COX-
2, B-actin, and iNOS were purchased from Calbiochem
(San Diego, CA, USA); antibodies against HO-1 and
NRF2 were obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA); and antibodies against
STAT3, p-STAT3 (Tyr 703), JAK2, p-JAK2 (Tyrl007/
1008), ERK, p-ERK, JNK, and p-JNK were purchased
from Cell Signaling Technology, Inc. (Beverly, MA, USA).
All other reagents were of analytical grade.

Preparation of BRE

The black radishes used were obtained from Sungsan
Ilchubong Nonghyup, whose planting facility is located
in Jeju Province, Korea. Its roots (5,000 g) were cut into
thin slices and extracted three times at room temper-
ature with 70% ethanol (5,000 mL). The extracts were
strained through filter paper, and the combined filtrate
was evaporated at 42°C using a Buchi R-210 rotary evap-
orator (BUCHI Labortechnik AG, Flawil, Switzerland),
producing 152.65 g of BRE. BRE was then sufficiently
dissolved in 1,500 mL distilled water and centrifuged at
4,000 rpm for 20 min. The supernatant was loaded on-
to a Diaion HP-20 column (15 cmx100 cm; Mitsubishi
Chemical Corporation, Tokyo, Japan), eluted using an
ethanol gradient of 0%~50% (v/v), and the fraction
eluted by 50% ethanol was combined and evaporated to
produce BRE (approximately 30 g).

Cell culture

The RAW 264.7 cell line was purchased from the Korean
Cell Line Bank (Seoul, Korea). The cells were then cul-
tured in DMEM containing 2 mM glutamine, 4.5 g/L
glucose, 100 mg/L sodium pyruvate (Gibco), penicillin
(100 units/mL), streptomycin (100 pg/mL), and 10%
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FBS. The cells were cultured at 37°C in a humidified in-
cubator in an atmosphere containing 5% CO,. Then, the
cells (5x10° cells/well) were seeded in a 6-well cell cul-
ture plate, incubated for 16 h, and then treated with LPS
(1 pg/mL) with or without BRE (200 pg/mL, 100
pg/mlL, 50 ng/mlL, and 25 pg/mL) for 6~24 h.

Cell viability assay

Cell viability was measured using the MTT assay. Cells
(1x10* cells/well) were seeded in a 96-well cell culture
plate, incubated for 24 h, and treated with different con-
centrations of BRE (125, 250, 500, and 1,000 ng/mL) for
24 h. MTT was dissolved in phosphate-buffered saline to
2 mg/mL. After incubation, the cells were treated with
50 uL of MTT solution for 2 h, then the solution was re-
moved, and dimethyl sulfoxide was added to dissolve
the insoluble formazan crystals. The concentration of
dissolved formazan was measured at 540 nm using a mi-
croplate reader (BioTek Instruments Inc., Winooski, VT,
USA).

NO and lactate dehydrogenase (LDH)-release assays

The NO assay was performed as previously described,
but with slight modifications (Yoon et al., 2009). After
incubating RAW 264.7 cells (1.5x10° cells) with LPS (1
ug/mL) for 24 h, the nitrite (NO, ) level in the culture
medium was measured as a surrogate for NO production.
The amount of NO, , a stable metabolite of NO, was
measured using Griess reagent [1% sulfanilamide and
0.1% N-(1-naphthyl)ethylenediamine dihydrochloride in
2.5% phosphoric acid]. Afterward, 100 uL of cell culture
medium was mixed with 100 pL of Griess reagent. This
mixture was then incubated at room temperature for 10
min, and the absorbance was measured at 540 nm using
a microplate reader. Fresh culture medium was used as a
blank. The NO, level was determined from the stand-
ard curve for NO, . The LDH release assay kit (Promega,
Madison, WI, USA) was used to determine LDH activity,
as per the manufacturer’s manual.

Measurement of cytokine and PGE; production

BRE was diluted with DMEM before use. The cells were
treated for 24 h with LPS (1 pg/mL) to induce cytokine
production. The concentrations of cytokines IL-1, IL-6,
TNF-0, and PGE; in the culture medium supernatants

al.

were measured using ELISA (R&D Systems), as per the
manufacturer’s instructions.

Real-time quantitative polymerase chain reaction (qPCR)
analysis

RAW 264.7 cells were collected from 6-well plates, and
the total RNA was obtained using NucleoSpin RNA re-
agent (Macherey-Nagel GmbH & Co. KG), according to
the manufacturer’s instructions. Then, the cDNA was
synthesized using a first strand cDNA synthesis kit (To-
yobo). Furthermore, qPCR was performed using a pre-
mix (5% HOT FIREPol EvaGreen qPCR Supermix; Solis
BioDyne OU, Tartu, Estonia) through a Hangzhou Bioer
Technology Co,. Ltd. (Hangzhou, China) with the pri-
mers (Bioneer, Daejeon, Korea) specific for the mRNAs
encoding IL-1, IL-6, TNF-a, COX-2, and iNOS (Table 1).

Western blot analysis

RAW 264.7 cells were lysed in RIPA buffer, and the su-
pernatant samples containing 40 pg of protein were
loaded onto the lanes of a 10% sodium dodecyl sulfate-
polyacrylamide gel, electrophoresed, and then immuno-
blotted onto a nitrocellulose membrane (Schleicher &
Schuell BioScience, Inc., Keene, NH, USA). The mem-
brane was then incubated with antibodies against iNOS
(1:1,000 dilution), COX-2 (1:1,000), JAK2 (1:1,000),
STAT3 (1:1,000), p-JNK (1:1,000), p-ERK (1:1,000), JNK
(1:1,000), ERK (1:1,000), cytochrome P450 (CYP) fam-
ily 1 subfamily A member 2 (CYP1A2) (1:1,000), NRF2
(1:1,000), or anti-HO-1 (1:1,000) for 2 h. The immuno-
complexes were detected using a chemiluminescent sub-
strate (Miracle-StarTM; iNtRON Biotech, Gyeonggi, Ko-
rea), according to the manufacturer’s instructions. After
imaging, the membranes were stripped and probed again
with an anti-B-actin antibody. The optical density (OD/
mm?®) of each band was measured, and the band density
relative to that of the B-actin band was compared using
Image] software. Next, the stripped membranes were in-
cubated with antibodies against COX-2, iNOS, STAT3,
p-STAT3, JAK2, and p-JAK2 overnight at 4°C. The mem-
branes were washed three times for 10 min each between
each step, incubated with horseradish peroxidase-con-
jugated secondary antibodies for 30 min at room temper-
ature, and then washed again.

Table 1. Primer sequences used in real-time quantitative polymerase chain reaction analysis

Genes Forward primer (5—3') Reverse primer (5 —3")
iNOS AACATCAGGTCGGCCATCACT CCAGAGGCAGCACATCAAAGC
IL-1B CGTTCCCATTAGACAACTGCA GGTATAGATTCTTTCCTTTGAGGC
IL-6 ACGGCCTTCCCTACTTC TTCCACGATTTCCCAGA

COX-2 GCAAATCCTTGCTGTTCCAAT GGAGAAGGCTTCCCAGCTTTTG
TNF-a CAAGGGACTAGCCAGGAG TGCCTCTTCTGCCAGTTC
B-Actin CATCCTGCGTCTGGACCTGG TAATGTCACGCACGATTTCC
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Statistical analysis

The data are presented as the mean=standard deviation
(SD). Statistical analysis was performed using the two-
tailed Student’s t-test or ANOVA for comparisons be-
tween or among two or multiple groups, respectively.
Values with P<0.05 were considered as significantly dif-
ferent.

RESULTS

The effects of BRE on RAW 264.7 cell viability

When the cells were treated with BRE, viability has been
observed to increase significantly in a concentration-de-
pendent manner (Fig. 1A) when the cells were treated
with BRE. Thus, cell viability increased to 20% and 65%
after 200 ug/mL and 100 pg/mL of BRE treatment, re-
spectively, compared with the controls. The cytotoxic ef-
fects of BRE on LPS-treated RAW 264.7 cells were meas-
ured, and the result showed that BRE, at concentrations
up to 25 pg/ml, did not significantly affect cell survival,
whereas higher concentrations of BRE increased cell via-
bility (Fig. 1B). However, LPS treatment for 18 h slightly
reduced cell viability in a concentration-dependent man-
ner. Therefore, NO and cytokine levels were determined.
Western blot analyses of the LPS-stimulated RAW 264.7
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cells were performed after 25~200 pg/mL BRE treat-
ment. The LDH release assay showed minor cytotoxic ef-
fects (Fig. 1C).

The effects of BRE on NO production

NO production was measured in the LPS-treated RAW
264.7 cells with different concentrations of BRE for 24 h
(Fig. 1C). NO production was significantly inhibited in a
concentration-dependent manner. For example, treatment
with 200 pg/mL BRE decreased NO production by 60%,
compared with LPS-treated control cells. These results
indicate that the NO production was potently inhibited
by BRE in a concentration-dependent manner.

The effects of BRE on PGE; and cytokine production
The RAW 264.7 cells were treated with LPS with or with-
out BRE to determine its effects on PGE, production.
BRE treatment inhibited PGE, production in a concen-
tration-dependent manner, compared with LPS-treated
control cells. Thus, BRE extracts added to final concen-
trations of 50, 100, and 200 pug/mL inhibited PGE2 pro-
duction by 12%, 30%, and 60%, respectively (Fig. 2A).
Next, we determined the effects of BRE on IL-6 pro-
duction in the LPS-treated RAW 264.7 cells. BRE treat-
ment inhibited IL-6 production in a concentration-de-
pendent manner, compared with the LPS-treated control
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Fig. 1. Effects of black radish extract (BRE) on the cell viability
and nitric oxide (NO) production of RAW 264.7 macrophages.
The cells were incubated for 24 h with different concen-
trations of BRE (25, 50, 100, and 200 pg/mL) with or without
1 ng/mL lipopolysaccharides (LPS) for 24 h. The cell viability
(A and B) and NO (C) production were measured using 3-(4,5-
dimethy-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide as-
say and enzyme-linked immunosorbent assay kit as described
in MATERIALS AND METHODS. Data are expressed as meant
SD (n=3) of the three independent experiments. **/2<0.01 ver-
sus control; *P<0.05 and **P<0.01 versus the untreated con-
trol group.
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Fig. 2. The effects of black radish extract (BRE) on prostaglandin E2 (PGE;) release and pro-inflammatory cytokines interleukin
(IL)-6, IL-1B, and tumor necrosis factor (TNF)-a. production. The RAW 264.7 cells were pre-treated with different BRE concentrations
for 1 h and then treated with lipopolysaccharides (LPS, 1 ug/mL) for another 24 h. Release of PGE; (A), IL-6 (B), IL-1B (C), and
TNF-a (D) in culture media were measured using enzyme-linked immunosorbent assay. Data are expressed as meanxSD of the
three independent experiments. *P<0.01 versus control; **£<0.01 versus LPS treatment alone.
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Fig. 3. The effects of black radish extract (BRE) on the lipopolysaccharides (LPS)-induced expression of inducible nitric oxide syn-
thase (iNOS) (A) and cyclooxygenase (COX)-2 (B). The cells were pre-treated with BRE (25, 50, 100, or 200 pg/mL) for 1 h and
then treated with LPS (1 pg/mL) for 24 h. Representative pictures of Western blot and quantitative analysis of blots. Each immunor-
eactive band was digitized and expressed as a ratio of B-actin levels. Data are expressed as mean%SD of the three independent
experiments. #/P<0.01 versus control; *P<0.05 and **P<0.01 versus LPS treatment alone.



Effects of Anti-Inflammatory by Black Radish 413

cells. Specifically, BRE extracts added to concentrations
of 100 and 200 pg/mL were seen to inhibit IL-6 produc-
tion by 60% and 80%, respectively (Fig. 2B). Moreover,
BRE inhibited IL-1B production in a concentration-de-
pendent manner, compared with the LPS-treated control
cells. Specifically, 50, 100, or 200 ng/mL BRE treatment
inhibited IL-1B production by 60%, 80%, and 95%, re-
spectively (Fig. 2C).

To study the effect of BRE on LPS-induced TNF-a se-
cretion, the RAW 264.7 cells were then treated with dif-
ferent concentrations of BRE to examine its effects on
LPS-induced TNF-a. secretion. BRE treatment inhibited
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TNF-a secretion in a concentration-dependent manner,
compared with the LPS-treated control cells. BRE (100
and 200 pg/mL) inhibited TNF-a secretion by 12% and
20%, respectively (Fig. 2D). Thus, these results indicate
that the BRE extract significantly inhibited the produc-
tion of PGE,, IL-1B, IL-6, and TNF-o..

The effects of BRE on iNOS and COX-2 protein expression
We performed Western blot analysis to determine the ef-
fects of BRE on iNOS expression. The LPS-treated RAW
264.7 cells with or without BRE were observed to signif-
icantly decrease iNOS levels, compared with that of the
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Fig. 4. The effects of black radish extract (BRE) on inducible
nitric oxide synthase (iNOS) (A), cyclooxygenase (COX)-2 (B),
tumor necrosis factor (TNF)-a (C), interleukin (IL)-1B (D), and
IL-6 (E) mRNA expression in lipopolysaccharides (LPS)-
stimulated RAW 264.7 macrophages. The cells were pre-treat-
ed with BRE (200, 100, 50, or 25 pg/mL) for 1 h and then treat-
ed with LPS (1 pg/mL) for 4 h. Cellular mRNA expression anal-
ysis was determined using quantitative polymerase chain re-
action. iNOS, COX-2, TNF-a, IL-1B, and IL-6 expression levels
were calculated after normalizing the signal against the B-ac-
tin gene. Data are expressed as meanxSD of the three inde-
pendent experiments. ##/P<0.01 versus control; *P<0.05 and
**P<0.01 versus LPS treatment alone.
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LPS-treated control cells. Further, treatment with 100
ug/mL of BRE extracts inhibited iNOS expression by 50%
relative to that of B-actin (Fig. 3A). COX-2, which is in-
duced during inflammation, produces inflammatory me-
diators, such as PGE,, which causes pain and fever (Shay
et al., 2015). Therefore, we performed Western blot anal-
ysis of COX-2 expression using the BRE-treated cells.
BRE inhibited COX-2 expression in a concentration-de-
pendent manner. Treatment with 100 pg/mL of BRE in-
hibited COX-2 expression by 60% relative to that of p-
actin (Fig. 3B). These data suggest that BRE reduced NO
and PGE, production by inhibiting iNOS and COX-2 ex-
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pression, thereby exerting an anti-inflammatory effect.

BRE inhibits the expression of mRNAs encoding COX-2,
iNOS, TNF-0, IL-1B, and IL-6

Next investigated whether BRE affected the levels of
mRNAs encoding COX-2, iNOS, TNF-q, IL-1B, and IL-6.
The LPS-treated control has significantly stimulated the
transcription of each of these mRNAs encoding COX-2,
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Fig. 5. The effects of black radish extract (BRE), AG490, and
phenethyl isothiocyanate (PEITC) on interleukin (IL)-6-induced
Janus kinase 2 (JAK2) (A and B) and signal transducer and
activator of transcription 3 (STAT3) (C, D, and E) phosphoryla-
tion. The RAW 264.7 cells were pre-treated with different BRE
concentrations for 30 min and then treated with IL-6 (10 ng/
mL) for 30 min. Representative pictures of Western blot and
quantitative analyses. Each immunoreactive band was digi-
tized and expressed as a ratio of STAT3 protein levels. Data
are expressed as meanzSD of the three independent experi-
ments. *P<0.01 versus control; *P<0.05 and **P<0.01 versus
IL-6 treatment alone (B, D, and E).
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0.5, 2.8+0.3, 26.0+0.2, and 34.8+0.5 folds, respectively.
Further, BRE pre-treatment was seen to significantly re-
duce the levels of these mRNAs (Fig. 4). Although COX-
2 levels in LPS+BRE-treated cells were consistently re-
duced compared with that in the LPS-treated control, the
differences were insignificant, except for 200 pg/mL BRE-
treated cells (Fig. 4B). Further, BRE treatment alone min-
imally affected the basal levels of mRNAs and the pro-
duction of cognate cytokines (Fig. 2). Furthermore, qPCR
analysis appears that mRNA expression levels of iNOS
and COX-2 are correlated with their protein levels (Fig.
3, 4A, and 4B). These results indicate that BRE has a sig-
nificant anti-inflammatory potential by suppressing LPS-
stimulated pro-inflammatory cytokine expression.

BRE inhibits IL6-induced JAK2/STAT3 phosphorylation in
RAW 264.7 cells

BRE has been observed to significantly inhibit IL-6 pro-
tein and mRNA expression (Fig. 2B and 4E). Next, we
examined whether the anti-inflammatory activity of BRE
can be explained by the inhibition of the activity of the
IL-6/STAT3 (JAK2/STAT3) signal transduction pathway
to investigate the underlying mechanism. JAK2 and
STAT3 phosphorylation levels were significantly in-
creased 30 min after the RAW 264.7 cells were treated
with IL-6 (Fig. 5A and 5C).

The IL-6 (10 ng/mL)-induced phosphorylation of JAK2
and STATS3 tyrosine residues was significantly inhibited
after the cells were treated for 30 min. These results indi-
cate that IL-6 induces JAK2 and STAT3 activation. More-
over, BRE dramatically inhibited IL-6-induced JAK2 and
STAT3 phosphorylation at the indicated concentration
(Fig. 5B and 5D).

AG490 is widely used as a therapeutic JAK inhibitor
because it specifically inhibits JAK2/STAT3 signaling
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(Huang et al., 2010). PEITC, which is one of the most
extensively studied ITCs, is a product of gluconasturtiin
hydrolysis, a glucosinolate typically found in watercress
from cruciferous vegetables, such as radishes and turnips
(Wang and Chiao, 2010). Therefore, we tested whether
AG490 and PEITC affected IL-6-induced STAT3 phos-
phorylation. For this purpose, IL-6-treated RAW 264.7
cells were treated with 30 uM or 10 uM of each com-
pound. As shown in Fig. 5E, compared with the IL-6-
treated control cells, AG490 and PEITC inhibited the
phosphorylation of STAT3 in a concentration-dependent
manner. These results demonstrate that AG490, PEITC,
and BRE inhibited STAT3 activity and may therefore
serve as potential anti-inflammatory agents.

BRE inhibits LPS-induced STAT3 phosphorylation

Recently, the STAT cascade has been reported to be es-
sential in mediating cytokine signaling and inflammatory
response. The JAK2/STAT3 cascade in LPS-stimulated
RAW 264.7 cells is an essential signaling pathway in
mediating immune responses and pro-inflammatory cy-
tokine production (Guo et al., 2014; Yang et al., 2014).
To investigate the activation of STAT3 in the LPS-induced
inflammatory response, we assessed the levels of the to-
tal and phosphorylated STAT3 in RAW 264.7 cells treat-
ed with LPS for 4 h to examine the activation of STAT3
in the LPS-induced inflammatory response. Our findings
show that there was a significant increase in phosphory-
lated STATS3 levels, compared with the untreated control
cells (Fig. 6). The significant decrease in the levels of
LPS-induced phosphorylated STAT3 in BRE-treated
cells, as compared with cells treated with LPS-treated
alone, suggests that BRE may function as a STAT3 activ-
ity modulator. Thus, these results are consistent with
the inhibition of the production of pro-inflammatory fac-
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Fig. 6. The effects of AG490, phen-
ethyl isothiocyanate (PEITC), and
black radish extract (BRE) on lipo-
polysaccharides (LPS)-induced sig-
nal transducer and activator of
transcription 3 (STAT3) phosphor-
ylation. The RAW 264.7 cells were
pre-treated with different concen-
trations of AG490, PEITC, and BRE
for 30 min and then treated with
LPS (1 pg/mL) for 4 h. Representa-
tive pictures of Western blot and
guantitative analyses. Each immu-
noreactive band was digitized and
expressed as a ratio of STAT3 pro-
tein levels. Data are expressed as
+ + + meanzSD of the three independent
- - - experiments. *#/P<0.01 versus con-
trol; *P<0.05 and **P<0.01 versus

100 50 25 LPS treatment alone.
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tors by BRE.

We also investigated whether the STAT3 activity in-
hibition by BRE was sufficient to cause the down-
regulation of inflammation induced by LPS to determine
the target of BRE that caused the inhibition of the in-
flammatory effects of LPS signaling. We found that the
total STAT3 levels were not significantly different with
or without BRE treatment of LPS-treated RAW 264.7
cells. In contrast, we found that phospho-STAT3 levels
were significantly increased in LPS-treated RAW 264.7
cells and were significantly decreased when the cells
were treated with different concentrations of BRE. Thus,
BRE attenuated LPS-induced inflammation by inhibiting
STAT3 phosphorylation. As shown in Fig. 5B and 5D,
BRE has significantly inhibited the IL-6-induced JAK2
and STATS3 tyrosine phosphorylation. Therefore, we per-
formed an investigation on the effects of BRE on the LPS-
mediated phosphorylation of STAT3, compared with that
of AG490 and PEITC. As expected, PEITC and BRE in-
hibited the LPS-mediated STAT3 phosphorylation in a
concentration-dependent manner (Fig. 6).

The effects of BRE on MAPK phosphorylation and HO-1
expression

The MAPK family comprises stress-activated protein ki-
nase/JNK, ERK1/2, and p38 MAPK. These signal trans-
ducers have been seen to play significant roles in prolif-
eration regulation, inflammatory mediator expression, and
macrophage apoptosis (Chen and Wang, 1999). IL-6 and
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LPS activate the JAK2/STAT3 and toll-like receptor
4-mediated signal transduction pathways, which contrib-
ute to MAPK activation that regulates the generation of
pro-inflammatory mediators. We performed Western blot
analysis of the phosphorylation of ERK1/2 and JNK to
determine whether BRE’s inhibitory effect on the inflam-
matory response was mediated through the MAPK sig-
nal transduction pathway. We found that LPS significant-
ly decreased ERK1/2 and JNK phosphorylation, compared
with the control cells. Furthermore, BRE pre-treatment
of the cells for 1 h significantly decreased ERK and JNK
activation that was induced by LPS (Fig. 7). Therefore,
BRE exerted a significant effect on the downregulation
of ERK1/2 and JNK phosphorylation in LPS-treated cells,
suggesting that these pathways are involved in the an-
ti-inflammatory activity of BRE.

However, the MAPK signal transduction pathway acti-
vation may explain, in part, the ability of BRE to rescue
cells from the cytotoxic effects of the inflammatory re-
sponse. Moreover, we detected a decrease of p-ERK and
p-JNK but not in the total ERK or JNK levels.

The HO-1 induction is principally regulated by the
NRF2/Kelch-like epichlorohydrin-associated protein 1
system, which is considered as the main sensor system
of the antioxidative response that regulates the expres-
sion of a series of antioxidant enzymes. Furthermore,
the NRF2/HO-1 pathway protects cells against oxidative
stressors or organic compounds, such as sulforaphane,

curcumin, resveratrol, and epigallocatechin gallate
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Fig. 7. The inhibitory effects of black radish extract (BRE) on extracellular signal-regulated protein kinase (ERK) and c-Jun N-termi-
nal kinase (JNK) phosphorylation in RAW 264.7 macrophage cells. The cells were pre-treated with BRE for 1 h prior to lip-
opolysaccharides (LPS) treatment. After treatment with 1 ug/mL LPS, the phosphorylated JNK (A and C) and ERK (B and D) levels
were analyzed by immunoblotting. ERK and JNK levels were estimated by the loaded protein as each control. Data are expressed

as meanzxSD of the three independent experiments.

#P<0.01 versus control; *P<0.05 and **P<0.01 versus LPS treatment alone.
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Western blot and quantitative analyses. Each immunoreactive band was digitized and expressed as a ratio of B-actin levels. Data
are expressed as meanxSD of the three independent experiments. #p<0.01 versus control; **P<0.01 versus LPS treatment alone.

(EGCG). HO-1 also confers protection against cell death
through its anti-apoptotic, anti-inflammatory, and anti-
proliferative effects (Huang et al., 2015).

To investigate the cells were then treated with or with-
out LPS to examine the potential of BRE in modulating
the NRF2 signal transduction pathway in RAW 264.7
cells, and the cell extracts were analyzed using Western
blotting to determine the levels of HO-1 (Fig. 8A and 8C).
The cells were treated with BRE and LPS for 4 h. LPS
treatment induced slightly higher HO-1 levels, and BRE
was found to increase HO-1 levels in a concentration-de-
pendent manner (Fig. 8B and 8D). These results indicate
that the anti-inflammatory effects of LPS on RAW 264.7
cells may be mediated by the NRF2/HO-1-pathway. How-
ever, BRE may contribute to the anti-inflammatory ef-
fects of signaling through the STAT3/NF-xB/ERK/JNK
pathway. These results further indicate that the NRF2
pathway regulation may contribute to BRE’s anti-inflam-
matory effects.

DISCUSSION

Radish is a vegetable that is mainly cultivated in Europe,
Spain, Myanmar, Nepal, China, Japan, and Korea. Radish
roots are primarily used as food and food supplement.
The beneficial effects of its roots, sprouts, seeds, and
leaves include its detoxification in HepG2 cells (Hanlon
et al., 2007; Scholl et al., 2011) and its hepatoprotective
(Lee et al., 2012), antioxidant (Lugasi et al., 1998; Lugasi
et al., 2005; Beevi et al., 2012), anti-inflammatory (Park
and Song, 2017), gastroprotective (Algasoumi et al.,

2008; Ahn et al., 2013), antimicrobial (Nehrash, 1961;
Gutiérrez and Perez, 2004), anti-fibrotic (Asghari et al.,
2015), anti-obesity (Kim et al., 2014), anti-lipogenic (Kim
et al., 2015b), and anti-diabetic (Taniguchi et al., 2007;
Shukla et al., 2011; Banihani, 2017) properties. These
beneficial effects are often attributed to its sulfur com-
pounds, phenolic compounds, glucosinolates, and flavo-
noids (Gutiérrez and Perez, 2004; Ediage et al., 2011;
Shin et al., 2015).

For example, radish juice and radish sprouts (Japanese
radishes) were observed to attenuate oxidative stress-in-
duced inflammatory responses and pancreatic f-cell dam-
age in streptozotocin-induced diabetic rats (Taniguchi et
al., 2007; Shukla et al., 2011). Furthermore, dietary sup-
plementation with radish roots has been reported to
lower blood glucose levels and improve lipid metabolism
in type 2 diabetic rats and normal mice. In vitro and in
vivo models demonstrated that black radish induced
phase I and II enzymes (Evans et al., 2014). For example,
the phase I detoxification enzymes (CYP isoenzymes
CYP1A1 and CYP1A2) and phase II detoxification en-
zymes (glutathione S-transferase, quinone reductase, and
microsomal epoxide hydrolase) were significantly stimu-
lated by a diet containing 20% freeze-dried radish
(Hanlon et al., 2007; Hanlon et al., 2009). Furthermore,
a 20% radish diet protected mice following exposure to
the model carcinogen, 7,12-dimethylbenz(a)anthracene
(DMBA), through phase I and II enzymes involved in
DMBA clearance (N’jai et al., 2012). Moreover, ingest-
ing radish was seen to induce detoxification enzymes in
mice, and although there were numerous human studies
investigating the effects of fresh crucifers (Hanlon et al.,
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2007; Scholl et al., 2011), there are only a few studies
examining the effects of BRE on inflammation (Sipos et
al., 2002; Jin et al., 2016; Park and Song, 2017).

An indole glucoside isolated from the seeds of R. sat-
ivus inhibited IL-6 production by TNF-a-stimulated MG-
63 cells (Jin et al., 2016), and the phenylpropanoid sitos-
terol sucrose, which was isolated from the seeds of R.
sativus, inhibited NO production by LPS-activated mur-
ine microglial BV-2 cells (Kim et al., 2014; Kim et al.,
2015a). Therefore, BRE can be potentially used to re-
duce inflammation by inhibiting NO production. More-
over, the chloroform fraction of R. sativus leaves inhib-
ited iNOS and COX-2 expression, thereby reducing in-
flammation (Park and Song, 2017). These results are
consistent with those of the present study.

Overexpressing inflammation-related mediators and
cytokines generated from macrophage activation can re-
sult in inflammatory disorders (Itzkowitz, 1997; Libby et
al., 2002; Elinav et al., 2013; Esser et al., 2014). In this
study, we found that BRE significantly inhibited the in-
creased NO, TNF-q, IL-6, and IL-1p production by RAW
264.7 cells. Furthermore, BRE significantly inhibited
iNOS and COX-2 expression. Together, these results in-
dicate that BRE may serve as a potential anti-inflammato-
ry agent worthy of further study. For example, we must
determine whether BRE inhibits STAT3 activity to inter-
fere with the inflammatory response of activated macro-
phages. We focused on the IL-6-mediated JAK2/STAT3
pathway to identify the mechanism of the anti-inflam-
matory effect of BRE, which functions in the immune re-

Nucleus

sponse and is normally active in the liver in NAFLD.

For example, STAT3 activation was reported to induce
the increased TNF-qa, IL-10, and IL-1p release (Kim et
al., 2007; Duarte et al., 2015) and was ultimately re-
sponsible for increased iNOS and COX-2 expression. In
this part of the study, we showed that the levels of IL-
1B, TNF-a, and IL-6 were decreased in LPS-treated RAW
264.7 cells via the inhibiting effect of BRE on STAT3
activation. These data were further supported by our de-
tection of the significant inhibitory effects of BRE on
STATS3 activity in IL-6- or LPS-treated RAW 264.7 cells.
Consistent with these findings, silibinin and tricin 4’-O-
(threo-B-guaiacylglyceryl) inhibited iNOS and COX-2 ex-
pression, as well as NO production via inhibition of
STATS3 activation (Tyagi et al., 2012; Jung et al., 2014).
Furthermore, silibinin synergized with a STAT3 inhibitor
via inhibition of the activation of STAT3 transcription,
and this inhibitory effect reduced iNOS and COX-2 ex-
pression, as well as NO generation in LPS-treated RAW
264.7 cells (Guo et al., 2014; Yang et al., 2014). More-
over, STAT3 may also act as an oncogene by activating
the expression of several anti-apoptotic genes, such as
those that encode B-cell lymphoma-2, cyclin D1, and
myeloid cell leukemia-1 (Banerjee and Resat, 2016).

Whether BRE affects these processes requires further
research. Notably, BRE affects the NRF2, NF-«xB, and
STAT3 signal transduction pathways similar to electro-
philic compounds and health foods, as well as nutraceuti-
cals, such as sulforaphane, curcumin, resveratrol, EGCG,
indole-3-carbinol, PEITC, and quercetin (Huang et al.,

Fig. 9. Schematic illustration of the
inhibitory effect of black radish ex-
tract (BRE) in lipopolysaccharides
(LPS)-stimulated RAW 264.7 cells.
BRE may be beneficial in treating
inflammation through its selective
immunomodulatory effects, which
may be mediated by Janus kinase
2 (JAK2)/signal transducer and acti-
vator of transcription 3 (STAT3) in-
hibition and nuclear factor eryth-
roid-2-related factor 2 (NRF2)/heme
oxygenase-1 (HO-1) signal transduc-
tion pathway activation, respective-
ly. The arrows represent the activa-
tion, whiles the T-shaped arrows
indicate inhibition. ATF4, activating
transcription factor 4; IL, interleu-
kin; NO, nitric oxide: iNOS, inducible
NO synthase; KEAP1, Kelch-like ep-
ichlorohydrin-associated protein 1;
MAPK, mitogen-activated protein
kinase; P, phosphorylation; TLR4,
toll-like receptor 4; TNF-a, tumor
necrosis factor alpha.

Cytoplasm
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2015). Whether the positive influence of BRE, including
that of glucosinolate, can be extended to NAFLD, inflam-
mation, cancer, lipogenesis, and other diseases remains
to be determined. For example, a recent study found
that oxidative disease is mitigated in vivo and in vitro by
glucosinolate (Fuentes et al., 2015; Ahn et al., 2016;
Ferramosca et al., 2017).

BRE was seen to inhibite the LPS-induced ERK and
JNK activation in RAW 264.7 cells. MAPKSs are activated
by diverse stimuli to regulate cell proliferation, differen-
tiation, and apoptosis (Chun et al., 2012). ERK is gener-
ally activated by growth factors, cytokines, and phorbol
esters, which regulate cell proliferation or differentiation.
Meanwhile, JNK is activated by pro-inflammatory cyto-
kines, ultraviolet irradiation, heat, and osmotic shock,
which inhibit proliferation and induce apoptosis. How-
ever, this present study shows that BRE treatment sig-
nificantly inhibited p-ERK, p-JNK were involved in LPS-
induced inflammation.

HO-1 is considered as an important cytoprotective en-
zyme, which is as widely accepted source of oxidative
stress. In this study, we showed that HO-1 expression
significantly increased in LPS-treated RAW 264.7 cells
and that BRE treatment increased the LPS-induced HO-1
expression (Fig. 8). Similar to the LPS-inducible proteins
iNOS and COX-2, BRE inhibited the protein expression
in LPS-stimulated RAW 264.7 cells (Fig. 3).

To conclude, we found that microgram quantities of
BRE inhibited the inflammatory response of RAW 264.7
cells that was associated with iNOS and STAT3 inhibi-
tion to enhance signaling through the MAPK/NRF2 sig-
nal transduction pathway (Fig. 9). Thus, this study com-
plements our knowledge of BRE’s bioactivity profile, con-
firms that STAT3 is a promising drug target for treating
vascular diseases, and stresses the potential of thiol-re-
active compounds, such as glucosinolate, as pharmacolog-
ical agents with an overall favorable bioactivity profile.
Together, our study’s results provide a compelling evi-
dence indicating that the anti-inflammatory effect of BRE
on LPS-stimulated RAW 264.7 cells is explained by JAK2
/STATS3 signaling inhibition, leading to the activation of
pro-inflammatory regulators and the inhibition of anti-
inflammatory regulators, rather than through a general
cytotoxicity mechanism. To the best of our knowledge,
this is the first study that demonstrated the use of BRE
as a JAK2 or STATS3 inhibitor, which induces anti-inflam-
matory effects.
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