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ABSTRACT

Neuroinflammation is implicated for dopaminergic neurodegeneration. Sulfur
compounds extracted from garlic have been shown to have anti-inflammatory
properties. Previously, we have investigated that thiacremonone, a sulfur compound
isolated from garlic has anti-inflammatory effects on several inflammatory disease
models. To investigate the protective effect of thiacremonone against 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced behavioral impairment and
dopaminergic neurodegeneration, 8 week old ICR mice were given thiacremonone
(10 mg/kg) in drinking water for 1 month and received intraperitoneal injection of
MPTP (15 mg/kg, four times with 2 h interval) during the last 7 days of treatment. Our
data showed that thiacremonone decreased MPTP-induced behavioral impairments
(Rotarod test, Pole test, and Gait test), dopamine depletion and microglia and
astrocytes activations as well as neuroinflammation. Higher activation of p38 was
found in the substantia nigra and striatum after MPTP injection, but p38 activation was
reduced in thiacremonone treated group. In an in vitro study, thiacremonone (1, 2, and
5 pg/ml) effectively decreased MPP+ (0.5 mM)-induced glial activation, inflammatory
mediators generation and dopaminergic neurodegeneration in cultured astrocytes
and microglial BV-2 cells. Moreover, treatment of p38 MAPK inhibitor SB203580 (10
pM) further inhibited thiacremonone induced reduction of neurodegeneration and
neuroinflammation. These results indicated that the anti-inflammatory compound,
thiacremonone, inhibited neuroinflammation and dopaminergic neurodegeneration
through inhibition of p38 activation.

INTRODUCTION substantia nigra [1]. A significant loss of dopaminergic
neurons and subsequent striatal dopamine [2] are

Parkinson’s disease (PD) 1is pathologically necessary before symptoms occur, resulting in a clinical
characterized by consequent depletion of dopamine in diagnosis of the disorder. The main symptoms of PD are
the striatum and dopaminergic neurodegeneration in the brdykinesia (slowness of movement), muscle rigidity and

postural instability.
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The 1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine
(MPTP) animal model has been the most commonly
used for inducing PD, because MPTP is a well-known
dopaminergic neurotoxin [3] and causes a loss of the
nigrostriatal dopaminergic neuron [4] in humans. In
addition, MPTP is highly lipophilic, therefore rapidly
crosses the blood-brain barrier (BBB) after systemic
administration [5]. In the brain, MPTP enters into the
astrocytes and metabolizes to MPP+ (active metabolite) by
monoamine oxidase B (MAO B). MPP+ causes activation
of astrocyte and astrocytic apoptosis [6, 7]. Furthermore,
many studies already reported that neuroinflammation can
be caused by activation of astrocytes through increased
pro-inflammatory cytokines such as TNF-o and IL-1p [8,
9]. In addition, neuroinflammation might contribute to
the cascade-dependent neuronal degeneration. A recent
study indicated that neuroinflammation is involved in the
degeneration of dopaminergic neurons in PD associated
animal models [10].

The p38 mitogen-activated protein kinase (MAPK)
has been activated in damaged brain tissue and neuronal
cell [11, 12]. Moreover, MAO B expression could be
regulated by p38 MAP kinase [13]. In activated microglia
and astrocytes, inhibition of the p38 MAP kinase pathway
prevents MAO B activation [13]. It has been proposed
that microglia activation and release of pro-inflammatory
cytokines induced by the p38 MAPK pathway, which
may contribute to brain damage such as neuronal injury,
ischemia and accumulation of oxidants [14]. Thus, it is
possible that the inhibition of p38 MAPK pathway could
have neuro-protective effects against MPTP induced
neurodegeneration.

The transcription factors AP-1 plays a key role
in the regulation of several gene expressions including
proinflammatory cytokines (TNF-a, IL-1p and IL-
6) and inducible enzymes (COX-2 and iNOS) during
inflammation, immunity, cell proliferation, stress response,
and apoptosis [15-17]. Brain cells like microglia and
astrocytes induce and release diverse inflammatory
mediators in response to oxidative stress [18-20]. In
addition, ROS-induced AP-1 activation can lead to severe
inflammatory responses in central nervous systems (CNS)
[21]. These studies implicate that expression or activation
of AP-1 leads to inflammatory genes expression in
brain inflammation and neurodegenerative disorders.
Furthermore, AP-1 appears to be influenced by p38
through several different mechanisms. The p38 MAPK
indirectly regulates AP-1 activity through regulating ATF-
2 and c-fos [22].

Garlic has been used in traditional medicine
as a food component to prevent the development of
various diseases including neurodegenerative disease
[23-29]. These pharmacological effects of garlic can be
attributed to the presence of the antioxidant substance,
thiacremonone (2,4-dihydroxy-2,5-dimethyl-thiophene-
3-one) [30]. Our group reported that this compound has

anti-oxidative activities [31] as well as anti-inflammatory
and anti-cancer effects in vitro and in vivo [24, 32-36].
In the present study, we investigated the protective effect
of thiacremonone on MPTP-induced neuro degeneration
through the down-regulation of p38 pathway.

RESULTS

Effect of thiacremonone on behavioral
impairments

Treatment of thiacremonone did not cause any
behavioral difference between saline injection groups.
The rotarod test was carried out to assess coordination
capability of four groups. MPTP treatment significantly
decreased latency to fall from a treadmill in both control
and thiacremonoe treated groups. However, the decrement
of latency was significantly lower in thiacremonone-
treated mice (48.3 + 4.25 s) compared to MPTP-treated
mice (36.2 £ 3.24 s) (Figure 1A). Next, we conducted
the pole test and measured the time until the mice took to
descend from the top of the pole to the floor. Elongation of
the parameter is considered to reflect bradykinesia. Saline
injection and thiacremonone itself did not induce the
significantly change of behavioral function. In contrast,
the time to descend was significantly delayed by MPTP
injection, but the delay of time was significantly less in
thiacremonone-treated mice (9.7 + 0.88 s) compared to
MPTP-treated mice (10.96 £+ 0.98 s) (Figure 1B). When
stride length test was performed, results showed that
MPTP injection shortened fore limb stride length (Figure
1C) as well as lengths of hind limb (Figure 1D). However,
the stride length was less shortened in thiacremonone-
treated mice (Fore limb: 5.7 + 0.09 s, Hind limb: 5.4 +
0.12 s) compared to MPTP-treated mice (Fore limb: 5.4 +
0.11 s, Hind limb: 4.8 + 0.21 s).

Effect of thiacremonone on the expression of
GFAP and iBA1

Neuroinflammation is critical for the development
of parkinson disease, and it can be induced by the
activation of astrocytes and microglia. To determine
whether MPTP injection can induce neuroinflammation as
well as activate astrocytes and microglia, Western blot and
immunohistochemistry were used to detect the expression
of GFAP (a marker of astrocytes activation) and iBA1
(a marker of microglia activation) in mouse brains.
Our data indicated that the numbers of reactive cells of
immunostaining for GFAP (Figure 2A) and iBA1 (Figure
3A) in striatum and substantia nigra of MPTP-injected
thiacremonone-treated mice were significantly lower
compared to the numbers in MPTP-treated mice. MPTP-
induced proteins expression of GFAP (Figure 2B and 2C)
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Figure 1: Thiacremonone ameliorates MPTP-induced behavior disorder. Performance on the rotarod is impaired in MPTP
injected groups. However, impairment is ameliorated in MPTP-injected thiacremonone treated groups A. MPTP-induced bradykinesia
is ameliorated in MPTP-injected thiacremonone treated groups B. Stride length of forelimb C. and hindlimb D. are more increased by
thiacremonone treatment in MPTP injection groups. Each value is presented as mean £+ SD from 10 mice. *, p < 0.05 Significant difference
from saline-injected mice and #, p < 0.05 Significant difference between the MPTP-injection groups.
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Figure 2: Thiacremonone reduces the expression of iBA1. The effect of thiacremonone on reactive microglia cells were measured
by immunohistochemical analysis and Western blotting analysis. The sections of mice brain (striatum and substantia nigra) incubated
with anti-iBA1 primary antibody and the biotinylated secondary antibody (n = 3). The representive stained tissues were viewed with a
microscope (X50 or 200) A. Expression of iBA was also examined by specific antibodies in the brain B. The graph represents Arbitrary
density of each blots C. Each value is presented as mean + SD from 10 mice. *, p < 0.05 Significant difference from saline-injected mice
and #, p < 0.05 Significant difference between the MPTP-injection groups.
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and iBA1 (Figure 3B and 3C) in striatum and substantia
nigra was also significantly decreased in thiacremonone-
treated mice compared to MPTP-treated mice.

Effect of thiacremonone on dopaminergic
neurodegeneration

PD could result in the depletion of dopamine and
(or) its metabolites. In addition, activation of astrocytes
metabolite MPTP to MPP+ that might deplete dopamine
and cause neuronal cell death. To investigate whether
thiacremonone-induced inactivation of astrocytes could
prevent dopamine depletion and neuronal cell death, we
determined the level of dopamine and its metabolites.
To quantify the neurochemicals including dopamine and
its metabolite DOPAC, HPLC analysis were conducted
with striatum tissues. Dopamine concentration in the
striatum of MPTP-injected thiacremonone-treated mice
was significantly higher than that of MPTP-treated mice
(Figure 4A). In addition, treatment of thiacremonone
shows lower levels of DOPAC in the striatum after MPTP
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injection (Figure 4B). We evaluated MPTP-neurotoxicity
using Western blot and immunohistochemical stainings for
TH. MPTP-induced proteins expression of TH in striatum
and substantia nigra was also significantly increased in
thiacremonone-treated mice compared to MPTP-treated
mice (Figure 4C). There were abundant TH-positive
fibers in the striatum and substantia nigra in saline injected
groups. When the mice were injected with MPTP, the
number of TH-positive neurons was significantly lowered
in the substantia nigra as determined by immunostaining
and stereological counting. However, population of
the dopaminergic neuron after MPTP-intoxication was
recovered in thiacremonone-treated mice compared to
MPTP-treated mice (Figure 4D). Consistent with this,
density of TH-positive fibers in the striatum was higher
and number of TH-positive cells in the nigra was higher in
thiacremonone-treated mice (Figure 4E).
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Figure 3: Thiacremonone reduces the expression of GFAP. The effect of thiacremonone on reactive astrocytes was measured
by immunohistochemical analysis and Western blotting analysis. The sections of mice brain (striatum and substantia nigra) incubated
with anti-GFAP primary antibody and the biotinylated secondary antibody (n = 3). The represented stained tissues were viewed with a
microscope (X50 or 200) A. Expression of GFAP was also examined by specific antibodies in the brain B. The graph represents Arbitrary
density of each blots C. Each value is presented as mean + SD from 10 mice. *, p < 0.05 Significant difference from saline-injected mice
and #, p < 0.05 Significant difference between the MPTP-injection groups.
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Effect of thiacremonone on MAO B expression,
activation of MAPK, DNA binding activity of
AP-1 and expression of neuroinflammation
marker proteins

MAO B is responsible for the metabolism of MPTP,
which generates neurotoxic metabolite MPP+. Thus,
we determined MAO B expression by Western blotting.
Immunoblot data indicated that MPTP-induced expression
of MAO B was much lower in the striatum and nigral
region of thiacremonone-treated mice than that of MPTP-
treated mice (Figure SA). It is well known that astrocytes
are important cells contributing expression of MAO B,
responsible for MPTP metabolism. Evidence suggests
that MAO B expression is regulated by p38 MAPK
activity [13]. Furthermore, p38 MAPK activation is
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accompanied by astrogliosis [37]. Thus, we speculated that
downregulated expression of MAO B in thiacremonone-
treated mice might be associated with inactivation of
the p38 MAPK pathway. In support of our assumption,
MPTP-induced phosphorylation of p38 MAPK was
significantly reduced in thiacremonone-treated mice brain
compared to MPTP-treated mice brain (Figure 5B). It is
well established that neuroinflammation is critical for
dopaminergic neurodegeneration. To determine whether
thiacremonone treatment can reduce neuroinflammation,
we used the Western blot to detect the expression of COX2
and iNOS in mouse striatum and nigral regions. MPTP-
induced expressions of COX2 and iNOS were much lower
in the striatum and nigral region of thiacremonone-treated
mice brain (Figure 5C). Pro-inflammatory cytokines, IL-
1B and IL-6, play important roles in neuroinflammatory
disease. MPTP-injection significantly elevated the IL-
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Figure 4: Thiacremonone ameliorates MPTP-induced dopaminergic neurodegeneration. Level of dopamine A. and DOPAC
(which is metabolite of dopamine) B. in the 4 groups of mice brain were determined by HPLC. Method was as described detail in materials
and methods section. The effect of thiacremonone on TH-positive neurons was measured by western blot and immunohistochemical
analysis. Expression of TH was examined by specific antibodies in the brain striatum and substantia nigra C. The sections of mice striatum
and substantia nigra D. incubated with anti-TH+ primary antibody and the biotinylated secondary antibody (n = 3). The representive stained
tissues were viewed with a microscope (X50 or 200). Represents the number of TH-positive neuronal cells in substantia nigra and TH-
positive density in striatum E. Total cell number counted in each whole section. Each value is presented as mean + SD from 10 mice. *, p <
0.05 Significant difference from saline-injected mice and #, p < 0.05 Significant difference between the MPTP-injection groups.
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1B and IL-6 levels in mice striatum and nigra regions.
However, MPTP-induced IL-1p and IL-6 release were
inhibited in thiacremonone treated mice striatum and
nigra (Figure 5D). The activation of AP-1 plays a critical
role in neuro-inflammation since it controls several genes
involving neuroinflammation. To determine whether
treatment of thiacremonone could decrease the activation
of AP-1 after MPTP injection, we measured the DNA
binding activity of AP-1 by EMSA. MPTP-injection
significantly elevated DNA binding activity of AP-1 in
mice brain. However, much lower DNA binding activity of
AP-1 was observed in the brain of thiacremonone-treated
mice compared to MPTP-treated mice brain (Figure SE).
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Effect of the thiacremonone on MPP+-induced
neuroinflammation in BV-2 cells and neuronal cell
death in cultured neuronal cells

To evaluate effect of thiacremonone on MPP+-
induced neurodegeneration and neuroinflammation,
we investigated the participation of the p38 pathway
in cultured BV-2 cells. Thiacremonone increased TH
expression but decreased MAO B expression induced by
MPP+ treatment in BV-2 cells (Figure 6A). Moerover,
MPP+-induced neuroinflammatory proteins, COX2,
iNOS and Ibal expressions were decreased in BV-2 cells
in a dose dependent manner by thiacremonone (Figure
6A). MPP+ could promote the neuronal apoptosis. To
further study the preventive effect of thiacremonone
in cultured neuronal cell, we determined expression of
apoptotic proteins. MPP+-induced expressions of BAX
and caspase3 cleavage were decreased by thiacremonone
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Figure 5: Thiacremonone reduces neuroinfalmmation by p38 pathway. The effect of thiacremonone on neuroinflammation,
expression of inflammatory proteins was measured by Western blotting analysis. Expression of MAO B was examined by specific antibodies
in the striatum and nigra regions of brain A. Avtivation of p38 was determined by specific antibodies in the striatum and substantia nigra
regions of brain B. Expression of iNOS and COX2 were examined by specific antibodies in the striatum and substantia nigra regions of
brain C. Levels of pro-inflammatory cytokines, IL-6 and IL-1p were measured in substantia nigra regions of brain D. The AP-1 DNA
binding activity was measured by EMSA E. Each value is presented as mean + SD from 10 mice. *, p < 0.05 Significant difference from
saline-injected mice and #, p < 0.05 Significant difference between the MPTP-injection groups.
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treatment in a dose dependent manner in cultured neuronal
cells (Figure 7B). In addition, MPP+-induced reduction of
cell viability was recovered by thiacremonone treatment
in a concentration dependent manner in cultured neuronal
cell (Figure 6C).

Involvement of the p38 pathway in the inhibitory
effect of thiacremonone on MPP+-induced
neuroinflammation

and investigated the involvement of the p38 pathway in
neuroinflammation. Thiacremonone decreased MAO B as
well as pro-inflammatory proteins (COX2, iNOS and Ibal)
expression by MPP+ treatment in BV-2 cells. However,
the thiacremonone-induced inhibitory effect was amplified
by the inhibition of p38 activation in BV-2 cells (Figure
6D). Thiacremonone also decreased the expression of the
C-jun and C-fos expression induced by MPP+ treatment in
nuclear lysates of BV-2 cells. These inhibitory effects were

enhanced by the inhibition of p38 activation in nuclear

lysates of BV-2 cells (Figure 6D).
In order to further examine the mechanisms

regulating neuroinflammation by the p38 pathway, we
used specific inhibitors in BV-2 activated by MPP+,
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Figure 6: Effect of thiacremonone against dopaminergic neurodegeneration and apoptosis in vitro. The protection effect
of thiacremonone against neurodegeneration, expressions of TH, MAO B and inflammatory marker proteins were measured by Western
blotting analysis. Avtivation of p38 was determined by specific antibodies, and expressions of TH, MAO B and inflammatory marker
proteins (Ibal, iNOS, COX2) were examined by specific antibodies in BV-2 cells A. To evaluate the protection effect of thiacremonone
against neuronal cell apoptosis, cell viability and expression of apoptotic proteins was measured by Western blotting analysis. Expression
of BAX and caspase 3 was examined by specific antibodies in cultured neuronal cells B. The cell viability was masured by MTT assasy C.
To involvement of p38 pathway in the inhibitory effect of thiacremonone on MPP+-induced neuroinflammation. BV-2 cells were inhibited
with specific p-38 inhibitor (10 uM) for 24 h, treated with thiacremonone (5 pg/ml) at 37°C. These effects were measured by western blot
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specific antibodies D. *, p < 0.05: Significant difference from the MPP+-treated astrocytes and #, p < 0.05: Significant difference between
the astrocytes treated with p-estradiol and cotreated with p38-specific inhibitors.
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Binding between Tiacremonone and activated p38

To clear the p38 involvement in the inhibitory
effect of thiacremonone MAO B and neuroinflammatiory
protein expression, we determined the interaction
between thiacremonone and p38. The interaction was
first assessed in a pull-down assay using thiacremonone
(Figure 7A)-Sepharose 6B beads, and the binding was
detected by immunoblotting with anti-p-p38. The results
indicated that thiacremonone bound with cell lysates
containing p-p38 protein from BV-2 cells (Figure 7B).
To identity the binding site of thiacremonone to activated
p38, we performed a computational docking model of
thiacremonone with activated p38 under the Schrodinger
docking program, Glide. The results from the docking
studies suggested that thiacremonone might covalently
bind with Gly 170 residue in activated p38 catalytic site
(Figure 7C).
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DISCUSSION

Accumulating evidences have suggested that
neuroinflammation may contribute to the occurrence and
progression of PD [38, 39]. The brains of PD patients
appear to show high hallmarks of neuroinflammation,
including marked astrogliosis, and elevated release of
proinflammatory mediators and cytokines, as well as
microglial activation [40]. Indeed, neuroinflammation has
been reported to cause dopaminergic cell death in several
PD models. LPS-induced (single intranigral injection) PD
rat model showed higher rate of death of dopaminergic
neurons in the substantia nigra [41]. Chronic release
of pro-inflammatory cytokines by activated astrocytes
and microglia leads to the exacerbation of DA neuron
degeneration. In addition, neuroinflammation is also
implicated in the pathogenesis of PD [42]. Recent studies
indicate that microglia was activated in various regions of
PD brain [43]. Moreover, higher activation of microglia
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Figure 7: Structure of thiacremonone and activated p38, and binding of thiacremonone to activated p38. Structure of
thiacremonone, a sulfurcompound isolated from garlic A. Whole cell lysates of BV-2 were incubated with thiacremonone-conjugated
Sepharose 6B. After precipitation, the levels of bound activated p38 were monitored by Western blot analysis B. Ribbon representation
docking model of thiacremonone with activated p38 and Molecular surface representation docking model of thiacremonone with activated

p38 C.
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in the nigra and striatum was observed in various types
of PD animal models [44-47]. Therefore, many anti-
inflammatory agents have been suggested as possible
compounds for PD treatment.

Many studies have shown that fresh garlic extracts,
garlic oil, garlic-derived chemicals and specific organo
sulfur compounds generated by processing garlic could
have neuroprotective effects via its anti-neuroinflammatory
and anti-oxdative properties [23, 25, 48]. Allicin, isolated
from galin oil, showed the strongest inhibition of
acetylcholinesterase and butyrylcholinesterase enzymes
[49]. Futhermore, allicin attenuates ischemic brain injury
in vivo and in vitro studies [50-52]. S-allyl cysteine
(SAC), the most abundant organosulfur compound in
garlic extract, activates the antioxidant responses and
protects neurons against ischemic injury in vitro and in
vivo [53, 54]. Thiacremonone was isolated as a sulfur
compound from a hot water extract of garlic, and found
that this compound has an anti-cancer effect on colon
cancer and lung cancer [32, 34]. Our present data showed
that thiacremonone decreased MPTP-induced behavioral
disorder, dopamine depletion and microglia and astrocytes
activations as well as neuroinflammation. In an in vitro
study, thiacremonone effectively decreased MPP+-induced
glial activation, inflammatory mediators generation and
dopaminergic neurodegeneration. Previously we have
previously reported that thiacremonone has an anti-
inflammatory effect in several inflammatory disease
models such as alzheimer’s disease, hepatic failure
and arthritis [24, 30, 31, 55]. In the present study,
thiacremonone also inhibited dopaminergic cell death via
its anti-neuroinflammatory properties in MPTP-injected
mice as well as cultured microglia and neuronal cells.
These results indicated that like other sulfur compound
from garlic, thicremonone has anti-neuroinflammatory
effects.

Dopaminergic neurons are located in the substantia
nigra. Neurons of the substantia nigra communicate with
other neurons by liberating the neurotransmitter DA. In
PD patient’s brain, neurons of the nigra progressively
degenerate, and this loss of neurons in nigra can cause
reduced amount of DA available for neurotransmission
[56]. Reductions of DA content in brain tissue from
patients with PD have been documented in a variety of
studies [57-59]. Dopamine synthesis can be promoted
by TH through hydroxylation of tyrosine to L-DOPA
(Precursor of dopamine). However, activity of tyrosine
hydroxylase in the brains of patients with PD has been
shown to be significantly reduced [60]. In addition,
MAO-B oxidizes MPTP into MPP+ which damage
dopaminergic neurons [61]. Recently, a study showed that
another garlic-derived compound, S-Allylcysteine protects
DA depletion against MPP+. MPP+-induced DA depletion
was significantly (32%) prevented by S-Allylcysteine
treatment (125 mg/kg daily for 17 days. i.p) [62]. In this
present study, thiacremonone prevents the MPTP-induced

dopaminergic neurodegeneration. Neuronal cell viability
was increased by thiacremonone treatment against MPP
neutotoxicity, and neuronal apoptosis was also decreased
by thiacremonone treatment in a dose dependent manner.
In addition, cell viability was increased by thiacremonone
treatment in a dose dependent manner in cultured neuronal
cells. The expression of TH+ was significantly increase by
treatment of thiacremonone, and the loss of DA was also
recovered (38%) by thiacremonone treatment. However,
MPTP-induced expression of MAO B was significantly
decreased by treatment of thiacremonone. These results
support that thicremonone could be an effective compound
for neurodegenerative disease, and this effect can protect
the brain against PD risk.

In recent studies, activation of p38 MAPK was
increased in MPTP-induced PD animal models as well
as PD patient brain [63, 64]. The activation of the p38
pathway plays an important role in the production of
proinflammatory cytokines (IL-1p, TNF-o and IL-6)
[65-67] as well as expression of inflammatory proteins
such as COX-2 and iNOS [68, 69]. Thus, p38 MAPK
pathway is significant for PD-induced neuroinflammation.
Moreover, p38 pathway can be also involved in the MAO
B expression through astrogliosis. In recent studies,
MAO B expression and astrogliosis were attenuated by
inhibition or knockout of p38 MAPK [13, 37, 70]. In
addition, up-regulation of AP-1 activation can lead to the
development of inflammatory disease through increased
cytokines release [71]. Recently, it has been shown that
p38 MAPK pathways can induce AP-1 activity in PD
patient brain and animal model [72-74]. In the present
study, we observed much decreased MPTP-induced
neuroinflammatory protein expression (iNOS and COX2),
astrocyte and microglia activation as well as MAO B
expression and cytokine releases accompanied with
activation of p38 pathway in the brain of thiacremonone
treated mice compared to vehicle treated mice. In addition,
thiacremonone inhibited AP-1 binding activity and c-fos/
c-jun expression. Furthermore, these inhibitory effects
were amplified by treatment of p38 specific inhibitor.
Moreover, we observed that thiacremonone can direct-
binding with phosphorylated p38 by 3D docking analysis,
and we confirmed this using in vitro pull-down assay.
These evidences suggest that thiacremonone can inhibit
neuroinflammation through inactivation of astrocyte via
blocking of p38 MAPK pathway. In our previous study,
we did not detect any side effects of thiacremonone (loss
of weight or any observed toxic sign) on the effective dose
of thiacremonone (10 mg/kg) during treatment for 20 days
[24]. This evidence suggests that thiacremonone may be
potentially beneficial for the prevention of inflammatory
diseases with comparatively low toxic effects.

In our recent studies, the anti-inflammatory effects
of thiacremonone in several disease models were reported
[24, 30, 31, 55]. In APAP induced-hepatic disease model,
thiacremonone has a curative effect through Inhibition
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of Proinflammatory Cytokines Production [55]. Also,
thiacremonone showed the anti-inflammatory effect on
TPA-induced ear edema and carrageenan-induced arthritis
[24]. In case of neuropathies, thiacremonone has an anti-
inflammatory effect in several of our models. LPS-induced
neuro-inflammation was significantly reduced by treatment
of thiacremonone [30]. Also, thiacremonone significantly
attenuated cognitive impairments through stimulating anti-
oxidant system in a double-mutant transgenic AD mice
model [31]. The key mechanisms of these therapeutic
effects of thiacremonone were derived by regulation
of NF-kB. NF-kB is a transcription factor which can
promote various inflammation-related genes transcription
[75]. However, transcriptional activation of NF-xB can
be controlled by p38 MAPK [76]. In the present study,
thiacremonone can block p38 MAPK pathway through
direct binding with phosphorylated p38 protein. This
double-inhibitory effect of NF-kB activation through
both directly and p38 pathway mediated can amplify the
anti-inflammatory effect of thiacremonone. Thus, our
present study further suggests that thiacremonone could
be a possible compound for the pharmacotherapy for
neuroinflammatory injury in PD.

MATERIALS AND METHODS

Extraction and characterization of thiacremonone

The structure of a sulfur compound isolated from
garlic (named thiacremonone) as shown previously
(Figure 1A). Preparing method of thiacremonone was
done as described previously [35]. This fraction containing
thiacremonone was purified by preparative RP-HPLC on
a Younglin SP930D Instrument [30]. Thiacremonone was
resolved in distilled water.

Animals and MPTP treatment

Mice were purchased from DBL Co., Ltd
(Eumseong-gun, Korea). All of the experimental
procedures were approved by the Animal Care and Use
Committee (IACUC) of Chungbuk National University
(approval number: CBNUA-144-1001-01). Four
experimental groups of mice (n = 10) were studied: the
vehicle (Sterile water) treated group1/2 (n = 20) and the
thiacremonone treated group1/2 (n = 20). All were male,
weighing 25-30 g (10 week-old) at the time of exposure.
The mice were given vehicle or thiacremonone (10 mg/kg)
in drinking water for 1 month. All mice were housed in a
room that was automatically maintained at 21-25°C and
at relative humidity (45-65%) with a controlled light-dark
cycle. Mice were administered intraperitoneal injections of
MPTP (15 mg/kg, Sigma-Aldrich, St Louis, MO) or saline
four times daily at 2 h intervals for 7 days. Mice were

sacrificed 9 days after (In order to access the behavioral
test) the last injections for experimental analyses.

BV-2 cell culture

BV-2 cells were obtained from the American Type
Culture Collection (Rockville, MD). These cells were
maintained at subconfluence in a 95% air, 5% CO2
humidified atmosphere at 37 °C. The medium used
for routine subcultivation was Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA),
supplemented with 10% fetal bovine serum (FBS),
penicillin (100 units/ml). Cells were counted with a
hemocytometer and the number of viable cells was
determined through trypan blue dye exclusion.

Neuronal cell culture

The Sprague-Dawley rats were maintained in
accordance with the policy of the National Institute of
Toxicological research, which is in accord with the Korea
Food and Drug Administration’s guideline for the care and
use of laboratory animals. Sprague-Dawley rats weighing
200-300 g were housed under 12 h rlight/dark cycles, at 23
°C and 60 + 5% humidity. All animals had free access to
food (Samyang Foods, Seoul, Korea) and water. Cerebral
cortical cells were isolated from neonatal rat brain (Day 1)
in PBS (0.1 mol). Briefly, cerebral cortices were removed
and incubated for 15 min in Ca2+- and Mg2+-free Hanks’
balanced saline solution (Life Technologies) containing
0.2% trypsin. Cells were dissociated by trituration and
plated into polyethyleneimine-coated plastic or glass-
bottomed culture dishes containing minimum essential
medium with Earle’s salts supplemented with 10% heat-
inactivated fetal bovine serum, 2 mM l-glutamine, 1 mM
pyruvate, 20 mM KCIl, 10 mM sodium bicarbonate, and 1
mM Hepes (pH 7.2). Following cell attachment (3-6 h after
plating), the culture medium was replaced with neurobasal
medium containing B27 supplements (Life Technologies).
The cells were cultured in neuronal cell culture medium
for 3 days, and then further cultured in neuronal cell
culture medium (NCM) with or without 20% astrocyte
culture media (ACM). Experiments were performed with 4
to 6-day-old cultures; greater than 90% of the cells in these
cultures were neurons, and the remainder were astrocytes,
as judged by cell morphology and by immunostaining with
antibodies against neurofilaments and glial fibrillary acidic
protein.

Cell viability assay

Cell viability assay was evaluated using a WST-
8 assay (Dojindo Laboratories, Tokyo, Japan). WST-8
[2-(2-methoxy-4-nitrophenyl)-3(4-nitro-phenyl)-5-(2,4-
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disulfo-phenyl)-2H-tetrazolium,monosodium salt] is
reduced by de-hydro-genases in cells to give a yellow-
colored product (formazan), which is soluble in the culture
medium. The amount of the formazan dye generated by the
activity of dehydro-genases in cells is directly proportional
to the number of living cells. In brief, 1 x 104 cells per
well were plated into 96-well plates, incubated at 37 °C for
24 h, and given a fresh change of medium. Cells were then
incubated with or without LPS (1 pg/ml) in the absence
or presence of various concentrations of ent-Sauchinone
at 37 °C for an additional 24 h. At that point, 10 pl of
the WST-8 solution was added to the wells and incubation
was continued for another 1 h. The resulting color was
assayed at 450 nm using a microplate absorbance reader
(SunriseTM, TECAN, Switzerland).

Behavioral tests

We performed behavioral tests 2 days after the last
MPTP injection to examine whether there is a difference
in the neurotoxicant-caused behavioral deficit between the
thiacremonone treated group and control group. Rotarod,
pole, and gait tests were conducted as the behavioral tests.

Rotarod test

The rotarod test was done as described previously
[77]. Mice were trained for two consecutive days before
MPTP injections in acceleration mode (2-20 rpm) over
5 min. The training was repeated with a fixed speed (16
rpm) until the mice were able to stay on the rod for at least
300 s.

Pole test

The pole test was done as described previously [77].
The test trials were performed three times per animal, and
average values from three examinations were used for
each animal.

Gait test

The gait test was done as described previously [77].
Mice were subject to two training trials to be acclimatized
in the environment. A single test trial was performed,
and stride length was measured as the distance between
successive paw prints. Data were presented as the average
of five strides for each animal.

Collection and preservation of brain tissues

After the behavior tests, mice were anaesthetized
with CO2 gas and then perfused with phosphate-buffered

saline (PBS). The brains were immediately removed
from the skull, and the tissues were stored at -80 °C until
biochemical analysis.

Molecular Modeling

The crystal structure of p38 was used for the docking
study. The thiacremonone was built using a Maestro build
panel. The compound was minimized using the Impact
module of Maestro in the Schro dinger Suite Program.
The starting coordinate of the p38 was further modified
for binding model prediction. The protein structure was
minimized using the Protein Preparation Wizard by
applying an OPLS force field. For the grid generation,
the binding site was defined as the centroid of the Gly
170 in the catalytic site of p38. Ligand docking into the
catalytic site of p38 was carried out using the Schro“dinger
docking program, Glide. The minimized conformation of
thiacremonone was docked into the prepared receptor
grid. The best-docked poses were selected as the initial
covalent model of Gly 170 in the catalytic site of p38
with thiacremonone. The covalent complexes were
further minimized using the steepest descent algorithm.
Molecular graphics for the covalent binding model of the
thiacremonone was generated using a PyMol package
(http://www.pymol.org).

Pull down assay

Thiacremonone was conjugated with cyanogen
bromide (CNBr)-activated Sepharose 6B (Sigma-Aldrich,
St. Louis, MO). Briefly, thiacremonone (1 mg) was
dissolved in 1 ml of coupling buffer (0.1 M NaHCO3
and 0.5 M NaCl, pH 6.0). The CNBractivated Sepharose
6B was swelled and washed in 1 mM HCI through a
sintered glass filter, then washed with the coupling buffer.
CNBr-activated Sepharose 6B beads were added to the
thiacremonone-containing coupling buffer and incubated
at 4°C for 24 hr. The thiacremonone-conjugated Sepharose
6B was washed with three cycles of alternating pH wash
buffers (buffer 1, 0.1 M acetate and 0.5 M NaCl, pH
4.0; buffer 2, 0.1 M Tris-HCI and 0.5 M NaCl, pH 8.0).
Thiacremonone-conjugated beads were then equilibrated
with a binding buffer (0.05 M Tris-HCI and 0.15 M
NacCl, pH 7.5). The control unconjugated CNBr-activated
Sepharose 6B beads were prepared as described above
in the absence of thiacremonone. The cell lysate was
mixed with thiacremonone-conjugated Sepharose 6B
or Sepharose 6B at 4uC for 24 hr. The beads were then
washed three times with TBST. The bound proteins were
eluted with SDS loading buffer. The proteins were then
resolved by SDS-PAGE followed by immunoblotting with
antibodies against p-p38 (1:1,000 dilution, Abcam, plc.
Cambridge, UK).
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HPLC analysis of dopamine and its metabolite

Dopamine and metabolites in the striatum
were measured by HPLC. Briefly, tissues were
sonicated in chilled 0.1 M perchloric acid containing
dihydroxybenzylamine as an internal standard. After
centrifugation (15,000xg, 30min, 4 °C), supernatant was
diluted with mobile phase (75 mM of NaH2PO4, 1.7 mM
Octane sulfonic acid, 10% methanol, pH 3.0), and 10 pl
of sample was isocratically eluted through a 80x4.6 mm
C18 column (Waters Associates, Milford, MA) with flow
rate of 1.5 ml/min. Neurochemicals including dopamine,
3,4-dihydroxyphenylacetic acid (DOPAC) were detected
by a two-channel electrochemical detector (Waters
Associates) at a potential of 1.5 mV. Concentrations were
normalized by wet tissue weight.

Measurement of cytokines level

Lysates of whole brain tissue were obtained through
protein extraction buffer containing protease inhibitor.
Dopamine levels were also determined using each specific
ELISA Kit (Wuhan Huamei Biotech Co., Ltd., Hubei,
China). In brief, 100 pl of sample was added into the
precoated plate and incubated for overnight at 4°C. After
washing each well of the precoated plate with washing
buffer, 100 ul of labeled antibody solution was added,
and the mixture was incubated for 1 h at 4°C in the dark.
After washing, chromogen was added, and the mixture
was incubated for 30 min at room temperature in the dark.
Finally, the resulting color was assayed at 450 nm using
a microplate absorbance reader (SunriseTM, TECAN,
Switzerland) after adding stop solution.

Immunohistochemical staining

The immunohistochemical staining was done as
described previously [77]. The sections were incubated for
2 h at room temperature with a rabbit/mouse polyclonal
antibody against glial fibrillary acidic protein (GFAP),
ibal (1:300; Abcam, Inc., Cambridge, MA), a goat
polyclonal antibody against MAO B (1:300; Santa Cruz
Biotechnologies, Inc., Santa Cruz, CA). After incubation
with the primary antibodies, sections were washed in
PBS before being incubated for 1 h at room temperature
in the presence of biotinylated anti-goat/mouse/rabbit
IgG secondary antibodies (1:1000; Vector Laboratories,
Burlingame, CA). Eight mice per group underwent
immunohistochemical staining.

Analysis of the number of TH-positive neurons
and density of TH-positive fibers

The total number of TH-positive cells was counted
in sections using the optical fractionator method for
unbiased cell counting as described previously with
slight modification [77]. Briefly, every sixth section
throughout the entire extent of the substantia nigra was
picked, and immunostaining for TH was performed. The
number of TH-positive neurons was counted by using a
computer-assisted image analysis system consisting of a
Zeiss Axioskop2 Plus photomicroscope equipped with an
MS-2000 (Applied Scientific Instrumentation, Eugene,
OR) computer-controlled motorized stage, a Sony DXC-
390 video camera, a DELL GX260 workstation, and the
Optical Fractionator Project module of the BIOQUANT
Stereology Toolkit Plug-in for BIOQUANT Nova Prime
software (BIOQUANT Image Analysis Corporation,
Nashville, TN). The Substantia nigral region was observed
at a low magnification (10x objective) and was outlined
by using a set of anatomical landmarks. The cell number
was counted at a high magnification (40x objective). After
counting was finished, the total number of neurons was
automatically calculated by the software. For determining
striatal TH-positive fiber density, six striatum-containing
sections covering the entire head and tail of the striatum
from each animal were chosen. TH-positive fiber
density was measured by using Image Analysis software
(Image Lab). Each value was corrected for non-specific
background by subtracting the optical density of the
corpus callosum.

Western blot analysis

The brain tissues were homogenized with lysis
buffer (PRO-PREP; iNtRON, Sungnam, Korea; n = 8
mice per group) and centrifuged at 2500 x g for 15 min
at 4°C. Equal amounts of total protein (40 mg) isolated
from brain tissues were resolved on 8% or 10% sodium
dodecyl sulfate polyacrylamide gels and then transferred
to nitrocellulose membranes (Hybond ECL; Amersham
Pharmacia Biotech, Piscataway, NJ). Membranes were
incubated at 4°C for 12 h with the following specific
antibodies: anti-GFAP, anti-ibal (1:1000; Abcam,
Inc., Cambridge, MA), anti-COX-2, anti-p38, anti-
p-p38, anti-p-JNK, anti-JNK, anti-p-ERK, anti-ERK
(Cell Signaling Technology, Inc., Beverly, MA), anti-
MAO B (1:1000; Santa Cruz Biotechnologies, Inc.,
Santa Cruz, CA), and anti-b-actin (1:2500; Santa Cruz
Biotechnologies, Inc., Santa Cruz, CA). Blots were then
incubated at room temperature for 2 h with corresponding
peroxidase-conjugated anti-goat/mouse/rabbit (1/2000;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Immunoreactive proteins were detected using an enhanced
chemiluminescence Western blotting detection system.
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The relative density of the protein bands was scanned
densitometrically using My Image (SLB, Seoul, Korea)
and quantified by Lab Works 4.0 (UVP, Upland, CA).

Electrophoretic mobility shift assay

Gel shift assays were performed according to the
manufacturer’s recommendations (Promega, Madison,
WI). Briefly, 5 x 106 cells were washed twice with 1x
PBS, followed by the addition of 1 ml of PBS, and then
cells were scraped into a cold Eppendorf tube. Cells were
spun down at 13,000 rpm for 5 min, and the resulting
supernatant was removed. Cells were suspended in 400
ul of solution A containing 10 mM HEPES, pH 7.9, 1.5
mM MgCl12, 10 mM KCI, 0.5 mM dithiothreitol, 0.2
mM phenylmethylsulfonyl fluoride; vigorously vortexed;
allowed to incubate on ice for 10 min; and centrifuged
at 12,000 rpm for 6 min. The pelleted nuclei were
resuspended in solution C (solution A + 420 mM NacCl,
20% glycerol) and allowed to incubate on ice for 20 min.
The cells were centrifuged at 15,000 rpm for 15 min, and
the resulting nuclear extract supernatant was collected
in a chilled Eppendorf tube. Consensus oligonucleotides
were end-labeled using T4 polynucleotide kinase and
[y-32P] ATP for 10 min at 37 °C. Gel shift reactions were
assembled and allowed to incubate at room temperature for
10 min followed by the addition of 1 ul (50,000-200,000
cpm) of 32P end-labeled oligonucleotide and another 20
min of incubation at room temperature. Subsequently 1
ul of gel loading buffer was added to each reaction and
loaded onto a 6% nondenaturing gel and electrophoresis
until the dye was four-fifths of the way down the gel.
The gel was dried at 80 °C for 1 hr and exposed to film
overnight at -70 °C.

Statistical analysis

All statistical analysis was performed with
GraphPad Prism 4 software (Version 4.03; GraphPad
software, Inc., San Diego, CA). Group differences in the
escape distance, latency, and velocity in the Morris water
maze task were analyzed using ¢-test repeated measures,
the factors being treatment and testing day. Otherwise,
differences were analyzed by two-way ANOVA followed
by Dunnette’s post hoc test. All values are presented as
mean + SEM. Significance was set at p < 0.05 for all tests.
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