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Abstract

The preventive and therapeutic mechanisms in multiple sclerosis are not clearly under-
stood. We investigated whether Hyungbangpaedok-san (HBPDS), a traditional herbal med-
icine, has a beneficial effect in experimental autoimmune encephalomyelitis (EAE) mice
immunized with myelin oligodendrocyte glycoprotein peptide (MOGg3s.55). Onset-treatment
with 4 types of HBPDS (extracted using distilled water and 30%/70%/100% ethanol as the
solvent) alleviated neurological signs, and HBPDS extracted within 30% ethanol (hence-
forth called HBPDS) was more effective. Onset-treatment with HBPDS reduced demyelin-
ation and the recruitment/infiltration and activation of microglia/macrophages in the spinal
cord of EAE mice, which corresponded to the reduced mRNA expression of pro-inflamma-
tory cytokines (TNF-a, IL-6, and IL-1pB), INOS, and chemokines (MCP-1, MIP—1a, and
RANTES) in the spinal cord. Onset-treatment with HBPDS inhibited changes in the compo-
nents of the blood-brain barrier such as astrocytes, adhesion molecules (ICAM—1 and
VCAM-1), and junctional molecules (claudin—3, claudin—5, and zona occludens—1) in the
spinal cord of EAE mice. Onset-treatment with HBPDS reduced the elevated population of
CD4", CD4%/IFN-y*, and CD4*/IL-17" T cells in the spinal cord of EAE mice but it further
increased the elevated population of CD4*/CD25*/Foxp3* and CD4*/Foxp3*/Helios* T
cells. Pre-, onset-, post-, but not peak-treatment, with HBPDS had a beneficial effect on
behavioral impairment in EAE mice. Taken together, HBPDS could alleviate the develop-
ment/progression of EAE by regulating the recruitment/infiltration and activation of microglia
and peripheral immune cells (macrophages, Th1, Th17, and Treg cells) in the spinal cord.
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These findings could help to develop protective strategies using HBPDS in the treatment of
autoimmune disorders including multiple sclerosis.

Introduction

Multiple sclerosis (MS) is a T cell-mediated autoimmune disease of the central nervous system
(CNS). T cells are activated in the peripheral immune system, recruited and infiltrate to the
CNS, and are reactivated. These events cause demyelination and axonal loss in the CNS, even-
tually leading to paralysis and neurological disabilities [1]. In the current concept of pathogene-
sis of MS, CD4" T cells can differentiate into various types of T helper (Th) cells, when
activated by antigens, including the Th1, Th2, Th17 cells, and T regulatory (Treg) cells [1,2].
The Th cells that infiltrate into the CNS via a disrupted blood brain barrier encounter resident
antigen-presenting cells in the CNS, secrete inflammatory mediators, and induce microglial
activation. As a result, these cells produce factors that attract more immune cells into the CNS
and sustain the inflammatory cascade [1,2,3]. However, the etiology of MS remains uncertain.

The current MS therapeutic drugs aim to prevent relapses and slow the progression of the
disease. Several MS drugs have been approved as disease-modifying therapies that include
interferon beta (IFN-f), glatiramer acetate, natalizumab, fingolimod, alemtuzumab, terifluno-
mide, and dimethyl fumarate. However, long-term use of MS drugs can cause various side
effects. In addition, because the price of medicine is so expensive, MS patients suffer the eco-
nomic problems [4,5]. Therefore, the use of natural products for the treatment of MS may be
more effective and they have fewer side effects. Oriental herbal medicines have been reported
to improve clinical symptoms, neurological signs, and immune function and reduce the fre-
quency of recurrence in MS patients [6]. For example, Zuo-Gui and You-Gui pills, two tradi-
tional Chinese herbal formulas have been shown to reduce the clinical severity of MS [7,8,9]
and suppress ongoing EAE [10]. These studies suggest that traditional Oriental herbal formulas
may serve as new neuroprotective strategies for MS.

Hyungbangpaedok-san (HBPDS) is an herbal prescription that is extensively used in tradi-
tional Oriental medicine, which is composed of 10 kinds of herb; Ostericum koreanum, Aralia
continentalis, Bupleurum falcatum, Angelica decursiva, Schizonepeta tenuifolia, Saposhikovia
divaricata, Poria cocos, Rehmannia glutinosa, Lycium barbarum, and Plantago asiatica.
HBPDS has traditionally been used for patients with fever and chills that are not sweating,
pain, and stiffness in the head and neck, generalized body aches and pain, and redness and
swelling of the eyes [11]. HBPDS has anti-convulsive activity, sedative activity, and anti-aging
effect through the weight, hematologic, and biochemical changes in Wister rat model [12,13].
HBPDS decreases tumor necrosis factor-o. (TNF-o) and signal transducer and activator of
transcription 4 expression and increases proliferation of CD4" T cells, which are associated
with the anti-inflammatory activity and immunomodulatory effects [13,14]. These recent
reports increase the possibility that HBPDS may be an effective treatment for patients with
autoimmune diseases such as MS. To explore this possibility, we investigated whether HBPDS
has an ability to improve neurological impairment and reduce spinal demyelination and
inflammation in the myelin oligodendrocyte glycoprotein peptide (MOG3s_s5)-induced experi-
mental autoimmune encephalomyelitis (EAE) mice model, an animal model of MS. We con-
firmed that HBPDS has a beneficial effect on neurological impairment, which correlated with
reduced demyelination, diminished BBB disruption, and inhibited infiltration and recruitment
of immune cells into the spinal cord. Our findings indicate that HBPDS could be applied as a
neuroprotective strategy in patients with MS through further investigation.
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Materials and Materials
2.1. Animals and Ethics statement

The 8 to 9 weeks old C57BL/6 female mice (weight, 18-20 g) were purchased from the Nara-
biotec Co., Ltd. (Seoul, Korea). Animals were housed 6 per cage, allowed spontaneous take in
food and water. Animals were kept under a 12-hour light/dark cycle (light on 07:00-19:00) at
room temperature (23 + 2°C) and humidity (55 + 10%). All experimental procedures were
reviewed and specifically approved by the Institutional Animal Care and Use Committee
(IACUC) or Ethics Committee of Animal Experiments of Kyung Hee University, Republic of
Korea (Permit Number: KHUASP/SE-12-029). In this process, proper randomization of labo-
ratory animals and handling of data were performed in a blinded manner in accordance with
recent recommendations from a NIH Workshop on preclinical models of neurological diseases
[15].

2.2. Animal sacrifice

All efforts were made to prevent undue stress or pain to the mice. Mice with signs of imminent
death were euthanized to avoid suffering. Mice were deeply anesthetized with an intraperitoneal
overdose of sodium pentobarbital (50 mg/kg, body weight) and spinal cords were sampled.

2.3. Preparation of HBPDS extracts

Ten dried medicinal herbs (Ostericum koreanum, Aralia continentalis, Bupleurum falcatum,
Angelica decursiva, Schizonepeta tenuifolia, Saposhikovia divaricata, Poria cocos, Rehmannia
glutinosa, Lycium barbarum, and Plantago asiatica), components of HBPDS, were purchased
from Omniherb (Daegu, Korea). Each dried herb was mixed at an equal weight (20 g each/200
g in total) and cut into small pieces. The mixture was incubated in 2.0 L distilled water using a
reflux extraction system for 90 minutes and was boiled for 90 minutes. The aqueous extract
was filtered through Whatman No. 4 filter paper having a pore size of 20-25pm and it was con-
centrated by vacuum evaporation using a EYELA N-1200A, (EYELA, Rikakikai Co. Ltd.,
Tokyo, Japan) at 60°C. The viscous extract was lyophilized and stored at -80°C until use. The
solvents for extract were prepared with distilled water (DW), 30% ethanol (ethyl alcohol,
EtOH) solution (v/v), 70% ethanol (v/v), and 100% ethanol. The final yields were 18.3%,
17.3%, 16.9%, and 5.2% in DW, 30% ethanol, 70% ethanol, and 100% ethanol, respectively.
Total daily dose of HBPDS into animals was determined after considering body weight of ani-
mals, metabolic rate in animals, final extract yield, and traditional dose in humans.

2.4. Identification of HBPDS extract by qualitative HPLC analysis

HBPDS (extracted with 30% ethanol) was identified using high-performance liquid chroma-
tography. A 1 g of HBPDS extract was dissolved in 200 ml of 70% methanol and filtered
through a 0.45 pm polyvinylidene difluoride filter. The standard materials used for the qualita-
tive analysis of HBPDS were oxypeucedanin (of ostericum koreana) and pachymic acid (of
poria cocos). The standard stock solutions were prepared by dissolving 5 mg samples, each in
50 ml methanol. The samples were separated on a phenomenex luna C18 reverse phase C18
(250 x 4.6 mm, 5 um) (Phenomenex, Torrance, CA, USA) at 25°C. Detection wave length was
at UV 203 nm for saikosaponin A, 254 nm for oxypeucedanin and prim-O-glucosylcimifugin,
210 nm for pulegone, and 242 nm for pachymic acid. The mobile phase consisted of (A) aceto-
nitrile/water (40/60, v/v) and (B) acetonitrile/water (90/10, v/v) at a flow-rate of 1.0 ml/minute.
The solvent gradient elution program was as follows: A: B, 0 minute (100: 0), 20 minutes (75:
25), 35 minutes (25: 75), and finally 36 minutes (0: 100).
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Fig 1. Schematic design of the experimental protocol. Mice were divided into the following four experimental groups: HBPDS-pretreated (daily from 1
hour before immunization), onset-treated (daily from about day 6-8 after immunization), post-treated (from day 12 after immunization), and peak-treated
(from day 20—-22 after immunization) groups. Mice in the EAE and EAE + HBPDS groups were subcutaneously immunized with MOGg3s.s5 peptide.
Behavioral test (recording of the clinical score) was evaluated daily at the same time for 30 days after immunization. For toxicity evaluation, mice were treated
daily with 3 doses of HBPDS alone (1x, 2x, and 4x HBPDS) during the 5 weeks.

doi:10.1371/journal.pone.0138592.g001

2.5. Experimental group, EAE induction, and clinical evaluation

Basically, the experimental group was subdivided into the following groups (n = 8-10 per group):
normal control group [vehicle treatment, s.c. + saline, p.o.], EAE [200 ug of MOGg3s._ss, s.c.

+ saline, p.o.], EAE + HBPDS group [200 pug of MOGs3s ss, s.c. + 10 or 20 mg/kg of DW-extracted
HBPDS, 15 or 30 mg/kg of 30% ethanol-extracted HBPDS, 15 or 30 mg/kg of 70% ethanol-
extracted HBPDS, or 5 or 10 mg/kg of 100% ethanol-extracted HBPDS, p.o.], and HBPDS alone
group [vehicle treatment, s.c. + HBPDS, p.o.]. Mice were immunized with subcutaneously with
100 pl of an emulsion containing 200 pg of MOG;s 55 (Sigma-Aldrich, St. Louis, MO, USA) in
phosphate buffered saline (PBS), equivalent volumes of incomplete Freund’s adjuvant (Difco,
Detroit, MI, USA), and 550 ug of mycobacterium tuberculosis H37Ra (Difco) into the hind flanks.
Mice received intraperitoneally, injections of 250 ng of pertussis toxin (PTX; List Biologic, Camp-
bell, CA, USA) on day 0 of immunization and day 2 after immunization (Fig 1). Mice in the nor-
mal group were treated with saline alone instead of MOG3s_s5 peptide or PTX. Clinical signs of
EAE were evaluated daily and scored using the clinical scoring scale as previously described
[16,17]: grade 0, absence of symptoms; grade 1, partial loss of tail tonus; grade 2, paralysis of tail;
grade 3, paraparesis; grade 4, paraplegia; grade 5, tetraparesis; grade 6, tetraplegia; grade 7, death.

2.6. Histopathological evaluation

On the peak days (20-22 days) of neurological impairment after immunization, mice were
deeply anesthetized, perfused intracardially with 0.9% saline followed by 4% paraformaldehyde
(PFA) in 0.2 M phosphate buffer (PB, pH 7.4). Lumbar spinal cords were removed, fixed using
4% PFA for a day, incubated overnight in 30% sucrose solution, and then cut into 10-pm thick
by previously described [16,17]. The sections were stained with luxol fast blue (LFB) and hema-
toxylin and eosin (H&E) to evaluate demyelination and immune cell infiltration, respectively.
The sections were dehydrated and coverslipped as previously described [16,17].

The level of demyelination after LFB staining was evaluated as previously described [18]: 0,
no demyelination; 1, little demyelination, only around infiltrates and involving less than 25%
of the white matter; 2, demyelination involving less than 50% of the white matter; 3, diffuse
and widespread demyelination involving more than 50% of the white matter. The level of
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recruitment/infiltration of immune cells after H&E staining was scored according to the fol-
lowing criteria [18]: 0, no lesion; 1, cellular recruitment/infiltration only in the meninges; 2,
very discrete and superficial infiltrates in parenchyma; 3, moderate infiltrate (less than 25%) in
the white matter; 4, severe infiltrates (less than 50%) in the white matter; 5, more severe infil-
trates (more than 50%) in the white matter.

2.7. Immunohistochemistry

Immunohistochemical analysis was accomplished as previously described [16,17,19] using rab-
bit anti-ionized calcium binding adaptor molecule-1 (Iba-1) (1:2,000; WAKO, Osaka, Japan)
or rabbit anti-glial fibrillary acidic protein (GFAP) (1:2,000; DACO, USA). The sections were
incubated with incubated with biotinylated rabbit IgG antibody (1:200; Vector Laboratories,
USA) for 1 hour at room temperature, incubated with avidin-biotinylated horseradish peroxi-
dase-complex (1:200; Vector Laboratories) for 1 hour at room temperature and, visualized
with 3,3‘-diamino-benzidine. Sections were rinsed and dehydrated and cover slipped.

2.8. Reverse transcription-polymerase chain reaction (RT-PCR)

After the peak stage (20-22 days) of neurological impairment after immunization, spinal cords
were harvested and total RNA was extracted from spinal cord using TRIsure reagent according
to the manufacturer’s instructions (Bioline, UK). cDNA was synthesized by incubating 1 pg of
total RNA for 1 hour at 37°C in a reaction mixture containing 0.5 pg of Oligo dT, 0.5 mM
dNTP mix, 5x first-strand buffer, RNase out, 5 mM dithiothreitol (DTT), and M-MLYV reverse
transcriptase. RT-PCR analysis was performed according to the manufacturer’s instructions
(RT-PCR kit; Roche, Germany). Sequences of PCR primers were listed in S1 Table. For PCR
amplification, specific oligonucleotide primer pairs were incubated with 1 pl of cDNA and 0.6
U of Econo TagDNA polymerase in 6 pl of PCR Master Mix (Lucigen, W1, USA). Saturation
curves for PCR were obtained from various experimental conditions (RNA concentrations,
annealing temperatures, and PCR cycle numbers). We determined the optimal amplification
conditions (annealing temperature and PCR cycle number) of primers for the PCR. The 5 to

7 pl of the resulting mix were then electrophoresed on a 2% agarose gel and visualized by ethid-
ium bromide staining on a transilluminator. Expression levels of each gene were normalized to

that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2.9. Real-time PCR

To investigate the mRNA level by real-time PCR analysis, cDNA was synthesized according to
same method with RT-PCR analysis as outlined above. Real-time PCR was accomplished using
SYBR Green PCR Master Mix (Applied Biosystems, Franklin Lakes, NJ, USA) as previously
described [16,19]. In brief, each ingredient for PCR amplification was involved as 1 pl of 5 pM
primer, 4 pl of cDNA and 5 pl of SYBR Green in total volume of 10 pl. Numerical value of
mRNA levels was normalized to that of GAPDH. Fold-induction was calculated using the
2724T method. PCR amplification was performed at least three times. Sequences of oligonu-
cleotide primers were listed in S1 Table.

2.10. Flow cytometry

For flow cytometry analysis, six mice in each group at peak period (day 20-22) after immuniza-
tion were anesthetized and lumbar spinal cord and lymph node were carefully dissected and
dissociated as previously described [16,17]. Briefly, single-cell suspensions refined from whole
tissue were prepared (centrifuged at 300 g for 5 minutes) and fixed with 2% PFA, cells were
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washed with washing buffer containing 2% FBS in PBS, incubated with mouse anti-rat CD32
(BD Bioscience) for 10 minutes to block the Fc receptor and washed twice with 2% FBS wash-
ing buffer. For cell surface staining of immune markers with fluorescently labeling, the cells
were incubated with APC anti-mouse CD4 (RM4-5, BD Biosciences), PE anti-mouse CD8a
(53-6.7, BD Biosciences), APC anti-mouse/human CD11b (M1/70; Biolegend), and PE anti-
mouse CD45 (30-F11; BD Biosciences) for 30 minutes at 4°C. Non-stained cells were used as
negative controls. For intracellular cell staining, cells were restimulated with PMA (phorbol
12-myristate-13-acetate, Sigma), ionomycin (Sigma), and Golgistop (protein transport inhibi-
tor, BD Biosciences) for 5 hours. After this stimulation, cells were fluorescent stained with
PerC3 anti-mouse CD4 (RM4-5, BD Biosciences), FITC anti-mouse IFN-y (BD Biosciences),
PE anti-mouse IL-17A (TC11-18H10, BD Biosciences), PE anti-mouse IL-4 (11B11; Biole-
gend), PE anti-mouse CD25 (PC61.5; eBiosciences), APC anti-mouse/rat forkhead box P3
(Foxp3) (FJK-16s; eBioscience), or PE anti-mouse Helios (22F8; BD Biosciences) for 30 min-
utes at 4°C. The stained cells were washed twice with 2% FBS washing buffer and used for flow
cytometry. Data were collected on a FACSCalibur flow cytometer (BD Biosciences) and ana-
lyzed using CellQuest Pro software (BD Biosciences). CD4" T cells were gated to analyze popu-
lations of Th1, Th2, Th17, and Treg cells. Three-color staining of one cell for simultaneous
analysis and results of intracellular cytokines were indicated as the percentage within the CD4"
population. We acquired through set up of 10,000 cells events, and gating was set by side
scatter.

2.11. Immunoblotting

The spinal cord tissues were dissected from the mice at peak period (day 20-22 after immuni-
zation). Tissues were homogenized, proteins were prepared and transferred, and immunoblot
analysis was accomplished as previously described [16,17,19] using glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), mouse anti-glial fibrillary acidic protein (GFAP), rabbit anti-
myelin basic protein (MBP) (1:1,000; Millipore), and rabbit anti-ionized calcium binding adap-
tor molecule 1(Iba-1) (1:500, WAKO) antibodies.

2.12. Statistical analysis

Statistical analysis was performed by using the SPSS 21.0 package (SPSS Inc, Chicago, USA) for
Windows. All of the data were presented as mean + SEM. Sum of neurological score, histologi-
cal score, and immunological assays were compared using the one-way ANOV A with Tukey
post hoc test for comparison of multiple groups. For comparison of sum of neurological score,
between two different treatments, statistical analysis was done by two-tailed Student’s t-test.
The P values of less than 0.05 were accepted as statistically significant.

Results

3.1. Onset-treatment with HBPDS has beneficial effect for neurological
signs in EAE mice

First, we investigated the optimum dosage of HBPDS that produces the most significant effect
on the neurological symptoms of EAE (Fig 2). In mice from the EAE group, the mean behav-
ioral score gradually increased starting at day 6-8 after immunization, peaked at day 15-20
after immunization, and gradually declined thereafter, compared with that in the normal con-
trol group. However, onset-treatment (daily from day 6-8 after immunization) with 4 types of
HBPDS [DW (Fig 2A and 2B), 30% (Fig 2C and 2D), 70% (Fig 2E and 2F), or 100% (Fig 2G
and 2H) ethanol-extracted] and 2 doses per type of HBPDS reduced the severity of neurological
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Fig 2. HBPDS alleviates neurological impairment in EAE mice. (A-H) Onset-treatment with various extract types of HBPDS has beneficial effects on
neurological impairment in EAE mice. DW-extracted (10 and 20 mg/kg) (A and B), 30% ethanol-extracted (15 mg/kg) (C and D), 70% ethanol-extracted (30
mg/kg) (E and F), and 100% ethanol extracted HBPDS (10 mg/kg) (G and H) reduced the development and severity of neurological impairment. B, D, F, and
H indicate the sum of daily scores after onset-treatment with HBPDS. Behavioral score value of mice in the EAE group shown in Figure C-G was commonly
used. Data are expressed as mean behavioral score + SEM. (ANOVA test; *p < 0.05 versus EAE group, ##p < 0.05 versus EAE group).

doi:10.1371/journal.pone.0138592.9002

impairment compared to that in EAE mice. Onset-treatment with 20 mg/kg of DW-, 15 mg/kg
of 30% ethanol-, 30 mg/kg of 70% ethanol-, and 10 mg/kg of 100% ethanol-extracted HBPDS
had more beneficial effects than the other doses in reducing the severity of neurological signs
compared to that in EAE mice (P < 0.05). Subsequently, in Fig 3, we demonstrated more effec-
tive extract condition of HBPDS for reducing the severity of neurological signs in EAE mice.
Although all 4 types of HBPDS had beneficial effects in EAE mice, 30% ethanol-extracted
HBPDS (15 mg/kg) was the most effective in EAE mice. Based on these results, 30% ethanol-
extracted HBPDS (15 mg/kg) was used in further study. Therefore, the qualitative determina-
tion of 30% ethanol-extracted HBPDS was performed by HPLC. The 30% ethanol-extracted
HBPDS was standardized with oxypeucedanin (of ostericum koreana) and pachymic acid (of
poria cocos) for quality consistency. Peaks for oxypeucedanin (Fig 4A) and pachymic acid (Fig
4B) corresponded to standard at 8.393 minutes and 11.782 minutes, respectively.

3.2. HBPDS has a wide neuroprotective time-window in EAE mice

To investigate neuroprotective time-window of HBPDS, 30% ethanol-extracted HBPDS was
pretreated (daily from 1 hour before immunization), onset-treated (daily from day 6-8 after
immunization), post-treated (daily from day 12 after immunization), and peak-treated (daily
from the peak day of neurological score by immunization) in EAE mice. EAE mice appeared
the neurological symptoms about day 6 and peak-point about day 21 after immunization.
However, pre-, onset, and post-treatment with HBPDS significantly reduced the severity of
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HBPDS for treating neurological impairment in EAE mice, the 4 conditions selected according to Fig 2 were compared. Onset-treatment with DW- (20 mg/kg),
30% ethanol- (15 mg/kg), 70% ethanol (30 mg/kg), and 100% ethanol extracted (10 mg/kg) HBPDS had a similar effect on neurological impairment (A and B)
in EAE mice; however, 30% and 100% ethanol-extracted HBPDS were slightly more effective. Sum of behavioral score (B) indicates the sum of score after
onset-treatment with HBPDS. Data are expressed as mean scores + SEM. (ANOVA test; ##p < 0.01 compared to normal control mice, **p < 0.01 versus
EAE mice).

doi:10.1371/journal.pone.0138592.9003
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neurological symptoms (Fig 5A) and decreased sum of daily average neurological score (Fig
5B) compared to the EAE mice. The maximum mean neurological score was 3.17 + 0.6 in EAE
mice and 2.0 £ 0.4, 2.25 + 0.4, and 1.83 + 0.4 in HBPDS pre-, onset, and post-treated mice,
respectively. However, peak-treatment with HBPDS did not significantly reduce the average
neurological score of EAE mice (Fig 5B). These results suggest that HBPDS has a wide neuro-
protective time-window for neurological impairment in EAE mice.

2009 sTD

Oxypeucedanin
=
o
—

200 1 HBPDS

Oxypeucedanin
=
o

2007 STD

Pachymic acid
=
o
-«

200 7 HBPDS

Pachymic acid
—
o
o

0 3 6 9 12 15 min

Fig 4. Quantitative HPLC analysis of the 30% ethanol extract of HBPDS. Peaks for oxypeucedanin (A)
and pachymic acid (B) corresponded to standard at 8.393 minutes and 11.782 minutes, respectively.

doi:10.1371/journal.pone.0138592.g004
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Fig 5. HBPDS has a wide neuroprotective time-window in EAE mice. (A-B) Pre-, onset-, and post-treatment but not peak-treatment with HBPDS (30%
ethanol extracted) alleviated neurological impairment in EAE mice. Sum of behavioral score indicates the sum of scores of after pre-, onset-, post-, and peak-
treatment with HBPDS (30% ethanol extracted) (B). Data are expressed as mean scores + SEM. (Two-tailed Student’s t-test; *p < 0.05 compared to EAE
mice).

doi:10.1371/journal.pone.0138592.9005

3.3. HBPDS reduces demyelination and inflammation in the spinal cord
of EAE mice

Since the onset point of neurological signs in MS/EAE is important for diagnosis and treatment
[20] and onset-treatment with HBPDS markedly alleviated the severity of neurological
impairment in EAE mice (Fig 5), we further studied the effect of onset-treatment with HBPDS
in EAE mice. First, we investigated the relationship between the extent of neurological deficit
and the level of demyelination in the spinal cord. On the peak-day (20-22 days) of neurological
impairment, LFB staining showed prominent demyelination in the spinal cord from EAE mice
(Fig 6B and 6I; demyelination score, 1.86 + 0.26) compared to normal control mice, while the
spinal demyelination was significantly decreased by onset-treatment with HBPDS (Fig 6C and
61; demyelination score, 1.0 + 0.18). In accordance with this morphological result, the protein
expression of MBP was markedly decreased in the spinal cord of EAE mice (Fig 6K and 6L)
compared to normal control mice, whereas these decreased expressions were significantly
recovered by onset-treatment with HBPDS. Vehicle or HBPDS alone-treated mice did not
induce demyelination (Fig 6A and 6D). To consecutively identify the level of infiltration of
inflammatory cells, the spinal cords were stained with H&E on the peak-day (day 20-22 after
immunization) of neurological impairment (Fig 6E-6H) and the level of infiltration of inflam-
matory cells was quantified (Fig 6]). Infiltration of inflammatory cells was increased in the
white matter of the spinal cord of EAE mice (Fig 6F and 6]); however, the increased infiltration
was decreased by onset-treatment with HBPDS (Fig 6G and 6]). These results suggest that
HBPDS inhibits inflammation as well as demyelination in the spinal cord of EAE mice.

3.4. HBPDS reduces the mRNA expression of inflammatory mediators in
the spinal cord of EAE mice
In MS/EAE, neuronal degeneration is caused by inflammatory mediators released from infil-

trated immune cells such as microglia, macrophages, and T cells [21]. Therefore, we examined
the effect of HBPDS on the expression of representative inflammatory mediators in the spinal

PLOS ONE | DOI:10.1371/journal.pone.0138592 October 7, 2015 10/25
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Fig 6. Onset-treatment with HBPDS reduces inflammation in the spinal cord of EAE mice. (A-J) Spinal cord sections obtained from mice in each group
at day 2022 afterimmunization were stained with luxol fast blue dye to evaluate the level of demyelination (A-D) and they were stained with eosin and
hematoxylin to evaluate recruitment/infiltration of inflammatory cells (E-H), and quantified (1 and J). Representative photographs show ventrolateral white
matter of the spinal cord. Onset-treatment with HBPDS (30% ethanol extracted) decreased demyelination and recruitment/infiltration of inflammatory cells in
the spinal cord of EAE mice compared with the spinal cord of EAE mice. (K and L) Spinal cord lysate was analyzed by immunoblotting (K) to evaluate the
expression of MBP and the density was quantified (L). Data are expressed as the ratio of MBP to GAPDH for each sample. Scale bar = 100 um. (ANOVA
test; ##p < 0.01 compared to normal control mice, **p < 0.01 compared to EAE mice).

doi:10.1371/journal.pone.0138592.9006

cord of EAE mice by RT-PCR analysis. In the spinal cord of EAE mice, the mRNA expression
levels of pro-inflammatory cytokines (TNF-a, IL-1B, and IL-6) and iNOS were significantly
increased compared to those in the normal control group; however, the increased mRNA
expressions were significantly inhibited by onset-treatment with HBPDS (Fig 7A-7D). The
mRNA expression of leukocyte recruitment-associated chemokines (MCP-1, MIP-10, and
RANTES) was also increased in the spinal cord of EAE mice; however, the increased expression
was down-regulated by onset-treatment with HBPDS compared to that in the EAE group (Fig
7E-7G). These results suggest that HBPDS plays an important role in alleviating inflammation
by reducing the inflammatory mediators released in the spinal cord of EAE mice.

3.5. HBPDS inhibits microglial activation in the spinal cord of EAE mice

Microglia are activated in inflammatory areas or demyelinating lesions in the brain and spinal
cord of MS patients. Activated microglia and their products mediate progression of the disease
[22]. Therefore, we investigated whether onset-treatment with HBPDS can regulate microglial
activation in EAE mice. In the spinal cord of normal control or HBPDS alone-treated mice,
Iba-1 (a specific marker for microglia/macrophage cells) positive cells showed the resting form
of microglia with a small cell body and thin processes [23] (Fig 8A and 8D). However, in the
spinal cord of EAE mice, Iba-1-positive cells were extensively activated and infiltrated. The
activated microglia had an enlarged cell body with short and thick processes [23] (Fig 8B).
Interestingly, the level of activated microglia was significantly reduced by onset-treatment with
HBPDS compared to that in EAE mice (Fig 8C). The results corresponded to the change in the
protein expression of Iba—1 by immunoblot analysis and the mRNA expression of CD11b by
RT-PCR analysis in the spinal cord (Fig 8E and 8F). Our findings suggest that onset-treatment
with HBPDS suppressed microglial activation and infiltration in the spinal cord of EAE mice.

3.6. HBPDS inhibits the infiltration of resident and peripheral immune
cells in the spinal cord of EAE mice

Peripheral macrophages migrate and infiltrate into the inflammatory site of the CNS, and they
contribute to pro- and anti-inflammatory reactions that interact with resident microglia in the
lesion [24]. Therefore, we evaluated whether HBPDS is capable of suppressing the migration
and infiltration of macrophages into the spinal cord of EAE mice. After the peak stage of neu-
rological symptoms, the spinal cord was isolated from mice in each group and the population
of resident microglia and peripheral macrophages was evaluated by the flow cytometry assay
(Fig 8G and 8H). The population of CD11b*/CD45*"™" cells, representing the infiltrated mac-
rophages, was markedly increased in EAE mice (12.39 £ 1.21%) compared to normal control
mice (0.35 + 1.21%). The enhanced population of macrophages was dramatically suppressed
by HBPDS treatment (2.12 + 1.27%) compared to that in EAE mice (Fig 8G and 8H). More-
over, the population of CD11b*/CD45"'°" cells, representing the microglia, was significantly
increased in the spinal cord of EAE mice (3.95 + 1.0%) compared to normal control mice

(0.3 + 0.08%); however, the increased population was significantly decreased in HBPDS-treated
EAE mice (1.24 + 0.35%), compared to EAE mice (Fig 8G and 8H). The results showed that
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Fig 7. Onset-treatment with HBPDS decreases the mRNA expression of inflammatory mediators in
the spinal cord from EAE mice. (A-G) Using total RNA isolated from the lumbar spinal cord of mice in each
group at day 20—22 after immunization, the level of MRNA expression of inflammatory cytokines (A-C), INOS
(D), and chemokines (E-G) was measured by RT-PCR (bands in the bottom) and quantified (graphs). The
mRNA expression levels of each gene were normalized to that of GAPDH. The mRNA expression levels of
TNF-a (A), IL-1b (B), IL-6 (C), INOS (D), MCP-1 (E), MIP—1a (F), and RANTES (G) were significantly
decreased in the spinal cord of EAE mice by onset-treatment with HBPDS (30% ethanol extracted). Data are
expressed as mean + SEM (ANOVA test; ##p < 0.01 compared to normal control mice, **p < 0.01 compared
to EAE mice).

doi:10.1371/journal.pone.0138592.g007

HBPDS is able to reduce the severity of EAE through inhibiting the migration and infiltration
of resident microglia and peripheral macrophages in the spinal cord of EAE mice.

3.7. HBPDS regulates the differentiation and recruit/infiltration of Th1,
Th17,and Treg cells in EAE mice

Currently, the most important concept for the pathologic cascade of MS/EAE is that immuno-
logical self-tolerance is interrupted by autoreactive T cells. Peripheral autoreactive T cells tra-
verse the blood brain barrier, activate the perivascular immune system, recruit and infiltrate
into the CNS, and enlarge or repair the lesion in MS/EAE [25]. Therefore, the spinal cord was
isolated from mice in each group after the peak day of neurological symptoms, and the popula-
tion and activity of total T cells and helper T (Th) cells were examined by flow cytometry analy-
sis and RT-PCR. First, the mRNA expression levels of CD3 (a marker of T cells) were
significantly increased in the spinal cord of EAE mice (118.5 + 4.9%) compared to normal con-
trol mice (49.0 + 1.7%); however, the elevated mRNA expression was significantly reduced in
the spinal cord of HBPDS-treated EAE mice (67.5 + 10.1%) compared to EAE mice (Fig 9A
and 9B). Furthermore, in the spinal cord of EAE mice, the percentage of CD4" (Th) was
markedly increased (Fig 9C; 6.91 + 2.14%) compared to that in normal control mice

(0.08 + 0.06%). However, onset-treatment with HBPDS significantly reduced the increased
population compared to those in EAE mice (Fig 9C; 6.91 £ 2.14% and 1.31 + 0.36%, respec-
tively). Products of Th1 and Th17 cells act as pro-inflammatory mediators and play a detri-
mental role in MS/EAE pathology, while products of Th2 and regulatory T (Treg) cells play a
role in anti-inflammatory pathways including suppression of disease [1,2]. Therefore, we con-
firmed the effect of HBPDS on the population of CD4" T cell subtype in the spinal cord of EAE
mice (Fig 9C). The populations of CD4*/IFN-y* T (Th1) cells and CD4"/1L-17* T (Th17) cells
were markedly increased in the spinal cord of EAE mice compared to normal control mice (Fig
9C;20.17 + 3.76% and 13.40 + 0.36%, respectively); however, the increased population was sig-
nificantly reduced by onset-treatment with HBPDS compared to that in EAE mice (Fig 9C;
6.95 + 2.23% and 4.35 + 0.69%, respectively). Consecutively, the population of CD4-polarized
Th2 and Treg cells was evaluated by flow cytometry in the spinal cord. The population of
CD4"/IL-4" (Th2) cells was not significantly changed in the spinal cord by immunization or
onset-treatment with HBPDS (Fig 9C). Furthermore, we measured the percentage of Treg cells
in the spinal cord. Interestingly, the population of CD4"/CD25"/Foxp3™ T cells was increased
in the spinal cord of EAE mice (6.62 + 0.52%) compared to normal control mice

(3.33 £ 0.28%) or HBPDS alone-treated EAE mice (2.55 + 0.41%). However, the population
was further increased by onset-treatment with HBPDS (12.80 + 3.34%) compared to that in
EAE mice (Fig 9C). And then we discriminated whether the CD4"/CD25"/Foxp3™ Treg cells
were derived from thymus using Helios (Ikaros family zinc-finger protein 2), a specific marker
for thymus-derived naturally occurring Treg cells [26,27,28]. The population of CD4"*/Foxp3™/
Helios™ T cells was increased in the spinal cord of EAE mice (5.59 + 0.72%) compared to nor-
mal control mice (3.27 + 0.60%) or HBPDS alone-treated EAE mice (4.66 + 0.21%), whereas,
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Fig 8. Onset-treatment with HBPDS reduces the infiltration and activation of microglia/macrophages in the spinal cord of EAE mice. (A-F) To
investigate the level of infiltration and activation of microglia/macrophages on day 20-22 after immunization, lumbar spinal cord sections were analyzed by
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immunohistochemistry (A-D) and Western blots (E) using anti-lba—1 antibody (A-E) and total RNA isolated from the lumbar spinal cord was analyzed by
RT-PCR with primer for CD11b (F). Bands by Western blots and RT-PCR analysis were quantified as the ratio of Iba—1 (E) or CD11b (F) to GAPDH for each
sample. The infiltration and activation of Iba—1 positive microglia/macrophages, the protein expression of Iba—1, and the mRNA expression of CD11b were
significantly decreased by onset-treatment with HBPDS (30% ethanol extracted) in the spinal cord of EAE mice. (G and H) To further investigate the degree
of recruitment/infiltration of microglia and macrophages, the lumbar spinal cord of mice in each group on day 20—-22 after immunization was analyzed by flow
cytometry. These cells were categorized into CD11b*/CD45*"°" cell (R10; microglia) and CD11b*/CD45*"9" cell (R11; macrophages) populations based on
the CD45 expression levels (G) and the graph shows the percentage of each cell population (H). Onset-treatment with HBPDS (30% ethanol extracted)
decreased the population of microglia and macrophages in the spinal cord with EAE mice. Data are presented as mean + SEM. Scale bar = 100 um. (ANOVA
test; #p < 0.05, ##p < 0.01 compared to normal control mice, *p < 0.05 and **p < 0.01 compared to EAE mice).

doi:10.1371/journal.pone.0138592.g008

the increased population was further increased by HBPDS (9.06 + 1.39%) compared to that in
EAE mice (Fig 9C). The results suggest that HBPDS could reduce neurological signs of EAE by
inhibiting the recruitment/infiltration of Th1 and Th17 cells into spinal cords of EAE mice and
increasing the recruitment/infiltration of thymus-derived Treg cells into the spinal cords.

3.8. HBPDS stabilize the integrity of BBB in EAE mice

Neurological severity of EAE corresponds with the level of infiltration of inflammatory cells in
the CNS by disruption of the BBB [3,29]. Since astrocytes are involved in formation of the BBB
[30], we examined the effect of HBPDS on the level of astroglial activation in the spinal cord of
EAE mice. GFAP immunoreactivity was increased in the white matter in the spinal cord of
EAE mice compared to normal control mice (Fig 10A) or HBPDS alone-treated EAE mice (Fig
10D); however, the increased GFAP immunoreactivity was significantly reduced by onset-
treatment with HBPDS compared to that in EAE mice (Fig 10C). These results corresponded
with the changes in protein expression of GFAP by Western blot analysis (Fig 10E) and mRNA
expression of GFAP by RT-PCR analysis (Fig 10F) in the spinal cord from EAE mice. To fur-
ther investigate the effect of HBPDS on the integrity of the BBB, we measured the mRNA
expression of adhesion (ICAM-1 and VCAM-1) and junctional molecules (claudin-3, clau-
din-5, and zona occludens-1) in the spinal cord of each group by RT-PCR (Fig 10G-10L). The
mRNA expression of ICAM-1 and VCAM-1 was increased in the spinal cord of EAE mice
compared to normal control mice; however, the increased expression was reduced by onset-
treatment with HBPDS (Fig 10G-10I). The mRNA expression of claudin-3, claudin-5, and
zona occludens-1 was decreased in the spinal cord of EAE mice compared to normal control
mice; however, the decreased expression was up-regulated by onset-treatment with HBPDS
(Fig 10J-10L). These results suggest that HBPDS inhibited the disruption of BBB in EAE mice
and that this effect of HBPDS on stabilizing the BBB resulted in inhibition of migration and
recruitment of peripheral immune cells (macrophages, T cells) across the endothelium.

3.9. Administration of HBPDS does not induce toxicity

Finally, to examine whether the treatment with HBPDS (extracted with 30% ethanol) induces
toxicity in mice, we treated normal female mice (9-week-old) with 15, 30, and 60 mg/kg/day of
HBPDS for 35 days and assessed the toxicity in blood, liver, spleen, and kidney (S1 Materials
and Methods and S1 Fig). No evidence of a toxic effect was found, compared to that in normal
mice without any saline. Mean body weight (S1A Fig) and mean serum level of the most com-
monly used indicators of liver damage or disease-AST, ALT, and LDH (S1B-S1D Fig) were
not affected by prolonged administration of HBPDS. Also, the histological structure of the
liver, spleen, and kidney was not affected by the administration of HBPDS (S1E-S1P Fig). The
results indicated that prolonged administration of 15, 30, and 60 mg/kg/day of HBPDS does
not induce toxicity.
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Fig 9. Onset-treatment with HBPDS regulates the recruitment/infiltration of CD4 T, Th1, Th17, and Treg cells, but not Th2 cells. (A-C) To investigate
the degree of recruitment/infiltration of T cells, lumbar spinal cords were dissected from mice in each group on day 20—-22 after immunization, analyzed by
RT-PCR with primer for CD3 (A) and quantified (B), and analyzed by flow cytometry (C). Onset-treatment with HBPDS (30% ethanol extracted) significantly
reduced the mRNA expression of CD3 (A and B) and the population of CD4*, CD4*/IFNy* (Th1) and CD4*/IL-17* (Th17) cells, further increased the
population of CD4*/CD25*/Foxp3* and CD4*/Foxp3*/Helios™ (Treg) cells, and did not change the population CD4*/IL-4* (Th2) cells in the lumbar spinal
cords of EAE mice (C). Data are expressed as mean value + SEM in the graph. (ANOVA test; #p < 0.05 and ##p < 0.01 compared to normal control mice,

*p <0.05 and **p < 0.01 compared to EAE mice).

doi:10.1371/journal.pone.0138592.9009

Discussion

In the present study, we demonstrated that HBPDS has a beneficial effect in EAE mice. Onset-
treatment with HBPDS alleviates the severity of neurological signs and spinal demyelination,
which were accompanied by inhibition of microglial activation, recruitment/infiltration of
peripheral macrophages, expression of inflammatory mediators, and disruption of the BBB in
the spinal cord of EAE mice. Onset-treatment with HBPDS inhibited the recruitment/infiltra-
tion of CD4"/ IFN-y" (Th1) and CD4"/IL-17" (Th17) cells into spinal cords of EAE mice,
while it increased the recruitment/infiltration of CD4*/CD25"/Foxp3™ and CD4"/CD25"/
Helios™ T cells. Additionally, pre-, onset-, and post-treatment with HBPDS delayed or allevi-
ated neurological signs in EAE mice. These findings suggest that HBPDS has a neuroprotective
effect on the development and progression of EAE by regulating Th1, Th17, and (thymus-
derived) Tregs responses.

In the past 20 years, significant progress has been made in the treatment of MS. Although
more than 10 disease-modifying therapies (IFN-B, glatiramer acetate, mitoxantrone, natalizu-
mab, fingolimod etc.) are now used for MS, they are not fully efficient and patients suffer from
many symptoms because of the adverse effects and limitations of causal treatment [31,32].
Also, individuals with MS explore complementary and alternative medicine (CAM) therapies
that are normally not prescribed by their conventional MS care providers, for improving the
quality of life [33]. Therefore, research and development of new and safer treatment strategies
based on CAM play a significant role in the well being of MS patients. Biologically based thera-
pies include herbs, diet, and bee venom therapies (Kim et al., 2009; Landis et al., 2012). Hyperi-
cum Perforatum, Valeriana Officinalis, Ginkgo biloba, Panax ginseng, and Curcuma longa are
commonly used in the treatment of MS [33]. In the present study, HBPDS, which is an herbal
medicine for treating influenza and for enhancing immune activity in Oriental medicine, dis-
played a beneficial effect in MOG-induced EAE. Although its efficacy when used for onset-
treatment differed slightly based on the type of solvent (water, 30%, 70%, and absolute etha-
nol), it was approximately similar and the representative HBPDS extract (30% ethanol) had a
beneficial effect when used for pre-, onset-, and post-treatment. These results indicate that
HBPDS may provide the basis for new and safer neuroprotective strategies for MS, and a fur-
ther study including the investigation of active single herbs and active ingredients is needed.

CD4" T cells producing IL-17 are related to inflammatory reactions in many autoimmune
diseases, which have been defined as Th17 cells. It has been revealed initially that murine Th17
cells are differentiated by a combination of TGF-B and IL-6 cytokines, whereas IL-23 is exe-
cuted for their recruitment and amplification [34]. Recent studies have demonstrated that
TGE-B elevates Th17 cells by suppressing the differentiation of Th1 and Th2 cells. Further-
more, TGF-f has been considered an important factor in the immunosuppression of effecter T
cells such as Thl and in the induction of immune tolerance, and an immune-regulation cyto-
kine produced by some Foxp3- and/or Helios-expressing Treg cells [27,28,34,35,36]. Helios is
selectively induced in FoxP3" Treg cells and regulate Th cell differentiation and cytokine pro-
duction [26,27,28]. Moreover, Helios is a specific marker for thymus-derived naturally occur-
ring Treg cells but not for peripherally induced Treg cells [26,27,28]. Treg cells play a crucial
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Fig 10. Onset-treatment with HBPDS helps to maintain the integrity of the BBB in EAE mice. (A-L) To assess the level of disruption of the BBB at day
20-22 after immunization, lumbar spinal cord sections was immunostained with anti-GFAP antibody (A-D), lumbar spinal cord lysate was analyzed by
Western blot with anti-GFAP antibody (E), total RNA isolated from the lumbar spinal cord was analyzed by RT-PCR with primers for GFAP (F) and adhesive
molecules (ICAM-1 and VCAM-1; G-l), and the total RNA was analyzed by real time-PCR with primers for junctional molecules (claudin-3, claudin-5, and
zona occludens—1; J-L). Bands by Western blots and RT-PCR analysis were quantified as the ratio of GFAP to GAPDH for each sample (E and F). The
mRNA expression level of each gene by real time-PCR is presented as the fold induction compared with the levels measured in normal mice (J-L). Onset-
treatment with HBPDS (30% ethanol extracted) reduced the increased GFAP-immunoreactivity (A-D), the increased expression of protein and mRNA for
GFAP (E and F), and the increased expression of mRNA for ICAM—1 and VCAM-1 (G-l), but increased the reduced expression of mRNA for claudin-3,
claudin-5, and zona occludens—1 in the spinal cord of EAE mice (J-L). Data are represented as mean + SEM. Scale bar = 100 ym. (ANOVA test; #p < 0.05
and ##p < 0.01 compared to normal control mice, *p < 0.05 and **p < 0.01 compared to EAE mice).

doi:10.1371/journal.pone.0138592.9010

role in the maintenance of peripheral immune tolerance and can regulate effecter T cell-medi-
ated autoimmune inflammation directly or via the antigen-presenting cells during MS/EAE
[37,38,39]. In the present study, the increased population of CD4"/IFNy" T (Th1) cells and
CD4"/IL-17" T (Th17) cells in the spinal cord from EAE mice was significantly diminished by
onset-treatment with HBPDS, while the increased population of CD4*/CD25"/Foxp3™ and
CD4"/CD25"/Helios™ T (Treg) cells in the spinal cord from EAE mice was further increased by
onset-treatment with HBPDS. However, the population of CD4"/IL-4" T (Th2) cells in the spi-
nal cords of EAE mice was not significantly changed by immunization or onset-treatment with
HBPDS. These results indicate that onset-treatment with HBPDS suppresses the recruitment/
infiltration of Th1 and Th17 cells and increases the recruitment/migration of thymus-derived
Treg cells into the spinal cord of EAE mice.

Under steady-state conditions, resident microglia are not influenced by bone marrow-
derived macrophages. However, on CNS inflammation, macrophages migrate and infiltrate
into the lesion of the CNS, have a similar phenotype to activated microglia, and express the
same antigenic markers [24,40]. Therefore, we assessed the distribution of macrophages and
microglia in the spinal cord of EAE mice using flow cytometry. The number of macrophages
(CD11b*/CD45"™¢") and microglia (CD11b*/CD45*"'°™) was markedly increased to
12.39 + 1.21% and 3.35 * 0.86%, respectively in the spinal cord of EAE mice; however, these
increases were significantly attenuated to 2.12 + 1.27% and 1.73 + 0.64%, respectively by onset-
treatment with HBPDS (Fig 8G and 8H). The results indicate that onset-treatment with
HBPDS suppresses the recruitment and infiltration of macrophages/microglia in the spinal
cord of EAE mice, corresponding with the results of the histological analysis (H&E stain and
immunohistochemistry for Iba-1). The infiltrated immune cells contribute to the process of
tissue damage and repair by producing pro- and anti-inflammatory mediators [22,24,40,41]. In
the present study, onset-treatment with HBPDS significantly increased the reduced expression
levels of representative cytokines (TNF-o, IL-1f, IL-6), representative chemokines (MCP-1,
MIP-1¢, and RANTES), and iNOS in the spinal cord from EAE mice (Fig 7), corresponding
with the histopathological results (demyelination and infiltration of immune cells). These find-
ings support a beneficial effect of HBPDS on spinal demyelination in EAE mice. Also, our find-
ings indicate that reduction in Iba-1 immunoreactivity in the spinal cord from HBPDS-treated
EAE mice (Fig 8) is associated with reduction in activation and infiltration of residential micro-
glia as well as macrophages. Taken together, it is likely that onset-treatment with HBPDS may
contribute to preventing the development and progression of EAE by inhibiting recruitment/
infiltration of immune cells into demyelinating lesions and secretion of pro-inflammatory
mediators such as cytokines and chemokines in the spinal cord.

In neurological diseases such as MS and stroke, activated astrocytes and leukocytes secrete
pro-inflammatory modulators, resulting in loss of the BBB integrity and increase in cell adhe-
sion molecules (CAMs). During MS and EAE, the increased expression of CAMs (ICAM-1
and VCAM-1) plays an important role in leukocyte transmigration into the CNS [2]. In this
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study, onset-treatment with HBPDS reduced the increased immunoreactivity, protein expres-
sion, and mRNA expression of GFAP and the increased mRNA expression of ICAM-1 and
VCAM-1 in the spinal cord of EAE mice, corresponding to the reduced clinical signs of EAE
and infiltration of immune cells in the spinal cord. For maintaining the integrity of the BBB,
tight junction-associated molecules (claudin-3, claudin-5, and zona occludens-1) combine
among the endothelial cells. In EAE, the expression of junctional molecules is suppressed,
which results in increased BBB permeability [42]. In the present study, onset-treatment with
HBPDS increased the reduced mRNA expression of claudin-3, claudin-5, and zona occlu-
dens-1 in the spinal cord of EAE mice. The results suggest that HBPDS helps to preserve the
integrity of the BBB in EAE mice.

All herbs that constitute HBPDS are well-known herbs in East Asian traditional medicine,
and have some potent biological activities. Ostericum koreanum has been traditionally pre-
scribed as an analgesic and cold medication. Isolated oxypeucedanin has anti-cancer effects
through the regulation of cell cycle arrest and apoptosis [43]. And bisabolangelone, also iso-
lated from the roots of Ostericum koreanum, has anti-inflammatory effects on lipopolysaccha-
ride-stimulated inflammation by inhibiting the NF-xB and MAPKs pathways in macrophages
[44]. Aralia continentalis is an ethnomedicinal plant traditionally prescribed to treat headaches,
rheumatism, lumbago, and limping [45]. Its extract has a protective effect against carbon tetra-
chloride-induced hepatotoxicity by promoting anti-oxidative protein expression [46] and anti-
nociceptive effects in complete Freund’s adjuvant-induced arthritis [47]. Moreover, kaurenoic
acid isolated from Aralia continentalis suppresses the lipopolysaccharide-induced inflamma-
tory response in RAW264.7 macrophages through the inhibition of iNOS and COX-2 expres-
sion [48]. Bupleurum falcatum has been used in Chinese medicine as a liver tonic [49]. Its
extract has anti-anxiety activity after repeated restraint stress [50], antidepressant-like effect in
the tail suspension test [51], protective effect against allergic asthma [52], and neuroprotective
and anti-inflammatory effects after spinal cord injury by inhibiting the activation of MMPs
[53]. Angelica decursiva or isolated umbelliferone 6-carboxylic acid has anti-oxidant and anti-
inflammatory activities in vitro using lipopolysaccharide-stimulated RAW264.7 cells [54,55].
Schizonepeta tenuifolia has a wide range of the physiological activities against inflammation-
related diseases and oxidative stress [56,57,58]. Saposhnikovia divaricata is used to treat rheu-
matoid arthritis via inhibiting NF-xB and MARKs [59], and has potent antioxidant, anti-
inflammatory, and protective properties on lipopolysaccharide-activated RAW 264.7 cells [60].
Poria cocos has been traditionally used in Oriental medicine as a diuretic and sedative [61] and
25-methoxyporicoic acid A and other triterpene acids from Poria cocos have anti-tumor-pro-
moting effects [62]. Rehmannia glutinosa belongs to the family of Scrophulariaceae, and has
been widely used to treat enervation in many Asian countries. It promotes the proliferation of
hematopoietic stem cells in bone marrow [63]. Furthermore, a compound formula that
includes Rehmannia glutinosa alleviates levodopa-induced dyskinesia in Parkinson’s disease
[64]. Lycium barbarum protects against neuronal loss, excitatory cytotoxicity induced by gluta-
mate, and ameliorates cognitive and memory deficits induced by scopolamine [65]. Plantago
asiatica has therapeutic effects including anti-fever, anti-viral, anti-oxidant, and anti-cancer
activities [66,67]. Although it remains still unknown which herb provides the advantageous
activity for MS/EAE, our present results are an important first step towards a better
understanding.

Conclusions

Although HBPDS has been traditionally prescribed for various physiological and immunologi-
cal disorders, its effects on the pathogenesis and progression of MS/EAE have not been
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established. In this study, onset-treatment with HBPDS suppressed neurological symptoms,
demyelination, infiltration and activation of microglia and macrophages, and expression of
pro-inflammatory cytokines and chemokines in the spinal cords of EAE mice. Onset-treatment
with HBPDS reduced the loss of adhesive and junctional molecules to maintain BBB integrity
of EAE mice. Onset-treatment with HBPDS down-regulated the populations of CD4"/IFN-y*
and CD4"/IL-17" T cells, and up-regulated the population of CD4*/CD25"/Foxp3™ and CD4"/
Foxp3*/Helios" Treg cells in the both the spinal cord of EAE mice. These results suggest that
HBPDS exerted the novel neuroprotective and anti-inflammatory properties on MOG-induced
EAE by inhibiting the myelin-reactive T cells and immune modulators. We are carefully opti-
mistic that HBPDS could be used as a targeted neuroprotective strategy for autoimmune dis-
eases such as MS.
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