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Inhibition of Inflammation and Oxidative
Stress by Angelica dahuricae radix Extract
Decreases Apoptotic Cell Death and
Improves Functional Recovery After
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Inflammation and oxidative stress play major roles in the
pathogenesis after spinal cord injury (SCI). Here, we
examined the neuroprotective effects of Angelica dahuri-
cae radix (ADR) extract after SCI. ADR extract signifi-
cantly decreased the levels of proinflammatory factors
such as tumor necrosis factor-a (TNF-a), interleukin-13
(IL-1pB), interleukin-6 (IL-6), inducible nitric oxide synthase
(INOS), and cyclooxygenase-2 (COX-2) in a lipopolysac-
charide (LPS)-activated microglial cell line, BV2 cells.
ADR extract also significantly alleviated the level of reac-
tive oxygen species in LPS-activated BV2 cells. To exam-
ine the neuroprotective effect of ADR extract after SCl,
spinally injured rats were administered ADR extract orally
at a dose of 100 mg/kg for 14 days. ADR extract treat-
ment significantly reduced the levels of TNF-a, IL-1p, IL-
6, INOS, and COX-2. The levels of superoxide anion (O,-")
and protein nitration were also significantly decreased by
ADR extract. In addition, ADR extract inhibited p38 mito-
gen-activated protein kinase activation and pronerve
growth factor expression in microglia after SCI. Further-
more, ADR extract significantly inhibited caspase-3 acti-
vation following apoptotic cell death of neurons and oligo-
dendrocytes, thereby improving functional recovery after
injury. Thus, our data suggest that ADR extract provides
neuroprotection by alleviating inflammation and oxidative
stress and can be used as an orally administered thera-
peutic agent for acute SCI.  © 2011 Wiley Periodicals, Inc.

Key words: apoptosis; proinflammatory factors; micro-
glia; neuroprotection; reactive oxygen species

Spinal cord injury (SCI) induces massive apoptotic
cell death of neurons and oligodendrocytes, resulting in
axonal degeneration and demyelination, thereby leading

© 2011 Wiley Periodicals, Inc.

to spinal cord dysfunction (Liu et al., 1997; Springer
et al., 1999; Lee et al., 2003; Yune et al., 2007). Inflam-
mation and oxidative stress are major factors exacerbating
the pathogenesis after SCI by inducing apoptosis of neu-
rons and oligodendrocytes (Bao and Liu, 2002; Bareyre
and Schwab, 2003; Lee et al., 2003; Yune et al., 2007,
2008). In particular, microglia play a pivotal role in
inducing inflammatory responses and are believed to
contribute to the neurodegenerative process by releasing
both proinflammatory cytokines (Block and Hong,
2005) and reactive oxygen species (ROS; Min et al.,
2003, 2004; Qin et al.,, 2004). After SCI, activated
microglia also produce p38 mitogen-activated protein ki-
nases (MAPK)-dependent pronerve growth factor (pro-
NGF), which is known to be involved in apoptotic cell
death of oligodendrocytes (Yune et al., 2007). There-
fore, it is desirable to develop eftective therapeutic inter-
ventions for preventing inflammation and oxidative stress
via inhibition of microglial activation after SCI.

Angelica dahuricae radix (ADR), the dried root of
Angelica dahuricae (Umbelliferae), is one of the most
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common herbal remedies in Oriental medicine (Perry,
1980; Hsu et al., 1986) and has been used to counter
harmful external influences on the skin, such as cold,
heat, dampness, and dryness (Chevallier, 2001). ADR is
also used as an antipyretic and analgesic for treatment of
various symptoms such as acne, erythema, headache, si-
nusitis, colds, and flu (Wanger, 1999). Furthermore,
ADR extract is known to exhibit liver protective activ-
ity, antimicrobial activity, antiinflammatory activity, and
antimutagenic activity (Kim et al,, 1991; Piao et al,
2004). Large numbers of chemical constituents such as
coumarins and furanocoumarins (e.g., coumarin, scopo-
letin, isoimperatorin, imperatorin, oxypeucedanin, bya-
kangelicol, and byakangelicin) have been identified from
ADR  extract (Saiki et al.,, 1971; Ketai et al., 2001).
Among them, both isoimperatorin and imperatorin have
been known to inhibit cyclooxygenase and lipoxygenase
pathways of arachidonate metabolism in macrophages
(Abad et al., 2001). Imperatorin has also been known to
have inhibitory effect on concanavalin A-induced hepa-
titis in mice (Okamoto et al., 2001).

Recent evidence indicates that ADR  extract has
both antioxidant and antiinflammatory properties. For
example, fluranocoumarins from ADR  extract exhibit
potent antioxidant activities in epithelial cells (Piao et al.,
2004). The ethyl acetate extract of ADR inhibits LPS-
induced expression of inflammatory mediators such as
nitric oxide (NO), inducible nitric oxide synthase
(INOS), cyclooxygenase-2 (COX-2), and tumor necrosis
factor-a (TNF-a) in macrophages by inhibiting mito-
gen-activated protein kinases (MAPKSs) and IkB/NF-«xB
signal pathways (Kang et al., 2007). With these observa-
tions, we examined whether ADR extract may exert its
neuroprotective effect by inhibiting microglial activation
following inflammation and oxidative stress after SCI.
Here, we found that ADR extract inhibited apoptosis by
alleviating inflammatory responses and oxidative stress
via inhibition of microglial activation, thereby improved
functional recovery after SCI.

MATERIALS AND METHODS
Preparation of ADR Extract

ADR extract was prepared from dried roots of Angelica
dahurica with 70% ethanol as described previously (Kim et al.,
2001). The ethanol filtrate was evaporated in vacuo, and pow-
dered ADR was stored at —20°C until use. As previous
reported by Park et al. (2009), ADR extract contains various
compounds such as byakangelicol (0.0687%), oxypeucedanin
(0.0586%), imperatorin (0.0295%), phellopterin (0.0144%),
and 1soimperatorin (0.0149%) by HPLC/UV analysis.

Microglia Culture

The murine microglia (BV2) cell line (Blasi et al., 1990)
was cultured in DMEM supplemented with 5% fetal bovine
serum, 100 U/ml penicillin, and 100 g/ml streptomycin at
37°C in a humidified incubator under 5% CO,. Before each
experiment, cells (1 X 10> cells per well) were plated onto
24-well plates. On the next day, cells were pretreated with

ADR extract (1, 10, and 50 pg/ml) for 30 min before LPS
(100 ng/ml; Escherichia coli 0111:B4; Sigma, St. Louis, MO)
treatment. Powdered ADR extract was dissolved in dimethyl-
sulfoxide (DMSO) and then diluted in PBS (final concentra-
tion of DMSO 0.1%). For control, diluted DMSO (0.1%)
without ADR extract was used.

Assays for ROS and NO Production

The ROS production was measured fluorometrically
using the ROS-specific fluorescence dye dichlorodihydro-
fluorescein diacetate (DCF-DA; Molecular Probes, Eugene,
OR) as described previously (Kim et al., 2007). NO produc-
tion was also measured as described previously (Lee et al.,
2004). Briefly, 100 pl culture medium was allowed to react
with 100 pl Griess reagent (Sigma). The optical density was
read at 540 nm in a microplate reader (Molecular Devices,
Sunnyvale, CA) after 15 min. Cellular nitrite production was
quantitated by subtracting the level of nitrite present in the
media (in the absence of cells) from the total nitrite level. Ni-
trite  concentrations were calculated from a standard curve
derived from the reaction of sodium nitrite in fresh media.

SCI

Adult Sprague-Dawley rats (male; 230-250 g; Samtako)
were subjected to moderate contusion injury (10 g, 25 mm) as
described previously (Yune et al., 2007). For the sham-operated
controls, animals underwent a T10 laminectomy without
weight-drop injury. Surgical interventions and postoperative
animal care were performed in accordance with the Guidelines
and Polices for Rodent Survival Surgery provided by the Ani-
mal Care Committee of the Kyung Hee University.

ADR Extract Administration

Powdered ADR extract was suspended in sterile deion-
ized water and administered orally at a dose of 100 mg/kg be-
ginning 2 hr after SCI and then once per day for 2 weeks.
Control groups were received equivolumetric administration
of sterile deionized water at the corresponding times.

In Situ Detection of Superoxide Anion

The production of superoxide anion (O,:") after SCI
was examined by using HEt dye (Invitrogen, Carlsbad, CA).
HEt is oxidized to the fluorescent ethidium by O,-~ (Carter
et al., 1994; Kondo et al., 1997) and is considered an indicator
of intracellular O~ (Yune et al., 2004). Two hundred micro-
liters of HEt (1 mg/ml in phosphate-buffered saline, pH 7.4)
was injected intravenously 1 hr before the animals were killed.
Animals were killed 4 hr after injury, and spinal cord sections
were prepared. The fluorescence was assessed microscopically
at excitation (Ex) = 355 nm and emission (Em) > 415 nm
for HEt detection or at Ex = 510-550 nm and Em > 580
nm for Etd detection and photographed with an Olympus
microscope with software accompanying the Cool Snap cam-
era (Roper Scientific). For quantitative analysis of ethidium
fluorescence, the area of tissue fluorescence in three coronal
sections from each animal was analyzed in MetaMorph soft-
ware (Molecular Devices, Sunnyvale, CA) as described previ-
ously (Yune et al., 2008).
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RNA Isolation and RT-PCR

RNA isolation using Trizol reagent (Invitrogen) and
c¢DNA synthesis were performed as described previously (Lee
et al., 2003). The primers used for iNOS, COX-2, TNF-a,
interleukin-1 (IL-1B), IL-6, and GAPDH were synthesized
by Genotech (Daejeon, Korea). The sequences of the primers
were 5-CTC CAT GAC TCT CAG CAC AGA G-3
(sense) and 5'-GCA CCG AAG ATA TCC TCA TGA T-3
(antisense) for iNOS, 5-CCA TGT CAA AAC CGT GGT
GAA TG-3' (sense) and 5-ATG GGA GTT GGG CAG
TCA TCA G-3' (antisense) for COX-2, 5'-CCC AGA CCC
TCA CAC TCA GAT-3' (sense) and 5-TTG TCC CTT
GAA GAG AAC CTG-3' (antisense) for TNF-a, 5'-GCA
GCT ACC TAT GTC TTG CCC GTG-3' (sense) and 5'-
GTC GTT GCT TGT CTC TCC TTG TA-3 for IL-1B,
5-AAG TTT CTC TCC GCA AGA TAC TTC CAG
CCA-3' (sense) and 5-AGG CAA ATT TCC TGG TTA
TAT CCA GTT T-3' (antisense) for IL-6, and 5'-TCC CTC
AAG ATT GTC AGC AA-3' (sense) and 5-AGA TCC
ACA ACG GAT ACA TT-3' (antisense) for GAPDH, which
was used as an internal control. Experiments were repeated
three times, and the values obtained for the relative intensity
were subjected to statistical analysis. The gels shown in figures
are representative results from three separate experiments.

Western Blot

Whole lysates from spinal cord (1 cm) or BV2 cells
were prepared with a lysis buffer containing 1% Nonidet P-
40, 20 mM Tris, pH 8.0, 137 mM NaCl, 0.5 mM EDTA,
10% glycerol, 10 mM Na,P,O7, 10 mM NaF, 1 pg/ml apro-
tinin, 10 pg/ml leupeptin, 1T mM sodium vanadate, and 1
mM PMSF. The protein concentration was determined by
using a BCA assay kit (Pierce, Rockford, IL). Protein samples
(40 pg each) were separated on SDS-PAGE and transferred to
nitrocellulose membrane (Millipore, Billerica, MA). The
membranes were blocked in 5% nonfat skim milk or 5% bo-
vine serum albumin in TBS-T (0.1% Tween 20) for 1 hr at
room temperature, followed by incubation with antibodies
against B-tubulin (1:10,000; Sigma), iINOS (1:10,000; Trans-
duction Laboratories, Lexington, KY), COX-2 (1:1,000; Cay-
man Chemicals, Ann Arbor, MI), phosphorylated p38MAPK
(p-p38MAPK; 1:1,000; Cell Signaling Technology, Danvers,
MA), cleaved caspase-3 (1:1,000; Cell Signaling Technology),
and pro-NGF (1:1,000; Santa Cruz Biotechnology, Santa
Cruz, CA). Tubulin was used as an internal control. Relative
intensity of each band on Western blots was measured and an-
alyzed by Alphalmager software (Alpha Innotech Corporation,
San Leandro, CA). Background in films was subtracted from
the optical density measurements. Experiments were repeated
three times, and the values obtained for the relative intensity
were subjected to statistical analysis. The gels shown in figures
are representatives of results from three separate experiments.

Tissue Preparation

After SCI, animals were anesthetized with 4% chloral
hydrate and perfused via cardiac puncture initially with 0.1 M
PBS (pH 7.4) and subsequently with 4% paraformaldehyde in
0.1 M phosphate buffer. A 20-mm section of the spinal cord,
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centered at the lesion site, was dissected out, postfixed by
immersion in the same fixative overnight, and placed in 30%
sucrose in 0.1 M PBS. The segment was embedded in OCT
for frozen sections as described previously (Yune et al., 2007).
Frozen tissues were then cut at 10 or 20 pm on a cryostat
(Leica CM1850).

TUNEL and Immunohistochemical Staining

One and five days after injury, serial spinal cord sections
(10 pm thickness) were collected every 100 pm and processed
for terminal deoxynucleotidyl transferase (TdT)-mediated
deoxyuridine triphosphate-biotin nick end labeling (TUNEL)
staining using an Apoptag in situ kit (Chemicon, Temecula,
CA). Diaminobenzidine (DAB) substrate kit (Vector Labora-
tories, Burlingame, CA) was used as a substrate for peroxidase,
and the sections were then counterstained with methyl green.
Control sections were incubated in the absence of TdT
enzyme. All TUNEL analyses were carried out by investiga-
tors who were blind to the experimental conditions. Quanti-
tation of TUNEL-positive cells was accomplished by counting
the number of cells labeled positively with a X20 objective.
In total, 40 sections for neurons in the gray matter (GM) at 1
day and in total 100 sections for oligodendrocytes in the white
matter (WM) at 5 days after SCI were counted and averaged.
Only those cells showing morphological features of nuclear
condensation and/or compartmentalization only in the GM
and the WM were counted as TUNEL positive. The tissue
sections were also processed for immunohistochemistry with
antibodies against nitrotyrosine  (1:500; Millipore), p-
p38MAPK (1:1,000; Cell Signaling Technology), cleaved cas-
pase-3 (1:100; Cell Signaling Technology), OX-42 (1:100;
Millipore), and CC1 (1:100; Millipore), a cell-type-specific
marker for oligodendrocytes. For double labeling, fluorescein
isothiocyanate (FITC)- or cyanin 3-conjugated secondary
antibodies (Jackson Immunoresearch, West Grove, PA) was
used. Also, nuclei were labeled with DAPI according to the
protocol of the manufacturer (Invitrogen). In all controls,
reaction to the substrate was absent if the primary antibody
was omitted or if the primary antibody was replaced by a
nonimmune, control antibody. Serial sections were also
stained for histological analysis with cresyl violet acetate. For
quantification of cleaved caspase-3-positive oligodendrocytes
(cleaved caspase-3/CC1 double positive), serial transverse sec-
tions (10 pum thickness) were collected every 200 pm from
4,000 pm rostral to 4,000 pum caudal to the lesion site (n = 4,
total 40 sections per animal). Cleaved caspase-3-positive oligo-
dendrocytes in the WM in each section were counted and
averaged.

Quantitation of the Proportion of Resting
and Activated Microglia

Percentage of field analysis was used to provide a quan-
titative estimate (proportional) of changes in the activation
state of microglia. Resting and activated microglia were classi-
fied and counted based on a previous report (Hains and Wax-
man, 2006; Yune et al., 2009). Briefly, with immunostaing by
OX-42 antibody (Millipore), resting microglia displayed small,
compact somata bearing long, thin, and ramified processes.
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Activated microglia exhibited marked cellular hypertrophy
and retraction of processes such that the process length was
less than the diameter of the soma compartment. Quantitative
analysis was performed by blinded observers. Cells were
sampled only if the nucleus was visible within the plane of
section and if cell profiles exhibited distinctly delineated bor-
ders (Hains and Waxman, 2006).

Behavioral Tests

To examine functional deficits after injury, behavioral
analyses were performed by trained investigators who were
blind to the experimental conditions. For testing of hindlimb
locomotor function, open-field locomotion was evaluated by
using the 21-point Basso-Beattie-Bresnahan (BBB) locomo-
tion scale as described elsewhere (Basso et al., 1995). BBB is a
22-point scale (scores 0—21) that systematically and logically
follows recovery of hindlimb function from a score of 0, in-
dicative of no observed hindlimb movements, to a score of
21, representative of a normal ambulating rodent. The
inclined plane test was performed via a method described pre-
viously (Rivlin and Tator, 1977). In brief, animals were tested
in two positions (right side or left side up) on the testing ap-
paratus (i.e., a board covered with a rubber mat containing
horizontal ridges spaced 3 mm apart). The maximum angle at
which a rat could maintain its position for 5 sec without fall-
ing was recorded for each position, and averaged to obtain a
single score for each animal. Footprint analysis was performed
as described elsewhere (de Medinaceli et al., 1982; Stirling
et al., 2004). The animal’s forepaws and hindpaws were
dipped in red and blue dye (nontoxic), and the animal was
then allowed to walk across a narrow box (1 m long and 7
cm wide). The footprints were scanned, and digitized images
were analyzed.

Axon Staining and Counting

Rats from the vehicle- and ADR extract-treated groups
were anesthetized at 38 days after injury, and frozen sections
were prepared as described above. For quantitative analysis of
axonal densities, serial coronal sections collected every 1 mm
rostral and 3 mm caudal to the lesion site were stained with
an antibody specific for 200-kDa neurofilament protein
(NF200; 1:4,000; Sigma). Axonal densities were determined
within preselected fields (40 X 40 pum, 1,600 um?) at specific
sites within the vestibulospinal tract (VST) for NF200-positive
axons as previously described (Yune et al.,, 2007). The loca-
tion of these sites was carefully conserved from group to
group by using anatomical landmarks and remaining axons
were manually counted from each field. The number of axons
in vehicle- or ADR extract-treated spinal cord was expressed
as a percentage relative to that in sham control (100%).

Luxol Fast Blue Staining

To assess the loss of myelin, serial transverse cryosections
(16 pm thickness) were stained with Luxol fast blue as previ-
ously described (Yune et al., 2007). In brief, the selected slides
were incubated in 0.1% Luxol fast blue (Solvent Blue 38;
Sigma) in acidified 95% ethanol overnight at 60°C. Differen-
tiation was carried out with 0.05% lithium carbonate.

Assessment of Lesion Volume

The measurement of lesion volume using rats tested for
behavioral analysis was performed as previously described
(Yune et al, 2008). Serial longitudinal sections (10 pm)
through the dorsoventral axis of the spinal cord were used to
determine lesion volume. Every 50-pm section was stained
with cresyl violet acetate and was studied via light microscopy.
The rostrocaudal boundaries of the tissue damage were
defined by the presence of inflammatory cells, loss of neurons,
existence of degenerating neurons, and cyst formation. With a
low-power (X1.25) objective, the lesion area was determined
in MetaMorph software (Molecular Devices). Areas at cach
longitudinal level were determined, and the total lesion vol-
ume was derived by means of numerical integration of se-
quential areas.

Statistical Analysis

Data are presented as mean * SD. Comparisons
between vehicle- and ADR extract-treated groups were made
by unpaired Student’s t-test. Multiple comparisons between
groups were performed by one-way ANOVA. Behavioral
scores from BBB analysis and inclined plane tests were ana-
lyzed by repeated-measures ANOVA (time vs. treatment).
Tukey’s multiple comparison was used as post hoc analysis.
Statistical significance was accepted at P < 0.05. All statistical
analyses were performed in SPSS 15.0 (SPSS, Chicago, IL).

RESULTS

ADR Extract Inhibits the Expression of
Proinflammatory Mediators in BV2
Microglial Cells Activated by LPS

ADR is known to inhibit the expression of pro-
inflammatory mediators such as TNF-a, iNOS, and
COX-2 in macrophages (Kang et al., 2007), so we
hypothesized that ADR extract would exhibit antiinflam-
matory effects in microglia. We first determined the effect
of ADR extract on the cell viability in BV2 cells by using
the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay at 24 hr after LPS treatment (Kim
et al., 2007). ADR extract at concentrations of 1, 10, and
50 pg/ml exhibited no cytotoxic effect on BV2 cells (data
not shown). Next, to examine antiinflammatory eftects of
ADR  extract, we employed an in vitro model of LPS-
induced microglial activation in BV2 cells. BV2 cells were
pretreated with ADR  extract (1, 10, and 50 pg/ml) for
30 min and then treated with LPS (100 ng/ml). As shown
in Figure 1, ADR extract treatment at the concentrations
of 10 and 50 pg/ml significantly decreased LPS-induced
mRNA levels of TNF-a and IL-1 (2 hr) and of IL-6,
COX-2, and iNOS (24 hr) in BV2 cells (Fig. 1A,B). In
addition, the protein expression of COX-2 and iNOS
was also inhibited by ADR extract treatment at 24 hr after
LPS treatment (10 and 50 pg/ml; Fig. 1C,D).

ADR Extract Decreases LPS-Induced NO and
ROS Levels in BV2 Cells

Since furanocumarins isolated from ADR extract
show a potent antioxidant activity in epithelial cells
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Fig. 1. ADR extract treatment inhibits the expression of proinflam-
matory cytokines and mediators in LPS-activated BV2 cells. BV2
cells were seeded in 24-well plates (1 X 10> cells/well) and treated
with ADR extract (1, 10, and 50 pg/ml) 30 min before LPS (100
ng/ml) treatment. At indicated time points (2 hr for TNF-a and IL-
1B and 24 hr for IL-6, COX-2, and iNOS), cells were harvested and

(Piao et al., 2004), we expected that ADR extract would
inhibit oxidative stress induced by LPS in microglia. We
examined the effect of ADR extract on ROS level in
LPS-activated BV2 cells using an ROS-specific fluores-
cent dye, DCF-DA. As shown in Figure 2A, the level of
ROS was increased at 12 hr after LPS treatment. ADR
extract treatment (50 pg/ml) significantly decreased
ROS level induced by LPS (Fig. 2B). The intensity of
DCE-DA was decreased by ADR treatment (1, 10, and
50 pg/ml) in a dose-dependent manner, but ADR treat-
ment at 1 pg/ml showed no significant decrease in the
DCEF-DA intensity (data not shown). NO level was also
increased at 24 hr after LPS treatment, whereas LPS-
induced NO level was decreased by ADR extract treat-
ment (1, 10, and 50 pg/ml) in a dose-dependent manner
(Fig. 2C).
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processed for mRINA and total lysates isolation as described in Mate-
rials and Methods. RT-PCR (A,B) and Western blots (C,D) of
proinflammatory cytokine and mediator expression in BV2 cells. The
gels presented are representative of results from three separate experi-
ments, and data are mean £ SD. *P < 0.05 vs. LPS-treated control.

ADR Extract Reduces ROS Production and
Protein Nitration After SCI

ROS induces damage to such macromolecules as
proteins, lipids, and DNA, resulting in functional impair-
ments of these molecules (Valko et al., 2007). In particu-
lar, proteins are vulnerable to being carbonylated and
nitrosylated on tyrosine residues by ROS (Berlett and
Stadtman, 1997; le-Donne et al., 2006). Our data
showed that ADR extract exhibited antioxidant eftects
in BV2 cells (see Fig. 2), so we hypothesized that ADR
extract would alleviate ROS level after SCI. We deter-
mined the level of ROS after injury using a fluorescent
dye, HEt, which is a specific indicator of superoxide
anion (O,"). Strong HEt fluorescence was observed in
the cytoplasm of ventral horn motor neurons (VMN)
and interneurons after injury (Fig. 3A). At higher magni-
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Fig. 2. ADR extract treatment inhibits ROS and NO production in
LPS-activated BV2 cells. BV2 cells were seeded in 24-well plate (1
X 10° cells/well) and treated with ADR extract (50 pg/ml) 30 min
before LPS (100 ng/ml) treatment. After 12 hr of incubation, DCF-
DA (10 pM) was added, and the fluorescence was measured as
described in Materials and Methods. A,B: DCF fluorescence in BV2

fication, trong HEt fluorescence in VMN appeared
punctate in the cytoplasm (data not shown), as reported
previously (Yune et al., 2008), suggesting the presence
of O, in mitochondria (Sugawara et al., 2002). ADR
extract (100 mg/kg) treatment decreased the number of
HEt-positive VMN and the intensity of fluorescence in
the spinal cord compared with the vehicle-treated cord
(ADR extract 9.8 *= 1.1 vs. vehicle 16.5 = 2.3 cells, P
< 0.05; Fig. 3A). Quantitative analysis showed that the
relative intensity of HEt fluorescence in the ADR
extract-treated spinal cord was significantly lower than
that in the vehicle-treated spinal cord at 4 hr after injury
(Fig. 3B). Also, immunohistochemistry using an antini-
trotyrosine antibody revealed some nitrotyrosine-positive
neurons in the ventral horn of the injured spinal cord at
1 day after injury (Fig. 3C). ADR extract treatment
markedly decreased the number of nitrotyrosine-positive
neurons (Fig. 3C). Quantitative analysis showed that the
number of nitrotyrosine-positive cells was significantly
lower in the ADR extract-treated spinal cord than that
in the vehicle-treated control at 4 hr after injury (ADR
extract 23.2 * 4.7 vs. vehicle 48.9 = 8.6 cells, P <
0.05; Fig. 3D).
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cells. C: NO production in BV2 cells at 24 hr after LPS treatment.
The photographs are representative of results from three separate
experiments, and data are mean = SD. *P < 0.05 vs. LPS-treated
control. Scale bar = 10 pm. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

ADR Extract Inhibits Proinflammatory Factors
Expression After SCI

Proinflammatory  cytokines and mediators are
increased in microglia after SCI, leading to neuronal and
oligodendroglial cell death (Lee et al., 2003; Yune et al.,
2007). Because ADR  extract reduced LPS-induced
inflammatory responses in microglial BV2 cells (see Fig.
1), we hypothesized that ADR extract would inhibit the
expression of proinflammatory factors after SCI. Based on
our previous report showing the temporal expression pat-
tern of proinflammatory factors after SCI (Lee et al.,
2004), the eftect of ADR extract on the mRINA expres-
sion of proinflammatory cytokines and mediators at 4 hr
after injury was examined. As shown in Figure 4A, TINF-
a, IL-1B, IL-6, iNOS, and COX-2 mRNA expression
were markedly increased after SCI as reported elsewhere
(Lee et al., 2003; Yune et al., 2003). The protein levels of
iINOS and COX-2 were also increased after injury (Fig.
4C). Furthermore, ADR extract treatment significantly
alleviated the expression levels of proinflammatory cyto-
kines and mediators compared with those of vehicle-
treated control (Fig. 4B,D).
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Fig. 3. ADR extract reduces superoxide anion production and protein
nitration after SCI. Two hundred microliters of HEt (I mg/ml in
PBS) was injected 1.v. 1 hr before the animals were killed, and spinal
cord tissues were harvested at 4 hr after injury (n = 3/group). A:
Representative photomicrographs of HEt fluorescence in the spinal
cord. The right panel is a higher magnification of the ventral horn of
spinal cord indicated by a boxed area in the left panel. Sections were
taken 2 mm rostral to the lesion epicenter. B: Quantitative analysis of
relative Etd fluoroscence intensity. The fluoroscence intensity was
measured from spinal cord sections taken 2 mm rostral to the lesion

ADR Extract Inhibits p38MAPK Activation
and Pro-NGF Expression After SCI

It is known that p38MAPK mediates inflammatory
responses in microglia (Bhat et al., 1998). Our previous
report shows that oligodendroglial apoptosis is mediated
by pro-NGF via p38MAPK activation in microglia after
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epicenter. Data are mean * SD obtained from three experiments. *P
< 0.05 vs. vehicle. C: Immunohistochemical staining of protein nitra-
tion in VMN 1 day after SCI. Coronal sections were taken 2 mm ros-
tral to the lesion epicenter. D: For quantification, serial transverse sec-
tions (20 pm thickness) were collected every 500 pm from 2.5 mm
rostral to 2.5 mm caudal to the lesion epicenter (total 11 sections), and
nitrotyrosine-positive neurons (over 30 pm in diameter) were counted.
*P < 0.05 vs. vehicle. Scale bars = 30 pm in A; 50 pm in C.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.|

SCI (Yune et al., 2007). We demonstrated that ADR
extract inhibited inflammatory responses after injury (see
Fig. 4), so we hypothesized that ADR extract would in-
hibit p38MAPK activation and pro-NGF expression in
microglia after SCI. As shown in Figure 5A, ADR
extract treatment significantly decreased the level of p-
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Fig. 4. ADR extract reduces proinflammatory cytokine and mediator
expression after SCI. RNA isolation and total lysates from spinal cord
samples at 4 or 24 hr after injury were processed as described in
Materials and Methods (n = 3/group). A: RT-PCR of TNF-«, IL-
1B, IL-6, iNOS, and COX-2 expression at 4 hr after SCI. B: Quan-

p38MAPK at 5 days after injury compared with vehicle
control. Immunohistochemistry using an antibody against
p-p38MAPK revealed p-p38MAPK in the intact spinal
cord (Fig. 5B), but levels of signal were very low. After
SCI, however, there was a marked increase in p-
p38MAPK immunoreactivity (Fig. 5B). P-p38MAPK
was colocalized to OX-42-positive microglia (Fig. 5C),
as in a previous study (Yune et al.,, 2007). The majority
of p-p38MAPK signal was observed in the GM; how-
ever, a small degree of p-p38MAPK signal was also
observed within the WM. For quantification, p-
p38MAPK-positive cells were counted for a predefined
area of ventral horn. As shown in Figure 5C,D, the
number of p-p38MAPK-positive microglia in the spinal
cord was also markedly lower in the ADR extract-
treated group compared with that in the vehicle-treated
group (ADR extract 60.9 £ 7 vs. vehicle 101.5 = 7
cells). In addition, immunohistochemistry with an anti-
body against OX-42 revealed that microglia exhibited an
activated phenotype after SCI, including marked cellular
hypertrophy and retraction of cytoplasmic processes (Fig.
5E, top) as reported by Hains and Waxman (2006).
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titative analysis of RT-PCR. Data represent mean * SD from three
separate experiments. *P < 0.05 vs. vehicle. C: Western blots of
proinflammatory mediators COX-2 and iNOS at 1 day after injury.
D: Quantitative analysis of Western blots. Data are mean = SD from
three separate experiments. *P < 0.05 vs. vehicle.

ADR  extract treatment significantly decreased the pro-
portion of activated microglia (determined by counting
the number of cells with processes longer/shorter than
the soma diameter) compared with control (P < 0.01;
Fig. 5F). Furthermore, pro-NGF expression was signifi-
cantly inhibited by ADR extract treatment compared
with vehicle control (Fig. 5G). These data indicate that
ADR extract inhibited microglial activation after SCI.

ADR Extract Inhibits Apoptotic
Cell Death After SCI

Trauma to the spinal cord results in extensive apo-
ptotic cell death of neurons and oligodendrocytes (Liu
et al.,, 1997; Lee et al., 2003; Yune et al., 2007). Cas-
pase-3 is also activated at an early stage of apoptotic cell
death after SCI (Springer et al., 1999; Citron et al.,
2000). Given the antiinflammatory and antioxidant
effects of ADR extract in vitro and in vivo (see Fig. 1—
4), we hypothesized that ADR extract would inhibit ap-
optotic cell death after SCI. Many TUNEL-positive cells
were seen, mostly within the lesion area in the GM at 1
day (Fig. 6A, top) and mostly outside of the lesion area

Journal of Neuroscience Research
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Fig. 5. ADR extract inhibits p38MAPK activation in microglia after
SCI. A: Western blot of p-p38MAPK at 5 days after injury (top)
and quantitative analysis of Western blots (bottom). ADR extract
treatment significantly inhibited the p-p38MAPK level compared
with that in vehicle control (bottom panel, n = 3/group). Values are
mean * SD of three separate experiments. *P < 0.05 vs. vehicle. B:
Presence of p-p38MAPK-positive microglia in the anterior horn of
GM (indicated by a boxed area in the top panel) at 5 days after injury.
Representative images are from sections 4 mm caudal to the lesion
epicenter. C: OX-42-positive microglia were positive for p-
p38MAPK  (arrows) after SCI. D: Quantification revealed that, after
SCI, there was a significant increase in the number of p-p38MAPK-
positive cells compared with intact animals. Compared with the SCI
group, ADR  extract significantly reduced the number of p-

extending the entire length of the section (20 mm; Fig.
6B, bottom) in the WM at 5 days. Double labeling con-
firmed that most TUNEL-positive cells were neurons at
1 day and were oligodendrocytes at 5 days after injury,
as previously reported (data not shown; Yune et al.,
2009; Lee et al., 2010). As shown in Figure 6A,B, ADR
extract (100 mg/kg) treatment significantly decreased the
number of TUNEL-positive neurons and oligodendro-
cytes compared with the vehicle-treated control (neu-
rons, ADR extract 152 * 14 vs. vehicle 283 * 35 cells;
oligodendrocytes, ADR extract 48 = 15 cells vs. vehicle
118 £ 17 cells, P < 0.05; Fig. 6B). Our previous studies
showed that the level of cleaved (activated) forms of cas-
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Sham Vehicle ADR

p38MAPK-positive cells (n = 5/group). Values are mean = SD of
three separate experiments. *P < 0.05 vs. vehicle. E: OX-42-positive
microglia in the ventral horn at 5 days after injury. Sections were
taken 2 mm caudal to the lesion epicenter. F: Quantification of the
proportion of resting and activated microglia (n = 5/group). The
number of resting or activated microglia in vehicle- or ADR extract-
treated spinal cord was expressed as a percentage of total cells (100%)
sampled. Data are means from five separate experiments. Parentheses
indicate the number of microglia sampled. G: Western blot of pro-
NGF expression at 5 days after injury (top) and quantitative analysis of
Western blots (bottom, n = 3/group). Values are mean & SD of three
separate experiments. *P < 0.05 vs. vehicle. Scale bars = 50 pm.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. |

pase-3 increased, peaking at 4 hr and 5 days after injury
(Yune et al., 2007, 2008). ADR extract treatment signif-
icantly decreased the level of caspase-3 activation at 4 hr
and 5 days after injury (Fig. 7A,B). Double labeling
with antibodies against activated caspase-3 and CC1, an
oligodendrocyte cell marker, also revealed that ADR
extract treatment significantly reduced the number of
activated caspase-3-positive oligodendrocytes in the WM
at 5 days after injury compared with vehicle control
(ADR extract 21 * 11.2 vs. vehicle 43 *£ 8.3 cells; Fig.
7C,D). Thus, our results indicate that ADR  extract
inhibits apoptotic cell death of neurons and oligodendro-
cytes after injury.
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Fig. 6. Effect of ADR extract on apoptotic cell death of neurons and
oligodendrocytes after SCI. Rats receiving spinal contusion injury were
given ADR extract (100 mg/kg), beginning 2 hr after injury and then
once per day. Spinal cord tissues from 1 or 5 days after injury were
processed for TUNEL staining as described in Materials and Methods
(n = 5/group). A: TUNEL-positive cells in the GM at 1 day after
injury (top). Representative images were from the sections selected 1
mm rostral to the lesion epicenter. TUNEL-positive cells in the WM
at 5 days after SCI (bottom). Representative images were from the sec-
tions selected 5 mm rostral to the lesion epicenter. B: Quantitative
analysis of TUNEL-positive cells in the GM and the WM at 1 and 5
days after injury. Serial transverse sections (10 pm thickness) were col-
lected every 100 pm from 2 mm rostral to 2 mm caudal to the lesion
epicenter (total 40 sections for neurons) or 5 mm rostral to 5 mm cau-
dal to the lesion epicenter (total 100 sections for oligodendrocytes).
Data are mean * SD obtained from five separate experiments. **P <
0.05. Scale bar = 50 pum. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.|

ADR Extract Improves Functional
Recovery After SCI

Rats receiving an 25-mm weight-drop spinal injury
were treated orally with ADR extract (100 mg/kg) be-
ginning 2 hr after injury and then once daily for 14 con-
secutive days. Functional recovery was then evaluated
for 5 weeks after injury using the BBB rating scale
(Basso et al.,, 1995), inclined plane test (Rivlin and
Tator, 1977), and footprint recordings (de Medinaceli
et al.,, 1982; Stirling et al., 2004). The hindlimbs were
paralyzed immediately after injury, and the rats recov-
ered extensive movement of hindlimbs within 7-11 days
after injury (Fig. 8A). ADR extract treatment after injury

significantly increased the hindlimb locomotor function,
as assessed by BBB scores, 14-35 days after injury com-
pared with that observed in vehicle-treated control (35
days, ADR extract 11.3 £ 0.3 vs. vehicle 8.8 = 0.5, P
< 0.001; Fig. 8A). The angle of incline, determined 1-4
weeks after injury, was also significantly higher in ADR
extract-treated rats compared with the vehicle control (4
weeks, ADR extract 59.8 = 1.2 vs. vehicle 50.3 £ 3.7,
P < 0.05; Fig. 8B). As shown in Figure 8C, footprint
analyses for ADR  extract-treated rats at 35 days after
SCI disclosed fairly consistent forelimb—hindlimb coordi-
nation and very little toe dragging; these findings were
comparable to those in the sham control animals. By
contrast, the footprints obtained from vehicle-treated
animals showed inconsistent coordination and extensive
drags as revealed by ink streaks extending from both
hindlimbs (Fig. 8C). With the 25-mm insult applied in
the present study, hindpaws and central pads of control
animals were not clearly recorded because of the hind-
limb drags (Fig. 8C). Thus, we were unable to quantify
footprint analysis using toe spread and ipsilateral distances
(limb coordination).

ADR Extract Reduces Lesion Volume
and Loss of Axon and Myelin After SCI

Traumatic injury to the spinal cord triggers imme-
diate mechanical damage, followed by a secondary cas-
cade of degenerative processes, leading to progressive tis-
sue loss (Schwab and Bartholdi, 1996; Lee et al., 2003).
To evaluate whether ADR extract reduces tissue loss at-
ter SCI, serial longitudinal sections from ADR extract-
and vehicle-treated spinal cords were cut and stained
with cresyl violet acetate. Extension of the cystic cavity
in the lesion site was observed at 38 days after injury
(Fig. 8D). The total lesion volume was significantly
decreased upon ADR extract treatment compared with
vehicle treatment (ADR extract 3.7 = 0.99 vs. vehicle
8.3 * 1.2 mm>, P < 0.05; Fig. 8E). In addition, func-
tional deficits after SCI were correlated with greater
axon loss in the WM (Basso et al., 1996). To examine
whether ADR  extract preserves axons after injury, im-
munostaining with NF200 antibody was performed to
detect the remaining axons, and the density of preserved
axons was counted as described in Materials and Meth-
ods. In sham control animals, NF200-positive axons
within the VST were dense, and axonal packing was
uniform (Fig. 8F, sham). However, axon density was
markedly decreased and exhibited a patchy distribution
in injured tissue at 38 days after injury (Fig. 8F, vehicle).
Quantitative analysis revealed that the number of
NF200-positive axons in the VST was significantly
higher in the ADR extract-treated group compared with
the vehicle-treated group (2 mm, ADR extract 44% =*
3.3% vs. vehicle 29% £ 4%; 3 mm, ADR extract 65%
* 4.2% vs. vehicle 38% *= 4%, P < 0.05; Fig. 8G).
Next, the extent of myelin loss after injury was assessed
by Luxol fast blue staining. As shown in Figure 8H,
extensive myelin loss near the lesion area was evident in
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Fig. 7. ADR  extract inhibits caspase-3 activation after SCI. A:
Western blots of activated caspase-3 at 4 hr and 5 days after injury (n
= 3/group). B: Quantitative analysis of Western blot. Data are mean
* SD of three separate experiments. *P < 0.05 vs. vehicle control.
C: Double labeling of cleaved caspase-3- and CCl-positive oligo-
dendrocytes (arrows) in the WM at 5 days after SCI. Representative
images were from the sections selected 2 mm rostral to the lesion
epicenter. D: Quantification of capase-3 and CC1 double-positive

the vehicle-treated group at 38 days after injury com-
pared with the sham control (Fig. 8H, vehicle), whereas
ADR extract treatment apparently attenuated myelin loss
(Fig. 8H, ADR extract).

DISCUSSION

Here we examined the neuroprotective effect of
ADR  extract after SCI. Our results show that ADR
extract decreased the levels of proinflammatory cyto-
kines/mediators and ROS after injury. Furthermore,
ADR extract reduced caspase-3 activation and apoptotic
cell death of neurons and oligodendrocytes, thereby
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oligodendrocytes in control and ADR extract-treated spinal cord at 5
days after injury as described in Materials and Methods. Serial trans-
verse sections (10 pum thickness) were collected every 200 um section
from 4 mm rostral to 4 mm caudal to the lesion epicenter (total 40
sections). Data are mean * SD from three separate experiments. *P
< 0.05. Scale bar = 20 pm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

leading to enhanced functional recovery after injury.
The involvement and/or contribution of proinflamma-
tory cytokines and ROS in apoptotic cell death after
SCI have been well documented (Bao and Liu, 2002;
Lee et al., 2003; Yune et al., 2003, 2008). Thus, our
data suggest that, after SCI, the neuroprotective effect of
ADR extract may be attributed in part to its antiinflam-
matory and antioxidative effects.

After SCI, the recruitment of blood cells such as
neutrophils and macrophages to the lesion site and the
activation of resident microglia initiate and mediate acute
inflammatory responses (Taoka and Okajima, 1998). For
example, proinflammatory cytokines such as TNF-c, IL-
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Fig. 8. ADR extract treatment improves functional recovery and
reduces lesion volume and the loss of axon and myelin after SCI. Af-
ter SCI, ADR extract was administered orally 2 hr after injury and
then once per day for 2 weeks, and recovery was assessed via BBB,
inclined plane test, and footprint analysis (n = 8/group). BBB scores
(A) and inclined plane test (B) of vehicle- and ADR extract-treated
groups after injury. *P < 0.05, **P < 0.001 vs. vehicle. C: Repre-
sentative footprints obtained from each group at 37 days after SCI
show that ADR extract-treated rats display fairly consistent weight-
support plantar stepping and very little toe dragging. In contrast, ve-
hicle control rats show consistent dorsal stepping and extensive toe
dragging. D: Representative spinal cord tissues (1.2 mm from dorsal
surface) showing cavitation in the lesion site at 38 days after injury.
E: Quantitative analysis of lesion volumes at 38 days after injury

1B, and IL-6 and inflammatory mediators such as iNOS
and COX-2 are rapidly up-regulated following SCI
(Wang et al., 1996; Hayashi et al., 2000; Lee et al.,
2000; Yune et al., 2003). Our previous reports also
show that minocycline, an antiinflammatory drug,
reduces apoptotic cell death and improves functional re-
covery by inhibiting the expression of proinflammatory
cytokines and microglial activation after SCI (Lee et al.,
2003; Yune et al., 2007). Thus, these observations indi-
cate that the up-regulation of inflammatory factors in
activated microglia plays a pivotal role in apoptotic cell
death after SCI. Our data also show that ADR extract
treatment decreased the levels of inflammatory factors
such as TNF-a, IL-1B, IL-6, iNOS, and COX-2 in
LPS-induced BV2 cells and the injured spinal cord (see
Figs. 1, 4). Our results thus are in agreement with previ-
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(n = 5/group). Data are mean * SD from five separate experiments.
*P < 0.05. F: Representative photographs of NF200-positive axons
in sham-, vehicle-, and ADR extract-treated spinal sections 3 mm
rostral to the lesion epicenter. G: Quantification of the remaining
NF200-positive axons within preselected fields (40 X 40 um, 1,600
pm?) at specific sites within vestibulospinal tract (n = 5/group). Data
are mean = SD from five separate experiments. *P < 0.05. H:
Luxol fast blue staining shows that myelin loss in the lateral funiculus
was extensive in the vehicle control compared with sham control af-
ter injury. ADR  extract treatment decreased the extent of myelin
loss after injury. Transverse sections were selected 2 mm rostral to
the lesion site. Scale bars = 1 mm in D; 20 pm in F; 30 pm in H.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

ous reports showing antiinflammatory effect of ADR
extract in LPS-activated macrophages (Kang et al., 2007,
2008). Furthermore, our results show that ADR extract
treatment inhibited p38MAPK activation and pro-NGF
expression in microglia, which are known to be
involved in oligodendroglial cell death atter SCI (Yune
et al., 2007), Therefore, our data indicate that the neu-
roprotective effects of ADR extract may be due to in
part its antiinflammatory activity via inhibition of micro-
glia activation after injury.

ROS play a critical role in the apoptotic cell death
after SCI (Bao and Liu, 2002, 2004; Yune et al., 2008).
After injury, apoptosis is triggered by the accumulation
of free radicals such as superoxide anion (O,-"), hydroxyl
radical, and peroxynitrite (Sugawara et al., 2002; Xu
et al.,, 2005). Our study demonstrates that the level of
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O, detected by Het dye is increased after SCI, and its
level is decreased by ADR extract treatment (see Fig.
3A,B). Protein modifications such as protein carbonyla-
tion and nitration by free radicals and thereby protein
dysfunction are generally accepted to be a major patho-
genic mechanism of oxidative stress, and this phenom-
enon has been well studied in the injured spinal cord
(Liu et al., 2000; Leski et al., 2001; Yune et al., 2008).
After SCI, the level of NO has also been known to
increase and to form peroxynitrite, a strong oxidant
when it reacts with O, (Bao and Liu, 2002; Yune
et al., 2003), which is known to mediate several destruc-
tive chemical reactions, including protein nitration (Liu
et al., 2000; Yune et al., 2008). Our previous report
demonstrates that protein nitrosylation increases at 1 day
after SCI (Yune et al., 2008). Our data show that ADR
extract treatment attenuated the number of protein
nitrosylation-positive neurons after SCI (see Fig. 3C,D).
Furthermore, a recent report shows that furanocoumar-
ines such as 9-hydroxy-4-methoxypsoralen and alloim-
peratorin isolated from ADR extract, exert antioxidative
activity against 2,2'-azobis(2-aminodinopropane)dihydro-
chloride (AAPH)-induced cellular damage in epithelial
cells (Piao et al.,, 2004). Isoimperatorin and imperatorin
from ADR extract are also known to exhibit antioxida-
tive effects in macrophages (Abad et al., 2001). Based on
these reports, these compounds present in ADR extract
may partially contribute to their antioxidant effects after
SCI, although we did not examine the antioxidative
effect of active compounds isolated from ADR extract.
Nevertheless, further studies on active compounds iso-
lated from ADR extract in their antiinflammatory and/
or antioxidative effects after SCI are needed.

Although herbal remedies are usually perceived as
natural and thus devoid of side effects, they may contain
such toxic materials as heavy metals (Bayly et al., 1995;
Abbot et al., 1996). In our in vitro study, we found that
ADR extract at concentrations ranging from 1 to 50 pg/
ml exhibited no cytotoxicity (data not shown). Also, we
showed that ADR  extract (100 mg/kg) administered
orally for 14 days provided the neuroprotective effects af-
ter SCI. However, no side effects were observed at this
concentration of ADR extract throughout our in vivo
experiments. Furthermore, we found that ADR extract
at concentrations of 300 and 600 mg/kg showed no sign
of side eftects such as loss of body weight but exhibit the
neuroprotective effect after SCI (data not shown).

In summary, we have investigated the neuroprotec-
tive effect of ADR extract as a potential therapeutic
agent after SCI. Our results indicate that the inhibition
of both proinflammatory factors and ROS by ADR
extract may account in part for its neuroprotective effect.
Our study thus suggests that ADR extract can be used as
a candidate for an orally administered therapeutic agent
for acute human SCI. Furthermore, the present study
suggests that ADR extract could be utilized as a prodrug
for use in the development of other novel neuroprotec-
tive agents for the treatment of neurodegenerative dis-
eases such as Parkinson’s disease, Alzheimer’s disease,
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and amyotrophic lateral sclerosis and inflammatory dis-
ease such as multiple sclerosis.
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