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Abstract

neurodegenerative processes in the brain.

Neuroprotection

External stimulus-induced activation of microglia plays an important role in the protection of neurons in the cen-

tral nervous system; however, over-activation of microglia could cause neuronal damage, and it is implicated in the
pathogenesis of neurodegenerative diseases. The aim of the present study was to investigate the effects of wild radish
(Raphanus sativus var. hortensis f. raphanistroides) root extract (WRE) on microglial over-activation. Mouse microglia
BV-2 cells and rat primary microglia were stimulated with lipopolysaccharide (LPS), treated with WRE, and analyzed
for nitric oxide (NO) production, pro-inflammatory cytokine secretion, inducible NO synthase (iNOS) expression, and
p38 kinase phosphorylation. Human neuroblastoma SH-SY5Y cells were treated with microglia-conditioned medium
and analyzed for cell viability. Stimulation with LPS increased NO production and iNOS expression in BV-2 cells and
primary microglia, but the treatment with WRE decreased both. Furthermore, WRE downregulated the mRNA expres-
sion and secretion of inflammatory cytokines interleukin-1 beta (IL.-1(3) and tumor necrosis factor alpha (TNF-a), and
inhibited the phosphorylation of p38 in LPS-activated microglia. Treatment with the conditioned medium of LPS-
induced BV-2 cells decreased the viability of SH-SY5Y cells, but the damaging effect was significantly alleviated in cells
treated with the conditioned medium of LPS plus WRE-cultured microglia. This indicated that the WRE treatment of
microglia could protect neuronal cells from microglial activation-induced neurotoxicity. WRE may be a potential food
product to attenuate neuroinflammation via the inhibition of microglial over-activation, which can slow down the
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Introduction

Raphanus sativus (radish) and R. sativus var. hortensis f.
raphanistroides Makino [Korean wild radish (WR)] are
root vegetables belonging to the family Brassicaceae.
These radish species mostly grow in coastal areas and are
popular in Asia, where they have been traditionally used
as a medicinal food to treat hepatotoxicity and indiges-
tion [1, 2]. Biologically active molecules in radish, such
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as phenolic compounds, ferulic acid, glucosinolate, and
sulforaphane, possess anti-oxidant, anti-inflammatory,
and anti-cancer effects [3—8]. Among these components,
ferulic acid has been reported to have antioxidant effects
in Alzheimer’s disease (AD) and other pathologic condi-
tions [9]. Therefore, we speculated that ferulic acid could
be one of the active component of WR.

Potential benefits of plant-derived antioxidants against
various neurodegenerative disorders, including AD,
have been emphasized; however, there is no informa-
tion regarding the effects of radish on the central nerv-
ous system (CNS). Choi et al. [10] demonstrated that R.
raphanistrum extracts can reduce lipid peroxidation and
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improve brain function in a mouse model of AD, sug-
gesting that radish can protect against neurotoxic effects
associated with oxidative stress. However, there are no
reports on the effects of radish on microglia, the primary
immune cells in the CNS.

Microglia function by scavenging damaged neurons
and secreting neurotrophic factors to support neuronal
survival and protect neurons from pathogens and other
insults [11-15]. However, in the over-activated state,
microglia promote neuronal cell death by releasing exces-
sive amounts of pro-inflammatory factors such as nitric
oxide (NO) and reactive oxygen species [16, 17], impli-
cating microglial activation in the pathogenesis of pro-
gressive neurodegenerative brain diseases such as AD,
Parkinson’s disease, and amyotrophic lateral sclerosis.
Therefore, prevention of over-activation of microglia and
inhibition of excessive inflammation may protect neu-
rons from degeneration and maintain their survival.

Microglial cell line BV2 was originally immortalized
from murine neonatal microglia by infection with a v-raf/
v-myc oncogene-carrying virus [18]. Because BV2 is eas-
ier to maintain than primary microglia, it is frequently
used as an alternative to primary microglia [19]. How-
ever, immortalization may result in a different pheno-
type and disrupt normal physiological functioning of the
primary microglia [20]. Therefore, we confirmed neuro-
toxic and neuroprotective activities using both BV2 and
primary microglia derived from the forebrain of neonatal
rats.

It has been demonstrated that various natural com-
pounds suppress neuronal cell death by inhibiting micro-
glial over-activation and neuroinflammation [21, 22],
suggesting their potential application in the treatment of
neurodegenerative diseases. Given the anti-inflammatory
activity of radish, in this study, we investigated the ability
of WR extract (WRE) to regulate the activation of micro-
glia and reduce their neurotoxic activity. We also aimed
to evaluate the potential of WRE in mitigating neurode-
generation. To the best of our knowledge, this is the first
study to examine the neuroprotective effects of WRE in
the context of microglial activation.

Methods
Materials
Lipopolysaccharide (LPS), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), N°-
[imino(methylamino)methyl]-L-ornithine citrate

(L-NMMA, a NO synthase (NOS) inhibitor), and ferulic
acid were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The primary antibodies against p38, phospho-
p38, and inducible NOS (iNOS) were obtained from Cell
Signaling (Danvers, MA, USA) and p-actin antibody was
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purchased from Santa Cruz Biotechnology (Paso Robles,
CA, USA).

WR extraction

Freshly dried roots of R. sativus var. hortensis f. raphan-
istroides Makino were supplied by Semyoung Univer-
sity (Chungcheongbuk-do, Korea) and authenticated by
Professor Pyeongjae Lee in the Department of Natural
Medicine Resources, Semyoung University. A sample
of R. sativus, voucher specimen No. KFRI-MAT-0087,
has been deposited at the Korea Food Research Insti-
tute. Crude extracts were prepared by sonicating the
dried roots in 80% methanol and incubating for 24 h.
The extracts were filtered, evaporated, and powdered by
freeze-drying.

Ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS)

To determine the amount of ferulic acid (4-hydroxy-
3-methoxycinnamic acid) in WR, the UPLC analysis
was performed using an Acquity UPLC system (Waters,
Miliford, MA, USA). MS/MS was performed by elec-
trospray ionization (ESI) on a Waters Xevo TQ triple-
quadrupole mass spectrometer, and data were processed
using MassLynx 4.1 (Waters) software. The auto-sampler
was conditioned at 4 °C and the injection volume was 5
pL. The mobile phase consisted of 10 mM ammonium
acetate and 0.2% formic acid in water (solvent A) and
0.1% formic acid in acetonitrile (solvent B). The flow rate
was 0.35 mL/min, and gradient elution was conducted
with the following protocol: 0—2 min, 90-90% solvent
A; 2—-3 min, 90-0% solvent A; 3—5 min, 0—0% solvent A;
5-5.5 min, 0-90% solvent A. Chromatographic separa-
tion was achieved on an Acquity UPLC BEH C18 column
(2.1 mm x 100 mm, 1.7 um) at 40 °C, and the total run
time was 7 min. The LC-MS/MS system was operated
in the negative ESI mode, and scanning was performed
in the multiple reaction monitoring (MRM) mode. The
precursor to the product ion transition of ferulic acid was
monitored at m/z 192.9— m/z 134.0. The capillary and
cone voltages were 2.5 kV and 20 V, respectively, cone gas
flow was 50 L/h, and collision energy was set at 15 V. The
source and desolvation gas temperatures were 150 and
400 °C, respectively, and desolvation gas flow was 800
L/h.

Cell culture

BV-2 murine microglia and SH-SY5Y human neuro-
blastoma cells were obtained from American Type
Culture Collection (Manassas, VA, USA). The cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum and 1%
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penicillin—streptomycin. SH-SY5Y cells were differenti-
ated using 10 um retinoic acid and 1% FBS.

Primary microglial cells were obtained from the fore-
brain of newborn Sprague—Dawley rats in accordance
with the guidelines of the Animal Care and Use Com-
mittee of the Korea Food Research Institute (KFRI-
M-14009). Rats on postnatal days 1-2 were rinsed with
70% ethanol and quickly euthanized by decapitation
under the supervision of veterinary experts.

The rat primary microglial cultures were performed
following the method of Antonellla et al. with modifica-
tions [23]. Briefly, the forebrain samples of neonatal rats
were isolated and chopped. The tissues were then disso-
ciated by mechanical disruption using a nylon mesh. The
cells were seeded into T-75 flasks, and after 10—14 days of
culture, primary microglia were isolated by mild trypsi-
nization (0.05%). Isolectin B4 staining was performed to
determine the microglia culture purity, which was more
than 95% (data not shown). Primary microglial cells were
pre-treated in the presence or absence of WRE (1, 10, and
50 ug/mL) for 2 h, and then exposed to LPS (2 pg/mL) for
24 h and analyzed for viability using the MTT assay.

Conditioned medium culture

The ability of WRE to inhibit the toxic effects of over-
activated microglia on neurons was investigated using
microglia-conditioned medium (CM). To obtain CM,
BV2 microglia were treated with LPS (2 pg/mL) or LPS
plus WRE (50 pg/mL, 2-h pretreatment) for 24 h, and
the supernatant was collected and centrifuged. SH-SY5Y
cells were seeded at a density of 1 x 10° cells/mL, cul-
tured for 24 h, treated with conditioned medium for 24 h,
and performed the MTT assay to determine cell viability.

NO assay

BV2 cells were seeded in 96-well plates, pre-treated or
not with WRE for 2 h, and treated with LPS for 24 h;
then, the concentration of nitrite (a product of NO oxi-
dation) in the medium was analyzed. For this, the cell
supernatant (50 pL) was mixed with an equal volume of
Griess reagent (1% sulfanilamide and 0.1% N-1-napthyl-
ethylenediamine dihydrochloride in 5% phosphoric acid),
and the concentration of NO was measured after 10 min
at 540 nm using a microplate reader (Molecular Devices,
Sunnyvale, CA, USA); sodium nitrite was used as the
standard to calculate nitrite concentration.

Western blotting

To determine p38 and phospo-p38 expression, the cells
were pretreated without or with WRE for 2 h and then
with LPS for 1 h. For iNOS expression, the cells were
pre-treated without or with WRE for 2 h followed by LPS
treatment for 24 h. Proteins were extracted using lysis
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buffer containing 50 mM Tris—HCI (pH 8.0), 150 mM
NaCl, 0.02% sodium azide, 0.1% SDS, 1% Nonidet P-40,
0.5% sodium deoxycholate, 1 mM phenylmethylsulfonyl
fluoride. Protein concentration was determined using the
Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA, USA).
The proteins were loaded in 10% for p38 and phosph-p38
and 8% gels for iNOS, subjected to SDS—polyacrylamide
gel electrophoresis, and transferred onto a nitrocellulose
membrane. The membrane was blocked with 5% skim
milk for 1 h and was incubated overnight at 4 °C with
primary antibodies against iNOS, p38, phospho-p38,
and P-actin. The membrane was then washed and incu-
bated with horseradish peroxidase-conjugated secondary
antibodies, and the protein bands were observed using
the ECL reagent (Thermo Fisher Scientific, Chicago, IL,
USA).

Enzyme-linked immunosorbent assay (ELISA)

The cells were seeded in 24-well plates, pre-treated or
not with WRE for 2 h, and then treated with LPS for 24 h.
The levels of pro-inflammatory cytokines interleukin 1
beta (IL-1P) and tumor necrosis factor alpha (TNF-a) in
the supernatants of cells were measured using ELISA kits
(Invitrogen, Carlsbad, CA, USA), according to the manu-
facturer’s protocol.

Real-time PCR (RT-PCR)

The cells were seeded in six-well plates, pre-treated with-
out or with WRE for 2 h, and then with LPS for 24 h. The
total RNA was extracted using NucleoSpin® RNA (Mach-
erey—Nagel, Duren, Germany), and the RNA concentra-
tion was measured using NanoDrop One/One® (Thermo
Fisher Scientific). Complementary DNA was synthesized
using the iScript” cDNA Synthesis Kit (Bio-Rad) and
used as a template in the RT-PCR performed with SYBR
Green (Bio-Rad) on a CFX96"" Real-Time PCR Detec-
tion System (Bio-Rad). Primer sequences used were as
follows: 5'-CATCTTCTCAAAATTCGAGTGACAA-3'
(forward) and 5-ACTTGGGCAGATTGACCTCAG-3'
(reverse) for TNF-a; 5-GCAACTGTTCCTGAACTC
-3’ (forward) and 5-CTCGGAGCCTGTAGTGCA-3’
(reverse) for IL-1f3; and 5'-ATCCTGAAAGACCTCTAT
GC-3' (forward) and 5-AACGCAGCTCAGTAACAG
TC-3' (reverse) for -actin. Relative mRNA expression
was determined using the comparative delta Ct (2742
method after normalization to the pB-actin Ct values.

Statistical analysis

The data are presented as mean=standard deviation.
Student’s t-test and one-way analysis of variance were
performed to compare two independent and multiple
independent datasets (post hoc Tukey’s test) with normal
distribution.



Do et al. Appl Biol Chem (2021) 64:31

Results

Identification and quantification of ferulic acid in WRE

by UPLC-MS/MS

We measured ferulic acid concentration in WRE by
UPLC-MS/MS based on the peak area and calibration
curve (Fig. 1). The concentration of ferulic acid was
216.37 £6.85 ug/g WRE.

Inhibitory effect of WRE on over-activated microglia

WRE (1-50 pg/mL) reduced NO production by acti-
vated microglia in a concentration-dependent manner:
1, 10, and 50 pg/mL WRE reduced the NO level from
23.0 uM to 18.2, 15.2, and 9.8 uM, respectively, in BV-2
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cells (Fig. 2a), and from 32 uM to 29.3, 21.0, and 14.3 pM,
respectively, in rat primary microglia (Fig. 2b). It should
be noted that WRE alone did not promote NO release
(Fig. 2¢) and did not affect cell viability (Fig. 2d—f), indi-
cating that the decrease in NO production was due to
specific effects of WRE on LPS-activated microglia and
not its cytotoxicity.

Effects of WRE on the secretion of pro-inflammatory
cytokines

In BV-2 cells, LPS caused a ninefold increase in the
TNF-a level, but treatment with 50 pg/mL WRE
decreased it by 70% compared with the levels in cells
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Fig. 1 Analysis of ferulic acid content in wild radish extract (WRE). Representative ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) chromatograms (a) and full-scan product ion spectra of (M+H) +ions and fragmentation (b) of ferulic acid are shown
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cultured with LPS alone; however, 1 and 10 pg/mL WRE
had no effect (Fig. 3a). The IL-1P level was increased
by fourfold by LPS treatment; however, WRE at 10 and

50 pg/mL decreased it by 30% and 60%, respectively
(Fig. 3b). Consistent with these results, LPS caused a
four and twofold increase in the TNF-a and IL-18 mRNA

1200.0 b600.0 c 5.00 d 4.00
#i##
1000.0 #i# 500.0 _.4.00 200
) 2 3.
. £ H
g 800 o 4000 £ 3.00 H
g £ : g §
< 6000 £ 300.0 5 g 2.00
W ;‘ £ 2.00 g il
z - “’
F 4000 T 2000 a g g -
z 24
I I - I I I I
200.0 100.0
0.0 . 0.0 0.00 0.00
WR(pg/m) - - 1 10 50 WR(ug/m) - - 1 10 50 WR (ug/mi) WR(ugim) - 10 50
LPS (ng/m 2 2 2 2 Ps(ugm) - 2 2 2 2 LPS (ugm) - 2 2 2 2 LPS(gm) - 2 2 2 2
14000.0 f 12000 g 9.00 h 6.00
Kl ### 8.00 i
12000.0 1000.0
* 2 7.00 -
. g 2
100000 8000 £ 6.00 . Fao
H E 5 §
- g
g 8000.0 - g 6000 E 5.00 E 200
¥ 60000 & g0 §
H = 4000 7 .00 e X
40000 b z 2
F 2.00
20000 2000 l 1.00 I
00 0.00 . 0.00
WR gy - - 1 10 50 WR(ug/mb - - ! 1 s WR(ugim) - - 1 10 R(wml) - 10 50
LPS (npgim) - 2 LPS (ug/mh) LPS (ugm) - 2 2 2 2 LPS(ugm) - 2 2
Fig. 3 Effect of wild radish extract (WRE) on the production of pro-inflammatory cytokines by microglia. BV-2 cells (a-d) and primary microglia
(e-h) were treated with lipopolysaccharide (LPS; 2 ug/mL) with or without WRE (1, 10, and 50 pg/mL); then, tumor necrosis factor alpha (TNF-a)
and interleukin (IL)-1( secretion were analyzed by enzyme-linked immunosorbent assay (ELISA) (a, b, e, f) and mRNA expression by RT-PCR (c, d, g,
h). The data are presented as the mean = standard deviation (SD) of three independent experiments. #*p < 0.001 compared with the control cells;
*p<0.05,**p<0.01,and ***p <0.001 compared with the LPS-treated cells




Do et al. Appl Biol Chem (2021) 64:31

levels, respectively, whereas WRE, in a dose-dependent
manner, significantly attenuated these effects. The cells
treated with 50 pg/mL WRE presented mRNA levels
similar to those in the (LPS-untreated) control group
(Fig. 3¢, d).

Similar results were obtained in primary microglial
cells; LPS considerably induced TNF-a and IL-1f secre-
tion (28 and 5 times, respectively), whereas WRE reduced
it in a dose-dependent manner (Fig. 3e, f). The TNF-a
level in the medium was reduced to 50% by 50 pg/mL
WRE and the IL-1f level was reduced to 50% and 80% by
10 and 50 pg/mL WRE, respectively, compared with their
levels in the LPS group. The same trend was observed for
the mRNA expression of TNF-a and IL-1, which were
considerably upregulated by LPS but downregulated (to
70% and 60%, respectively) by 50 pg/mL WRE (Fig. 3g, h).
These results indicate that WRE could inhibit the expres-
sion of pro-inflammatory cytokines in over-activated
microglia.

Inhibitory effects of WRE on iNOS expression

WRE, in a dose-dependent manner, decreased the
expression of iNOS in LPS-stimulated BV-2 cells,
although the effect was significant only at 50 pg/mL
(Fig. 4a). WRE also tended to downregulate iNOS expres-
sion in primary microglia treated with LPS; however, the
decrease was not significant (Fig. 4b).

Regulatory effects of WRE on p38 phosphorylation

The western blotting analysis showed that there was a
13-fold increase in p38 phosphorylation in LPS-treated
BV-2 cells, but the increase was significantly attenuated
in the WRE+LPS group (Fig. 4c). A similar trend was
observed in primary microglia, where LPS-induced p38
phosphorylation was reduced by WRE (Fig. 4d).

Reduced neurotoxicity of WRE-treated microglia

The treatment with the control CM supplemented with
LPS did not affect the viability of SH-SY5Y cells; however,
this was reduced by the CM of LPS-treated BV-2 cells to
58%, whereas the CM of WRE 4+ LPS cells attenuated this
negative effect by 86% (Fig. 4e). These findings indicate
that the inhibition of microglial pro-inflammatory activ-
ity by WRE could increase the survival of neuronal cells.

Discussion

Several studies have examined the protective effect of
natural extracts and food products against neurodegen-
erative diseases such as AD [24-27], but the underlying
physiological mechanisms are unclear. One of the mecha-
nisms could be the activation of microglia, which are cells
responsible for the immune response in the CNS. The
immune system of the brain is clearly not absolute, and
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the CNS is sensitive to inflammatory events both inside
and outside the brain. The effects of microglial activa-
tion on neurons can range from beneficial to detrimen-
tal. When over-activated, microglia release inflammatory
factors and neurotoxins, including cytokines, NO, and
reactive oxygen species, which trigger sustained inflam-
matory reactions leading to neuronal apoptosis [28, 29].
Another mechanism is increased oxidative stress in the
brain, which induces protein, lipid, DNA, and RNA oxi-
dation, thereby triggering neuronal damage [30]. Micro-
glial activation and oxidative stress are considered to play
a critical role in the pathogenesis of neurodegenerative
disorders. Furthermore, the suppression of microglia-
mediated inflammation and oxidative stress has been
shown to prevent neuronal damage [31-33], and this
could be a potential strategy to treat neurodegeneration.

Korean wild radish has been reported to have anti-can-
cer effects, but its neuroprotective effects have not been
reported [8]. Choi et al. reported the neuroprotective
effects of radish by its antioxidant activity [9]; however,
the study did not include Korean wild radish. Moreo-
ver, the antioxidant mechanism appeared only in neu-
ron-like cells, and not in cell-to-cell interactions in the
CNS. Therefore, we examined the effects of wild radish
in terms of cell-to-cell interaction. Wild radish contains
various phenolic compounds, and it is known to contain
ferulic acid, which is known to be effective in improv-
ing neurodegenerative diseases [34, 35]. Therefore, we
surmised that if Korean wild radish had neuroprotective
effects, it would be due to ferulic acid, and its content
was measured (Fig. 1).

BV2 is frequently used as an alternative to primary
microglia [18], but this cell line may present results
different from those of primary microglia because of
different phenotypes and disruption of normal physi-
ological functions [19]. Therefore, in this study, we
evaluated the inhibitory activity of WR against LPS-
induced microglial activation in both BV2 cells and
primary microglial cells. In the present study, the WR
extract inhibited LPS-induced NO production and
iNOS expression in BV-2 and primary cultured micro-
glia cells (Figs. 2 and 4). These similar results in BV2
and primary microglial cells provided evidence that WR
has potential as a neuroprotective agent. Furthermore,
the WR extract not only inhibited the synthesis of pro-
inflammatory cytokines such as IL-13 and TNF-a, but
also reduced the gene expression of these cytokines
(Fig. 3). Furthermore, WRE suppressed the phospho-
rylation of MAPK p38, implicated in the regulation of
inflammatory responses to various stress stimuli such
as osmotic shock, LPS, and UV [36-38]. It has been
demonstrated that activated microglia induce inflam-
mation via the phosphorylation-dependent activation
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of p38, resulting in the enhanced expression of iNOS
and secretion of pro-inflammatory cytokines [39].

Moreover, p38 is a well-known critical regulator of
IL-1p and TNFa overproduction in microglia [40].
Thus, it can be speculated that WRE inhibited micro-
glial over-activation by reducing p38 phosphorylation,
which can downregulate the release of inflammatory
mediators. However, it is possible that protein kinases
other than p38 are involved in mediating the WRE
effect on LPS-activated microglia.

The neuroprotective effect has been evaluated by
treating SH-SY5Y cells with a conditioned medium of
BV2 cells [41]. It is known that SH-SY5Y cells generally
did not show cell death by LPS, but LPS-treated BV2
conditioned medium is known to reduce the viability
of SH-SY5Y cells [42]. It might be that a neurotoxic
substances produced and secreted by BV2 cells due to
LPS treatment caused cytotoxicity to SH-SY5Y cells.
As shown in Fig. 4, when SH-SY5Y cells were treated
with conditioned media of cells treated with LPS alone
or LPS+ WR extract, neurotoxicity of the LPS+ WR
group was reduced compared with that of the LPS
alone group. This can be attributed to the neuropro-
tective effect of biomolecules mediated by cell-to-cell
interaction.

In the present study, WRE downregulated the produc-
tion of NO and pro-inflammatory cytokines by LPS-acti-
vated microglia, and this attenuated the neurotoxicity of
microglial CM on neuronal cells. These results suggest
that WRE, via the inhibition of microglial over-activa-
tion, can protect neurons from the destruction by micro-
glia-secreted pro-inflammatory and neurotoxic factors
and act as an effective supplement for the prevention or
treatment of neurodegeneration. However, further stud-
ies are needed to elucidate the protective mechanisms of
WR on the other microglial activation pathway and cell-
to-cell interaction pathways.
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