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Abstract

The main pathological mechanism of neurodegeneration is neuroinflammation. It is known that the persistent neu-
roinflammatory response is harmful by causing secondary nerve tissue damage. Meanwhile, P multiflorum is a tra-
ditional oriental medicinal herb. It has been used as a hematopoietic agent and is used to treat a variety of diseases
and conditions. The aim of the present study was to compare the anti-inflammatory efficacy between the commonly
available P multiflorum (C1) and the KIOM-patented in vitro-propagated P multiflorum (K1), which had higher content
of active ingredients and biomass, using culture and cultivation conditions of LPS-induced neuroinflammation. After
stimulation with LPS and treatment with C1 and K1 in mouse microglial BV-2 cells, nitric oxide (NO) production, pro-
inflammatory cytokine secretion, inducible NO synthase (iNOS) expression, MAPK phosphorylation and transcription
factor activity were assessed. We examined the antioxidant effect using DPPH and production of nitric oxide (NO).

C1 and K1 suppressed the expression of INOS and COX-2 and the production of pro-inflammatory cytokines. Fur-
thermore, we determined the levels of inflammatory mediators, such as interleukin (IL)-1(, IL-6, tumor necrosis factor
(TNF)-a and mitogen-activated protein kinases and IkBa via Western blotting to understand the regulating mecha-
nisms. Additionally, C1 and K1 also inhibited the activation of p38 and nuclear factor-kappa B (NF-kB) in LPS-stimu-
lated BV2 cells. In all experimental results, excellent anti-neuroinflammatory effects were confirmed at a lower dose
in K1 than in C1, which is believed to be due to the increased biomass. Therefore, K1 is expected to be more effective
than C1 and can be applied more broadly in the development of prevention and treatment of various inflammatory-
mediated neurodegenerative diseases.

Keywords KIOM-patented Polygonum multiflorum, Lipopolysaccharide, Microglia, Neuroinflammation,
Neuroprotection

Introduction

As life expectancy increases, the social and economic
costs of chronic neurodegenerative diseases, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD),

*Correspondence:

Tae Woo Oh
taewo02080@kiom.re.kr
Youngmin Kang

ymkang@kiom.re.kr

! Korean Medicine (KM)-Application Center, Korea Institute of Oriental
Medicine (KIOM), 70 Cheomdan-ro, Dong-gu, Daegu 41062, Republic

of Korea

2 Herbal Medicine Resources Research Center, Korea Institute of Oriental
Medicine (KIOM), 111 Geonjae-ro, Naju-si, Jeollanam-do 58245, Republic
of Korea

3 University of Science and Technology (UST), Korean Convergence
Medicine Major KIOM, 1672 Yuseongdae-ro, Yuseong-gu, Daejeon 34054,
Republic of Korea

@ Springer Open

and Lou Gehrig’s disease, increase significantly [1].
Neurodegenerative diseases are characterized by pro-
gressive dysfunction and cell death in specific parts
of the nervous system and are known to be caused by
genetic, environmental, and aging-related endogenous
factors [2]. Neuroinflammation is a common pathologi-
cal mechanism of neurodegeneration; when it becomes
chronic, it is known to be harmful by causing nervous
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tissue damage secondary to continuous microglia activ-
ity. Microglia that are distributed throughout the brain
are actual central nervous system (CNS) macrophages
that produce inflammatory cytokines upon activation
by substances, such as lipopolysaccharide (LPS), p amy-
loid, thrombin, and interferon (IFN) y [3, 4]. It induces
the secretion and gene expression of proinflamma-
tory cytokines, inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2). Excessive activity of
the microglial cells that continue in this cycle results
in the secretion of mediators that disturb the homeo-
stasis of the immune system, causing the development
and progression of multiple sclerosis, AD, PD, and
autoimmune-related neurodegenerative diseases [5].
Therefore, understanding the innate immune system
dysregulation caused by microglial hyperactivation and
controlling the inflammatory mediators secreted by
abnormally activated microglia might be an approach
to slow the progression of chronic inflammatory dis-
eases or treat damage.

The root tuber of Polygonum multiflorum Thunb.,
which belongs to the Polygonaceae family, is a medici-
nal herb that has been traditionally used in Traditional
Korean Medicine (TKM) as a blood-tonifying medi-
cine [6]. The TKM book Dong-Eui-Bo-gam stated that
in addition to its function as a hematopoietic drug, it
is used for antiaging and to strengthen cognitive func-
tion and bones. Moreover, it has been reported to have
a strong protective effect on hippocampal neurons [7].
The processed form of P. multiflorum is used, because
it is more effective than the raw product. Previously, we
developed an optimum in vitro propagation protocol
to produce high-quality P multiflorum seedlings and
rootstocks [8]. In that research, we aimed to reduce the
toxicity and increase the beneficial effects of medicinal
herbs through processing, which is one of the core the-
ories of TKM. To optimize the use of P. multiflorum in
TKM, the Korea Institute of Oriental Medicine (KIOM)
patented our submission (no: 10-2019-0120751, Sep-
tember 30, 2019) as a standard protocol for rapid
in vitro production of seedlings and expanded roots.
Subsequently, the potential impacts of the KIOM-man-
ufactured P. multiflorum on bone formation with oste-
oblast-like Saos-2 cells and bone resorption using bone
marrow-derived macrophage cells were shown [9].
Moreover, the P. multiflorum processing technique was
reported to be appropriate and enabled confirmation of
the content of active compounds through exposure to
different adjunct materials [10, 11].

In this present study, we compared the commercially
available P multiflorum and the KIOM-patented and
in vitro-propagated P multiflorum in terms of superior
effects on neuroinflammation and the mechanisms.

Page 2 of 11

Materials and methods

Materials and reagents

We purchased 2 kg of dried roots of the commercially
available P. multiflorum from Jirisan Hasuo Farming Co.
(Sancheong, Republic of Korea); this was authenticated
by the Herbarium of KIOM as commercial raw P. multi-
florum (C1). Raw P. multiflorum dried root tubers (2 kg)
that were produced by the KIOM-patented protocol (pat-
ent no. 10-1777833) were provided by KIOM and pre-
pared as K1. The details of the preparation were followed,
as previously reported [9, 11]. Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Welgne
Inc. (Gyeongsan, Koea). Fetal bovine serum (FBS) and
penicillin/streptomycin antibiotics were obtained from
Hyclone (Logan, UT, USA). All cell culture dishes and
plates were acquired from SPL Life Sciences (Pocheon,
Republic of Korea). LPS, glutamate, 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dime-
thyl sulfoxide (DMSO) and Griess reagent were obtained
from Sigma—Aldrich (St. Louis, MO, USA). Enzyme-
linked immunosorbent assay (ELISA) kits were obtained
from R&D Systems (Minneapolis, Minnesota, 88 USA).
Various primary antibodies and horseradish peroxidase
(HRP)-conjugated secondary antibodies for Western blot
analysis were purchased from Cell Signaling Technology,
Inc. (Boston, 89 MA, USA).

Sample preparation

C1, which is a wild type of the propagated P. multiflorum
seed, served as the control group and was produced by
Chamdeulae Bio (Sancheong-gun, Gyeongsangnam-do,
Republic Korea). K1 was prepared by in vitro propagation
of P multiflorum in ethnomedicine, in order to maxi-
mize root tuber production for use. Dried P multiflorum
(10 g) was placed in 100 mL of distilled water for 2 h at
20 °C and was extracted by centrifuge at 200 rpm. The
extracts of each sample were passed through filter paper
(ADVANTEC, 110 mm, Toyo Robni kaisha, Japan); con-
centrated using an evaporator (EYELA, Tokyo Rikakikai,
Japan); then dissolved in 70% ethanol. The supernatant
was separated using a centrifugal separator to set the
final concentrations of the analytical samples to 10 and
20 mg/mL. The reagents used for extraction and disso-
lution were of HPLC grade (J.T. Baker Inc., Phillipsburg,
NJ, USA), and a 0.2-pm membrane filter (PALL Corpora-
tion, Ann Arbor, MI, USA) was used.

DPPH radical scavenging activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution
(0.20 mM) was dissolved in methanol, before prepar-
ing samples (Cl1 and K1) at various concentrations
(0.0625, 0.125, 0.25, 0.5, 1, 2, and 4 mg/mL). Thereafter,
150 pL of the DPPH solution was mixed with 50 pL of
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each sample concentration. After 15 min of incubation
in a dark room, decrease in the absorbance of the solu-
tion was measured at 517 nm. Inhibitory activity against
DPPH was expressed as percentage inhibition (%) in the
assay system using the following formula:
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culture medium was collected and reacted with an equal
amount of Griess reagent at room temperature. After-
ward, the absorbance of the reaction solution was meas-
ured at 540 nm using a microplate reader.

DPPH radical scavenging activity (%) = (A control — A sample)/A control x 100

where A sample was the absorbance of the test sample
and A control was the absorbance of the control.

Cell culture and maintenance

The microglial cell line BV2 was purchased from Pro-
fessor Kyoungho Suk of Kyungpook National University
(Daegu, Republic of Korea) and grown in DMEM, which
contained 10% FBS and 1% antibiotics. The cell culture
was maintained in a humidified incubator (37 °C, 95% air,
and 5% CO,) during cultivation. The culture medium was
renewed every 2 days, and cells were grown to 80—85%
confluence for the experiments. The cells were treated
with 100 ng/mL of LPS in the presence of C1 or K1. For
cellular applications, LPS and glutamate were dissolved
in distilled water.

Cytotoxicity investigation using MTT assay

To confirm the cytotoxicity of C1 and K1 and set the
experimental conditions, the BV2 cells were cultured in a
24-well plate for 24 h to reach 2x10° cells/well. Thereaf-
ter, various concentrations of C1 and K1 were treated for
1 h, then 0.1 ug/mL of LPS was added for 24 h before cul-
ture. After 24 h, the medium was removed, and 0.5 mg/
mL of 3-(4,5-dimethylthazol-2-yl-2,5-teterazolium bro-
mide (MTT, Sigma Aldrich, St. Louis, MO, USA)) was
added; this mixture was incubated for 2 h for reduction.
After inducing the reaction, formazan crystals were dis-
solved in dimethyl sulfoxide solution, and the 540-nm
absorbance was measured using a microplate reader
(Molecular Devices, Sunnyvale, CA, USA) under condi-
tions without LPS and drug treatment. The cell survival
rates (%) of the treatment groups were calculated, based
on the control group culture.

Measurement of nitric oxide (NO)

The concentration of nitric oxide (NO) produced by the
LPS-activated BV2 cells was detected using the Griess
reagent, which recognized the NO,™ in the cell culture.
For this purpose, the BV2 cells (2x10° cells/well) were
cultured in a 24-well plate for 24 h, then treated with var-
ious concentrations of C1 or K1 for 1 h before treatment
with LPS (0.1 pg/mL). After culturing for 24 h, the cell

Prostaglandin E2 measurement

To measure the amount of prostaglandin E2 (PGE2) pro-
duced by the LPS-stimulated BV2 cells, the cell cultures
prepared under the same conditions were collected and
tested using a PGE2 enzyme immunoassay kit (Cayman
Chemical Company, Ann Arbor, MI, USA). The PGE2
concentration (pg/mL) in the cell culture was calculated
and converted, based on the concentration of the stand-
ard solution.

Total RNA extraction, DNA synthesis, and RT-qPCR

The BV2 cells (1x10° cells/well) were distributed in a
6-well plate, pretreated with C1 or K1 at concentrations
of 100 and 200 pg/mL for 1 h, treated with LPS (0.1 pg/
mL), and cultured for 6 h. The liquid was removed. Total
RNA was extracted using the easy-BLUE™ RNA extrac-
tion kit (iNtRON Biotech), according to the manufac-
turer’s protocol, and cDNA was synthesized from the
purified RNA and reverse transcribed using AccuPower®
CycleScript RT PreMix (Bioneer). In all processes, the
fold change in gene expression was corrected for the
amount of RNA, which was simultaneously measured
using the 2-AACT method. The base sequence of each
primer is shown in Table 1.

Table 1 Specific primer sequences for PCR

Target Primer sequences Accession numbers

5"-ATGAGCACAGAAAGCATG
ATC-3’

5" TACAGGCTTGTCACTCGA
ATT-3'

5" -AGTTGCCTTCTTGGGACT
GA-3’
5"-CAGAATTGCCATTGCACA
AC-37
5"-GGGCCTCAAAGGAAAGAA
TC-37

5" TACCAGTTGGGGAACTCT
GC-3’
5’-CAGCCTCGTCCCGTAGAC
A3’
5"-CGCTCCTGGAAGATGGTG
AT-37

TNF-a  Forward D84199.2

Reverse
IL-6 Forward NM_031168.2
Reverse

IL-13 Forward NM_008361.4

Reverse
GAPDH

Forward NM_008084

Reverse
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ELISA for cytokine determination

To investigate the inhibitory effects of C1 and K1 on
inflammatory cytokine production, the amounts of TNEF-
a, IL-1B, and IL-6 produced by the BV2 cells the cell
culture medium were measured using enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems, Min-
neapolis, MN, USA), according to the manufacturer’s
protocol. For this purpose, 50 pL of 1 X assay diluent solu-
tion was added, then 50 uL of the cell culture medium
or the standard protein for each cytokine was added and
reacted at room temperature for 2 h. This mixture was
washed in buffer three times, followed by addition of the
antibody for detection and reaction at room tempera-
ture for 2 h. After washing in buffer 3 times, 100 pL of
the color reagent solution was added; this mixture was
reacted in the dark at room temperature for 30 min, fol-
lowed by addition of 100 pL of reaction stop solution.
The degree of reaction on the plate was measured by
absorbance in a microplate reader. The concentration of
each cytokine secreted by the BV2 cells was calculated
based on the standard quantitative curve of the standard
solution.

Western blot analysis

To investigate the effects of C1 and K1 on the protein
expressions of iNOS, COX-2, mitogen-activated protein
kinases (MAPK), IkB, and NF-kB, the BV2 cells were
distributed on 6-cm dishes at 5x10° cells/dish, treated
with C1 or K1, washed with ice-cold PBS, then washed
in lysis buffer (1-M Tris—HCl, 5-M NaCl); cells were
lysed using Triton X-100, which is a protease inhibi-
tor cocktail. The resulting solution was centrifuged at
14,000 rpm for 15 min, the supernatant was recovered,
the amount of protein was quantified using BSA standard
solution, and 30 pg of protein was electrophoresed using
a 9-12% polyacrylamide gel. The gel was separated and
transferred to a nitrocellulose membrane, followed by
blocking of the proteins with 5% BSA at room tempera-
ture for 1 h. The antibodies against each target protein
were added and reacted at 4 °C overnight, then washed
3 times with PBS-T solution. Afterward, antilgG-conju-
gated HRP antibody was added and reacted at room tem-
perature for 1 h. The mixture was washed again for three
times with PBS-T, followed by the addition of enhanced
chemiluminescence Western blotting detection reagents
(SuperSignal, Thermo Scientific, Rockford, IL, USA). The
expression levels were measured using the ChemiDocTM
Touch Imaging System (Bio-Rad, Hercules, CA, USA).

Immunofluorescence

The BV2 cells were seeded on 4-well chambered cover-
slips at 3% 10® cells/well for cell culture (Ibidi, Grifelfing,
Germany) and cultured in a CO, incubator. The BV2 cells
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were treated with 250 pg/mL of C1 or K1 for 1 h, fol-
lowed by LPS (0.1 pg/mL) for 20 min. Afterward, the cells
were fixed with 4% formaldehyde and cold 100% metha-
nol, treated with blocking buffer containing 5% FBS, and
placed in 0.3% Triton X-100 and p65. For visualization,
the cells were treated with goat antirabbit IgG (H&L)
conjugated with Alexa Fluor ® 488 antibody. For p65
staining of the cytoplasm (red) and nucleus (blue), the
cells were mounted in VECTASHIELD Antifade Mount-
ing Medium (Vector Laboratories, Burlingame, CA,
USA) containing 4,6-diamidino-2-phenylindole (Vector
Laboratories, Burlingame, CA, USA). The translocation
of p65 was observed through a fluorescence microscope,
and images were recorded with LAS X (Leica Microsys-
tems, Wetzlar, Hessen, Germany).

Quantitative analysis by HPLC

The analysis experiment was conducted quantitatively
using an HPLC system (HITACHI L-2000 series HPLC
system, Hitachi, Japan). A 250X 4.6-mm, 5-pm column
was used (Agilent Zorbax Eclipse Plus C18) at a tem-
perature of 25 °C, and the sample temperature was 25 °C.
The mobile phase solvent A was 0.1% acetic acid, and sol-
vent B was 100% acetonitrile. The flow rate of the mobile
phase was 1.0 mL/min, and the sample injection volume
was 10 pL. The total analysis time was set to 80 min. Gra-
dient elution for solvent B was as follows: 0—5 min for
10%, 5-45 min for 40%, 45—-51 min for 50%, 51-58 min
for 80%, 58—67 min for 98%, and 67-80 min for 98%.
The ultraviolet spectrum was measured at a wavelength
of 288 nm after scanning from 190 to 400 nm. The com-
pounds for the calibration curve were THSG, emodin,
and physcion (Sigma Aldrich Co., Inc. FLUKA, TraceSE-
LECT, USA), using concentrations of 7.8125, 15.625,
31.25, 62.5, 125, and 250 pg/mL. The HPLC quantitative
analysis was triplicated and compared with the average
content.

Statistical analysis

All the results are presented as mean+SD (or SEM).
One-way analysis of variance using GraphPad Prism
version 5.03 for Windows (GraphPad Software Inc., San
Diego, CA, USA) was performed for multi-group com-
parisons. T-tests were applied to analyze the significance
of the variations among the groups.

Results

Effects of C1 and K1 on DPPH radical scavenging activity
To compare the antioxidant activities between C1 and
K1, a radical scavenging assay was performed using
DPPH. C1 and K1 at 10-1000 pg/mL exhibited sig-
nificant DPPH free radical scavenging activity in a
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Fig. 1 DPPH radical scavenging of C1 (A), K1 (B) DPPH radical scavenging of Ascorbic acid (C). Values are shown as mean+ SD of three independent
experiments. Experimental data are considered statistically significant at values. *p <0.05 and ***p <0.001 in comparison with the CTL group

concentration-dependent manner (Fig. 1). The concen-
tration required to inhibit DPPH radicals by 50% was
434.95 pg/mL for C1 and 391.32 pg/mL for K1 (p <0.001).

Effect of C1 and K1 on microglial cell viability

The BV2 cell line takes advantage of the characteristics of
microglia and has been widely used as a replacement for
primary microglia in brain inflammation experiments. To
determine the cytotoxicity of C1 and K1 and the maxi-
mum concentration for this activity, the BV2 cells were
treated with various concentrations of C1 and K1, treated
with LPS in culture for 24 h, then subjected to MTT
assay to measure cell survival rate. The MTT assay con-
firmed the absence of cytotoxicity after treating the cells
with C1 or K1 at a concentration of 1.0 mg/mL (Fig. 2A,
B). Based on these results, the experiment was conducted
at a C1 or K1 concentration of <0.25 mg/mL, excluding
0.5 mg/mL.

Effect of inhibitory on NO and PGE2 production by C1

and K1 in LPS-activated BV2 microglial cells

The BV2 cells were treated with 0.1 pg/mL of LPS to
induce NO production, then with C1 and K1 to confirm
the inhibitory effects on the production of NO, which
is an inflammatory mediator. The NO concentration in
the cell culture medium was measured using the Griess
reaction method. In addition, the ability of C1 and K1
to effectively inhibit PGE2, which is another inflam-
matory mediator produced by BV2 cells, was measured
using ELISA. As shown in Fig. 2C, the level of NO was
low in the BV2 cells that were not given LPS but was

significantly increased after LPS treatment, confirming
LPS activation of the BV2 cells. Decreased production of
LPS-induced NO was confirmed after pretreatment with
C1 at 250 pg/mL and with K1 at both 100 and 250 pg/
mL in a concentration-dependent manner. The concen-
tration of PGE2 in the BV2 cells in the culture medium
was low without LPS stimulation but was confirmed to
be significantly increased after LPS treatment (Fig. 2D).
Treatment with C1 or K1 at concentrations of 25, 50, 100,
and 250 pg/mL, respectively, greatly reduced PGE2 pro-
duction in a concentration-dependent manner, the activ-
ity of K1 was found to be superior to that of C1.

Inhibitory effects of C1 and K1 on inflammatory cytokine
expression in LPS-activated BV2 microglial cells

Based on the significantly suppressed LPS-induced NO
and PGE2 production after C1 and K1 treatment, we
investigated the effects on the production of proinflam-
matory cytokines. Among various cytokines, TNF-q,
IL-1B, and IL-6 were investigated for the effects of C1
and K1 using RT-PCR to measure mRNA expression
and ELISA to measure protein expression. As shown in
Fig. 3A-C, treatment with LPS (0.1 pg/mL) increased the
mRNA expression of all inflammatory cytokines. After
C1 and K1 treatment, the mRNA expressions of IL-1
and [L-6 were significantly suppressed in a concentra-
tion-dependent manner. On the other hand, the mRNA
expression of TNF-a did not appear to be significantly
affected by C1 but was significantly inhibited by K1 at a
high concentration (250 pg/mL). On ELISA (Fig. 3D-F),
the concentrations of TNF-a, IL-1f, and IL-6 were very
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at a density of 1X10° cells/well. After overnight growth, the cells were treated with C1,K1 and LPS (0.1 pug/mL) for another 24 h. After 24 h
incubation period, MTT assay were measured. Values are shown as mean = SD of three independent experiments. Experimental data are considered
statistically significant at values. *# p <0.001, significant difference compared to control; *p < 0.05 and ***p <0.001 in comparison with the LPS

group

low in the BV2 cells cultured under normal conditions
but significantly increased to 4.3 pg/mL, 7.1 pg/mL,
and 288.7 pg/mL, respectively, after treatment with LPS
alone. The LPS-induced production of TNF-a, IL1-B, and
IL-6 was suppressed in a concentration-dependent man-
ner by K1 but not by C1, similar to the effects seen on
inflammatory cytokine gene expression.

Effects of C1 and K1 on iNOS, COX-2, and MAPK activities

in LPS-activated BV2 microglial cells

Based on the previously observed significant inhibi-
tion of LPS-induced NO and PGE2 production, the
effects of C1 and K1 treatment on the expression of
iNOS, which is a NO synthase, and COX-2, which is a
major enzyme for PGE2 production, were investigated
by Western blotting. The expressions of iNOS and
COX-2 in the cultured BV2 cells were very low under
normal conditions but markedly increased after stimu-
lation with LPS (0.1 pg/mL) (Fig. 4A). After treatment
with C1 and K1, the LPS-induced protein expressions
of iNOS and COX-2 were significantly suppressed in a

concentration-dependent manner. Similarly, the effects
of C1 and K1 on activation of MAPK, which is a rep-
resentative pathway that controls and inhibits inflam-
matory responses, were confirmed at the protein level
through Western blot (Fig. 4B). Phosphorylation of p38
MAPK, extracellular signal-regulated kinase (ERK),
and c-Jun N-terminal kinase (JNK) were all strongly
induced in the BV2 cells treated with LPS but were sig-
nificantly inhibited after C1 and K1 treatment.

Effects of C1 and K1 on NF-kB activation in LPS-activated
BV2 microglial cells

We used immunofluorescence staining to compare the
intracellular and nuclear distributions and expressions
of NF-«B at the genetic and protein levels. First, immu-
nofluorescence staining demonstrated that most of the
NEF-«B expressed in the BV2 cells cultured under nor-
mal conditions (without LPS) were in the cytoplasm;
in the LPS-activated BV2 cells, the nuclear expres-
sion of the NF-kB p65 subunit increased (Fig. 5A).
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Treatment with C1 and K1 significantly suppressed
the LPS-induced NF-kB nuclear translocation. After
LPS treatment, the expression of the NF-kB p65 sub-
unit was significantly decreased in the cytoplasm and
increased in the nucleus (Fig. 5B). On the other hand,
LPS treatment decreased the expression of I-kBa in the
cytoplasm.

Quantitative analysis by HPLC

The results of the HPLC analysis are shown in Fig. 6.
The yield of the extracts for quantitative analysis was
15.5% for C1 and 23.7% for K1. The chromatogram indi-
cated increments of the main compounds of K1, then
C1. Quantitative analysis using the calibration curves
demonstrated that compared with C1, K1 contained
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higher concentrations of THSG (30.95+0.46 pg/mg
vs. 16.83+0.79 pg/mg), emodin (0.55+0.01 pg/mg vs.
0.26+0.01 pg/mg), and physcion (0.53+0.02 ug/mg vs.
0.27+0.01 pg/mg). As an effect of processing to maxi-
mize root tuber production using the optimized stand-
ard cultivation [8, 9], K1 was superior to C1 in terms
of higher content of THSG by 1.8 times, emodin by
2.16 times, and physcion by 1.8 times.

Discussion

Microglia have the classical function of CNS phago-
cytic cells, which regulate the initial immune responses;
inflammatory cytokines, such as TNF-«, IL-1fB, and
eicosanoids; and reactive oxygen species (ROS) [12].
Excessive secretion of ROS, NO, and superoxide anion
contributes to the development of degenerative diseases.
Early neuroinflammation ensues as a protective response
in the brain, but excessive inflammatory response can be
harmful and actually reduce nerve regeneration, causing
neurodegenerative diseases and other neurological disor-
ders [13]. After a single or chronic exposure to disease-
related proteins, environmental toxins, cytokines, or
nerve damage, microglia, which regulate neuroinflam-
mation, are continuously activated to produce cytokines
and ROS, leading to neuroinflammation and gradual loss
of nerves (i.e., neurodegenerative disease) [14, 15]. The
bacterial endotoxin LPS is a major substance that causes
inflammation; activates microglia to produce NO, PGE2,
TNF-q, IL-1B, monocyte chemoattractant protein-1, and
macrophage inflammatory peptide-1; and leads to exces-
sive secretion of IL-16, IL-18, and macrophage colony-
stimulating factor, which act as cytotoxic substances and
accelerate the inflammatory response, thereby, contribut-
ing to the development of chronic diseases [16—18].

Therefore, the production of inflammatory media-
tors by activated BV2 cells and the expression of related
genes had been recognized as useful for both the treat-
ment of inflammatory diseases and the prevention and
treatment of various diseases. In this study, we aimed
to compare the antiinflammatory efficacy between the
commonly available P multiflorum (C1) and the KIOM-
patented in vitro-propagated P multiflorum (K1), which
had higher content of active ingredients and biomass,
using culture and cultivation conditions of LPS-induced
neuroinflammation. We investigated the production of
various inflammatory mediators and the changes in the
expression of their respective genes within a noncyto-
toxic range.

DPPH is a water-soluble substance that contains a
chemically stabilized free radical. It can be reduced by
ascorbic acid, tocopherol, and polyhydroxy aromatic
compounds, which result in decolorization of the deep
purple color [19]. This method has been widely used to
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screen for antioxidants in various natural materials. Most
of the ROS produced are removed by the defense mech-
anisms of the body; those that are not removed rapidly
react with biological molecules and cause protein dena-
turation, lipid peroxidation of biological membranes, and
DNA damage. The lipid peroxides diffuse into cells or
travel through the bloodstream to promote new radical
reactions and cause various diseases. In this study, meas-
urement of the DPPH radical scavenging activities found
that compared with C1, K1 had superior antioxidant abil-
ity at a lower concentration. Moreover, both C1 and K1
showed no cytotoxicity at 1.0 mg/mL.

NO is a type of toxic reactive nitrogen species that has
a low molecular weight and is involved in the defense
function of the immune system [20, 21]. NO is produced
by L-arginine in macrophages through the NO synthesis
enzymes, including constitutive NOS and iNOS. iNOS
is produced by microglia in response to inflammatory
stimuli, such as LPS, TNFa, IENy, or IL-1f. Excessive NO
secretion in vivo causes cytotoxicity, promotes inflam-
matory responses, mediates inflammatory responses
in the CNS, and is involved in the development of neu-
rodegenerative diseases [22, 23]. Meanwhile, certain
prostaglandin families are known to gradually worsen
the inflammatory responses. COX, lipoxygenase, or
cytochrome P-450 monooxygenase converts arachidonic
acid into PGE2, PGD2, PGF2a, PGI2, and thromboxane
A2, which are the five major prostaglandins synthesized
[24]. Similar to NO, PGE2 is the best-known mediator of
the inflammatory response and contributes to the devel-
opment of various inflammatory diseases [25]. Accord-
ing to the results of this study, C1 and K1 significantly
reduced the LPS-activated NO and PGE2 production
in the BV2 cells. Moreover, compared with C1, K1 was
found to be superior in inhibiting neuroinflammation
by significantly reducing the protein expression levels of
iNOS and COX-2 in a concentration-dependent manner.

Cytokines play essential roles in immunity, infection,
hematopoietic function, tissue recovery, cell growth, and
body defense. They are substances that mediate the path-
ological and physiological responses to various diseases.
Activated microglia secrete cytokines, such as IL-1j,
IL-6, IL-10, TGE-B, and TNFa, which are expressed at
very low levels under normal conditions but are highly
expressed under excessive injury and can act as factors
that promote inflammation. IL-1p, IL-6, and TNFu« are
the representative cytokines, which directly or indirectly
cause neurodegeneration, damage the neuronal cells in
neurodegenerative diseases, and are known to contrib-
ute to mortality [26, 27]. In this study, we found that in
LPS-activated BV2 cells, both C1 and K1 significantly
suppressed the production and gene expressions of IL-1p
and IL-6 at the transcriptional level, but only K1 caused a
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concentration-dependent decrease in the production and
gene expression of TNFa. These results suggested the
capability of K1 to suppress TNFa production and effec-
tively alleviate inflammation-related brain diseases and
symptoms.

The signal transduction process of the MAPK subfam-
ily, which includes ERK, JNK, and p38, induces the syn-
thesis of proinflammatory mediators. The inflammatory
response initiated and activated by pathogen infection,
which produces LPS, phosphorylates the MAPK mol-
ecules and activates transcriptional regulators, such as
NF-kB and activator protein-1 to produce free radicals,
such as NO and superoxide anion [28, 29]. MAPKs are
involved in the production of neuroinflammatory regula-
tors and regulate cell functions, including survival, death,
and inflammation [30]. In this study, we confirmed the
anti-neuroinflammatory effects of C1 and K1 through
effective inhibition of MAPK phosphorylation in LPS-
activated BV2 cells. In particular, compared with C1,
K1 was confirmed to inhibit p38 MAPK phosphoryla-
tion better and in a concentration-dependent manner.
Recently, the importance of p38 inhibitors has emerged,
based on findings of worsening neurodegenerative dis-
eases secondary to MAPK-mediated neuroinflammation
in microglial cells [31]. K1 inhibition of MAPK phospho-
rylation shows high potential as a treatment for neuroin-
flammation. Moreover, C1 and K1 were found to inhibit
nuclear translocation of the NF-kB p65 subunit. There-
fore, C1 and K1 inhibition of MAPK and NF-kB activities
seemed to directly affect the inhibition of inflammatory
cytokine expression.

In CRS mice, the major active compound THSG has
been reported to reduce oxidative stress in the central
and peripheral nervous systems and was shown to sup-
press inflammatory responses, based on the increased
expressions of inflammatory factors TNF-«, IL-1f, and
IL-6 in the hippocampus and prefrontal cortex [32].
Moreover, THSG was reported to decrease ROS gen-
eration and exhibit significant neuroprotective effects
against glutamate-induced hippocampal damage [33].
Emodin is another major active compound that has
been reported to inhibit neuronal cell death through
its antioxidant activity, reduce AP deposition and neu-
roinflammation in APP/PS1 mice, increase the expres-
sion of antioxidant enzymes, and protect mitochondrial
function, thereby, inhibiting neuronal cell death [34].
Compared with C1, K1, which was processed through
vegetative propagation under improved culture and cul-
tivation conditions, was confirmed on HPLC to have
higher content and biomass of the three main active
ingredients 2,3,5,4’-tetrahydroxystilbene-2-O-3- D-glu-
copyranoside (THSG), emodin, and physcion.
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In conclusion, we confirmed the superior antiinflam-
matory effects of K1 to C1 in LPS-activated BV2 cells
and demonstrated that the related mechanisms involved
suppression of the production of inflammatory media-
tors and cytokines by blocking the NF-kB and MAPK
signaling pathways. Therefore, K1 is expected to be more
effective than C1 and can be applied more widely in the
development of preventive and therapeutic agents for var-
ious inflammation-mediated neurodegenerative diseases.
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