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ARTICLE INFO ABSTRACT

Article history: A large body of evidence has suggested a strong association between neuroinflammation
Received 17 February 2008 and the pathogenesis of many neurodegenerative diseases. Therefore, it is a good target for
Accepted 13 May 2008 therapeutic treatment. So far, studies have proven anti-inflammatory herbal medicine and

its constituents to be effective in slowing down the neurodegenerative process. The present
study tested tripchlorolide, an extract of Tripterygium wilfordii Hook F (TWHF), as a novel

Keywords: agent to suppress inflammatory process in microglia. It showed this novel agent to be
Tripchlorolide cytotoxic at a dose of 20-40 nM to primary microglia and BV-2 microglial cells but not to
Lipopolysaccharide primary cortical neurons and Neuro-2A cells in vitro. Moreover, tripchlorolide protected
Neurons primary cortical neurons and Neuro-2A cells from neuroinflammatory toxicity induced by
Microglia the conditioned media from lipopolysaccharide (LPS)-stimulated microglia, which resulted
Neuroinflammation in a significant decrease in their cell survival. The changes of the inflammatory mediators in

this process were further investigated. In the LPS-stimulated microglia, the production of
tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1), nitric oxide (NO), prostaglandin E,
(PGE,), and intracellular superoxide anion (SOA) was markedly attenuated by tripchlorolide
at a dose of 1.25-10nM in a dose-dependent manner. Furthermore, the production of
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) was also significantly
inhibited by tripchlorolide in both mRNA and protein levels. These results suggest that
tripchlorolide can protect neuronal cells via a mechanism involving inhibition of inflam-
matory responses of microglia to pathological stimulations. Therefore, it is potentially a
highly effective therapeutic agent in treating neuroninflammatory diseases.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction mainstream thinking. The hallmark of brain inflammation is

the activation of microglia [1,2]. In pathological situations,
The pivotal role of inflammation-mediated mechanisms in the activated microglia cells experience dramatic morphological
neurodegenerative diseases such as Alzheimer’s disease (AD) changes from resting ramified cells to motile activated
and Parkinson’s disease (PD) has evolved from a hypothesis to amoeboid microglia. Once immuno-stimulated in response
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Fig. 1 - The chemical structure of tripchlorolide (T4).

to neuro-degenerative events, these cells release a variety of
proinflammatory mediators, such as cytokines, reactive
oxygen species, complement factors, free radical species,
and nitric oxide (NO), which can all contribute to both
neuronal dysfunction and cell death, ultimately creating a
vicious cycle [3,4].

Based on these theories, a number of clinical trials with
anti-inflammatory agents have been conducted on neuro-
degenerative disease patients, such as AD [5,6]. Extracts of
Chinese herb Tripterygium wilfordii Hook F (TWHF) have been
found to have potent anti-inflammatory and immunosup-
pressive functions and are widely used in China for
treatment of rheumatoid arthritis [7,8]. One of the major
active ingredients of TWHF is triptolide (PG490), a diterpene
triepoxide. Treatment of rat with triptolide (5 pg/kg, intra-
peritonelly, once a day for 24 days) dramatically improved
the survival rate of DA neurons by inhibiting microglial
activation and the releases of proinflammatory cytokines in
lipopolysaccharide (LPS) intranigrally lesion rat model [9].
Recently, it has also been demonstrated to upregulate both
NGF mRNA and protein level in rat astrocyte culture at a
dose of 10 nmol/L [10]. Tripchlorolide (designated as T4,
Fig. 1), a novel analog of triptolide, has immunosuppressive
activities similar to those of triptolide but with greatly
reduced toxicities, such as gastrointestinal action [11]. More
importantly, its lipophilic character generated by chloridion
modification, together with its small molecular size (MW
397), probably facilitates it passage through the blood-brain
barrier. In fact, Li et al. firstly reported that in vivo
administration of tripchlorolide (1 pg/kg, intraperitonelly,
for 28 days) increased the survival of dopaminergic (DA)
neurons in substantia nigra pars compata (SNpc) by 67% in a
rat model of transaction of medial forebrain bundle [12]. It
also significantly improved the level of dopamine in the
substantia nigra and striatum to 157 and 191%, respectively,
in vivo in the PD model of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-lesioned C57BL/6 mice [13].
Taken together, these studies strongly suggest that trip-

chlorolide may be a potential neurotrophic and neuropro-
tective agent against inflammatory challenges in central
nervous system (CNS).

LPS-activated microglial cells that mimic inflammation
have been proven to be a good cellular model for screen
potential therapeutic compounds for neuroinflammatory
disorders [14,15]. This study was therefore designed to
evaluate the effects of tripchlorolide on the cell survival of
primary cortical neurons, Neuro-2A neuronal-like cells,
primary microglia and BV-2 microglial cells and to investigate
its effects on the survival of primary cortical neuron and
Neuro-2A cell in conditioned media from LPS-stimulated
microglia. In order to gain insights into the molecular
mechanisms, this study also examined the levels of several
inflammatory mediators, including tumor necrosis factor-a
(TNF-a), interleukin-1p (IL-1B), NO, prostaglandin E, (PGE,),
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2), as well as intracellular superoxide anion (SOA) in
microglia.

2. Materials and methods
2.1. Materials

T4 was obtained from the Department of Pharmacology of
Fudan University (Shanghai, China). The material was in the
form of white needle-like crystals, with a melting point of 256~
258 °C, molecular weight 397, and 98% purity by reverse phase
high-pressure liquid chromatography (HPLC) evaluation.

Dulbecco’s modified Eagel’s medium (DMEM), DMEM-F12,
Hanks’ balanced salt solution (HBSS), Neurobasal media
with r-glutamine, B27 supplements and fetal bovine serum
(FBS) were obtained from Gibco (Grand Island, NY). Trizol
reagent was purchased from Invitrogen (Carlsbad, CA). LPS
(from Escherichia coli serotype O111: B4), 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), tert-butyl
hydroperoxide (t-BHP), N-acetyl-L-cysteine (NAC) and nitro-
blue tetrazolium (NBT) were obtained from Sigma (St. Louis,
MO). Primary antibodies, including rabbit ployclonal anti-
bodies to mouse iNOS, COX-2, MAP-2, were purchased from
Cayman (Ann Arbor, MI), Cell signaling (Berverly, MA) and
Chemicon, Inc. (Temecula, CA), respectively. 4',6-Diami-
dine-2’-phenylindole, dihydrochloride (DAPI), FITC-conju-
gated second antibody and Western blot Chemiluminescent
Detection System (LumiGLO system) were from KPL
(Gaithersburg, MD). TNF-q, IL-18 ELISA kits were from
BioSource (Camarillo, CA) and PGE, EIA kit from Cayman
(Ann Arbor, MI). Other regents were analytical or cultured
grade purity.

2.2. Cell culture and treatment

2.2.1. BV-2 and Neuro-2A cells culture

Murine BV-2 microglial cells and Neuro-2A neuronal-like cells
were maintained in Dulbucco’s modified Eagle medium
(DMEM) supplemented with 10% FBS, 100 units/ml penicillin,
and 100 pg/ml streptomycin, and kept at 37 °C in humidified
5% CO,/95% air. The cells were passaged every 3 days when
growing up to 75% confluence.
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2.2.2. Primary cortical neurons culture

Neurons were cultured from cortices of embryonic day 16
(E16) C57BL/6 mice. Briefly, meninges-free cortices were
isolated, indigested with 0.05% trypsin-EDTA, and plated
onto poly-L-lysine (0.05 mg/ml)-coated tissue culture wells
(1000 cells/mm?) for 6 days in vitro before use. Neurons were
grown in Neurobasal media with i-glutamine and B27
supplements to consistently provide neuronal cultures to
95% purity and assessed by staining with antibody directed
against the neuronal marker anti-microtubule-associated
protein 2 (MAP-2).

2.2.3.  Primary microglia culture

Microglia were derived from postnatal day 1 (P1) mouse
brains (C57BL/6). Briefly, meninges-free cortices from post-
natal day 1 mice were isolated and trypsinized. Cells were
plated onto tissue culture plastic in DMEM-F12 with t-
glutamine containing 10% heat-inactivated FBS and fed
every 3 days. After 14 days, the cultures were shaken
vigorously (120 min; 260 rpm on a rotary shaker) to remove
microglia [16].

2.2.4. LPS, tripchlorolide and conditioned media treatment
T4 was first dissolved in dimethyl sulfoxide (DMSO) and later
mixed with serum free culture medium to give an appropriate
concentration with a maximum of 0.01% DMSO. LPS was
diluted in Hanks’ balanced salt solution (HBSS) to a concen-
tration of 2 mg/ml, aliquoted and stored at —20 °C until use.

For inflammatory mediators assay, primary microglia and
BV-2 cells were stimulated with 1 pg/ml LPS for indicated time
[17]. For tripchlorolide treatment, primary microglia and BV-2
cells were treated with various concentrations of tripchlor-
olide 1 h prior to stimulation with LPS. Tripchlorolide was not
rinsed away in this process.

For the conditioned media experiments, Neuro-2A cells
were plated at a density of 2 x 10* cells per well in 96 well
plates and allowed to settle for 24 h before replacement with
conditioned media. Primary microglia and BV-2 cells were
treated respectively with tripchlorolide (1.25-10nM) for 1h
prior to 1 pg/ml LPS stimulation (T4 + LPS-CM group), respec-
tively with LPS alone (LPS-CM), and respectively with HBSS
(vehicle), each treatment lasting for 24 h. Then the BV-2
microglial and primary microglia-conditioned media, col-
lected and clarified by centrifugation, were transferred
respectively to Neuro-2A cells and primary cortical neurons
for a further 48 h. The groups of HBSS-induced conditioned
media were set as control. The survival of Neuro-2A cells and
primary cortical neurons treated with LPS (0.1-10 pg/ml) alone
for 48 h was also observed.

2.3. Cell viability assay

2.3.1. MTT assay

MTT was converted in living cells to formazan, which has a
specific absorption maximum. Cells were treated with LPS
and/or tripchlorolide for indicated times, and further incu-
bated for 4 h when the culture medium was changed to the
medium containing 0.5 mg/ml MTT. Then, they were added
with solubilization solution (10% SDS, 5% isopropanol in
0.012 M HCl) and incubated at 37 °C in humidified 5% CO,/95%

air for overnight. The absorbance of the supernatant was
measured at 570 nm on an automated microtiter plate reader.
Data were expressed as the mean percentage of viable cell
versus control.

2.3.2. Immunocytochemistry

Quantification of neuron survival was assessed by immuno-
cytochemistry. To perform culture immunocytochemistry,
neurons were stimulated as described above and fixed in 4%
paraformaldehyde at 37 °C for 30 min at select times. To assess
survival, they were stained with an anti-MAP2 antibody.
Antibody binding was visualized by using FITC-conjugated
secondary antibody. Cell nuclei were counterstained with
DAPIL. Viable neurons were then enumerated under a
fluorescence microscope.

2.4. TNF-a, IL-18 and PGE, measurement

Primary microglia and BV-2 cells were seeded on 24-well
plates. After being treated with LPS and/or tripchlorolide, the
supernatants were collected and stored at —80 °C until assays
for TNF-qa, IL-1B and PGE, were performed. TNF-q, IL-18 and
PGE, levels were detected by mouse TNF-a, IL-18 ELISA kits
and PGE, EIA kit according to the procedures provided by the
manufacturers.

2.5.  Nitrite quantification

NO,~ accumulation in the medium was used as an indicator of
NO production as previously described [18].The isolated
supernatants were mixed with an equal volume of Greiss
reagent (1% sulfanilamide, 0.1% naphthylethylenediamine
dihydrochloride, and 2% phosphoric acid) and incubated at
room temperature for 15 min. NaNO, was used to generate a
standard curve, and nitrite production was determined by
measuring optical density at 540 nm.

2.6.  Modified NBT assay for SOA

A modified assay for the intracellular conversion of
nitroblue tetrazolium (NBT) to formazan by superoxide
anion (O,”) was used to measure the production of reactive
oxygen species [19,20]. In brief, 0.1% NBT was added to the
media at the end of the treatment periods. As negative
controls, BV-2 cells were pretreated with 10 mM NAC 1h
prior to LPS treatment. As a positive control, BV-2 cells were
treated with 100 uM t-BHP for 60 min [21,22]. After incuba-
tion for 45 min at 37 °C, the cells were washed twice with
warm PBS, then once with methanol, and air-dried. The NBT
deposited inside the cells was then dissolved with 240 pl of
2 M potassium hydroxide (KOH) and 280 pl of dimethylsulf-
oxide (DMSO) with gentle shaking for 10 min at room
temperature. The dissolved NBT solution was then trans-
ferred to a 96 well plate and absorbance was read on a
microplate reader at 630 nm. Meanwhile, the cells (1 x 10°/
well) were allowed to adhere to glass cover slips placed in a
6-well flat culture plate. After similar treatments, NBT
incubation, washing and fixing with methanol were carried
out. The cells containing blue formazan particles (NBT-
positive cells) were pictured under a microscope.
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2.7. Reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis

A semiquantitative RT-PCR assay was used to determine the
mRNA levels of iNOS, COX-2 in relation to g-actin. Total RNA
was extracted by Trizol reagent. The RT-PCR assays were
performed with a Titan™ One Tube RT-PCR System kit
(Boehringer Mannheim, Germany). Briefly, 0.5 ng of total RNA
from each sample was added to 25 pl of a reaction mixture.
The primer sequences were as follows: sense 5'-CTG CAG CAC
TTG GAT CAG GAA CCT G-3' and antisense 5-GGG AGT AGC
CTG TGT GCA CCT GGA A-3' for iNOS (gene bank number:
BC062378.1, 310 bp fragment); sense 5'-TTG AAG ACC AGG
AGT ACA GC-3’ and antisense 5'-GGT ACA GTT CCA TGA CAT
CG-3' for COX-2 (gene bank number: BC052900.1, 324 bp
fragment); sense 5'-GGC ATG GGT CAG AAG GAT TCC-3' and
antisense 5-ATG TCA CGC ACG ATT TCC CGC-3' for p-actin
(gene bank number: BC014861.1, 500 bp fragment). Then
these three genes were amplified using different-tempera-
ture PCR system consisting of denaturation at 94 °C for 45 s,
primer annealing at 60 °C (for iNOS) or 58 °C (for COX-2) for
45 s, and extension at 70 °C for 1 min. The number of cycles
was determined for samples not reaching the amplification
plateau (27 cycles for iNOS and 25 cycles for COX-2). The
amplified conditions for B-actin were the same to those for
iNOS or COX-2. The PCR product was visualized by electro-
phoresis in a 1.6% agarose gel. The verification of specific
genes was established by their predicted size under UV light.
Quantification of the band density was performed by
densitometric analysis (Digital Image Analysis System, PDI,
Alpha, USA), and calculated as the optical density x area of
band. The mRNA of iNOS and COX-2 was evaluated by
integrated density value (IDV) as IDVinos/p-actin @d IDVcox-2/

B-actin-
2.8.  Western blot analysis of iNOS and COX-2 proteins

The treated cells were washed with ice-cold PBS and then
were incubated with lysis buffer containing 10 mM Tris-HCl
(pH 7.4), 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF,
20 mM Nay4P,07, 2 mM NazVOy, 0.1% SDS, 0.5% (w/v) sodium
deoxycholate, 1% Triton-X 100, 1 mM PMSF, 60 pg/ml apro-
tinin, 10 pg/ml leupeptin and 1 ng/ml pepstatin for 20 min.
Then the cells lysates were centrifuged at 12,000 x g for
10 min, and the protein concentrations were determined by
the Bradford method. Then 40 ng of total cell protein was
separated by 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to PVDF mem-
branes. The membranes were incubated with the appropriate
antibody (iNOS and B-actin for 1:1000, COX-2 for 1:750) using
Western blot chemiluminescence detection system. Quanti-
fication of the band density was performed by densitometric
analysis.

2.9.  Statistical analysis

Data were analyzed by SigmaStat 3.5 software and shown by
the means + S.D. of at least three independent experiments.
Statistical differences between values were determined by
Student’s t-test (when data were normalized as %control) or

ANOVA followed by Tukey post hoc test (other data). Signifi-
cance level was set at P < 0.05.

3. Results

3.1.  Effects of tripchlorolide on the survival of primary
cortical neurons, primary microglia, Neuro-2A and BV-2 cells

We investigated the effects of tripchlorolide on the survival of
neuronal and glial cells, including primary cortical neurons,
Neuro-2A, primary microglia and BV-2 cells by MTT reduction
assay. All the cells were treated with a variety of tripchlorolide
(5-80 nM) for 48 h. As shown in Fig. 2, tripchlorolide at range of
20-80 nM markedly decreased the percentage of survival in
primary microglia and BV-2 cells. The IC50 of them was 75.84
and 29.74nM, respectively. However, in primary cortical
neurons treated with tripchlorolide (high at 80 nM) there were
no significant changes on cell survival, and in Neuro-2A cells, a
small decrease (20%) when T4 was at a dose of 80 nM. These
data indicate that tripchlorolide in the range of 20-80 nM is
cytotoxic to microglial cells, but not to primary cortical
neurons.

3.2.  Effects of tripchlorolide on cell survival of neuronal
cells treated with conditioned media from LPS-stimulated
microglia

The present study firstly confirmed that the conditioned
media from LPS-stimulated microglia (LPS-CM) were potently
toxic to Neuro-2A cells and primary cortical neurons. As
shown in Fig. 3, LPS-CM resulted in approximately 57%
reduction in the viability of the former (Fig. 3B column 2)
and approximately 52% reduction in the latter (Fig. 3C column
5) (P < 0.001). There were no significant changes in the survival
ratio of Neuro-2A cells and primary cortical neurons when
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Fig. 2 - Effects of tripchlorolide (T4) on the cell viability.
Primary fetal mouse cortical neurons, primary mouse
microglia, Neuro-2A cells and BV-2 cells were treated with
T4 (0-80 nM) for 48 h. The cell viability was assessed by
MTT reduction assay. The values are expressed as

mean =+ S.D. (n = 5/group) of at least three independent
experiments. P < 0.05, 'P < 0.01, or P <0.001 compared
with control group.
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Fig. 3 - Effects of tripchlorolide (T4) on the survival of neuronal cells treated with conditioned media from LPS-stimulated
microglia. (A) Media from plates containing increasing concentrations of LPS (0.1, 1.0, 10 ng/ml) alone were transferred to
cortical neurons (E16; 6 days in vitro) or Neuro-2A cells for 48 h. Conditioned media (CM) from BV-2 cells or primary
microglia stimulated for 24 h with or without LPS (1.0 png/ml), vehicle (HBSS), and T4 (treated for 1 h prior to LPS stimulation,
without being rinsed away) was generated. The conditioned media was then transferred to Neuro-2A cells (B) or primary
cortical neuron (C) for a further 48 h, respectively. Neuro-2A cell viability was assessed by MTT reduction assay. (D) Primary
cortical neurons were fixed in 4% paraformaldehyde, stained using anti-MAP2 antibody with FITC and cellular nucleus was
stained with DAPI, the survival of neuron was counted as above. Scale bar = 40 pm. The values are expressed as

mean = S.D. of at least three independent experiments. **#P < 0.001, compared with control group (HBSS-CM). "P < 0.01,

P <0.001, compared with LPS-CM group.

treated with LPS (0.1-1 ng/ml) alone (Fig. 3A). This suggests
that the toxic action of the LPS-stimulated microglial-condi-
tioned media is mostly dependent on microglial secreted
products and not on contaminating LPS. As expected, in the
experiments, pre-treatment with tripchlorolide of conditioned
media (T4 + LPS-CM) provided complete neuroprotection from
LPS-stimulated microglial-conditioned media (Fig. 3B and C).
The group of T4 (10 nM) + LPS-CM resulted in a 40% and 38%
increase in the survival of primary cortical neurons and
Neuro-2A cells (P < 0.001), respectively, compared with the
groups of HBSS-CM. In addition, the neuroprotective action of
tripchlorolide groups was in a dose-dependent manner.
Primary cultured cortical neurons that were only treated
with LPS-CM showed a marked loss of MAP-2 positive neurons
and their dendrites (Fig. 3D middle layer right). The survival

ratio of MAP-2 neurons in the LPS-CM group was only 38%
(Fig. 3C). In contrast, a significant sparing of the MAP-2 positive
neurons was observed in the groups pretreated with trip-
chlorolide, and the dendritic processes surrounding the
cortical neurons were largely preserved (Fig. 3D underlayer
right). Tripchlorolide at a dose of 10 nM preserved as many as
77% of MAP-2 positive neurons.

3.3. Effects of tripchlorolide on LPS-induced TNF-«, IL-18,
NO and PGE; levels in primary microglia and BV-2 cells

According to the rationale that proinflammatory mediators are
responsible for the neurons death in microglial-conditioned
media dependent manner [23-25], we investigated whether
tripchlorolide had anti-inflammatory action in LPS-stimulated
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Fig. 4 - Effects of tripchlorolide (T4) on inflammatory mediators in BV-2 cells or primary microglia following LPS exposure.
BV-2 cells (A) or primary cultured microglia (B) were pretreated for 1 h with T4 (1.25-10 nM) and then were stimulated with
LPS (1.0 pg/ml). After 24 h (TNF-a, NO and PGE,) or 2 h (IL-1f), an aliquot of the supernatant was collected for ELISA analysis
of TNF-« and IL-1p, EIA analysis of PGE, and Griess reaction analysis of nitrite levels. Each value is expressed as

mean = S.D. (n = 4/group) of at least three independent experiments. **#P < 0.001, compared with control group. P < 0.05,

“P<0.01, P <0.001, compared with LPS treated alone.

microglial cells. In an initial time-dependent response study,
the exposure of BV-2 cells and primary microglia to LPS
produced the maximal response of TNF-a, PGE, and NO release
at24 h, as well as IL-1B at 2 h (data not shown). The exposure of
BV-2cellstoLPSaloneat1 pg/mlfor24 hresulted in a significant
increase in the production of TNF-«, NO and PGE, levels to 5.2-,
8.6- and 28.7-fold over basal levels, respectively, as well as IL-1B
for 2h to 25-fold (Fig. 4A column 2). However, these
proinflammatory mediators were greatly inhibited by trip-
chlorolide in a dose-dependent manner (Fig. 4A). The pretreat-
ment of cells with tripchlorolide at 5 nM reduced the levels of IL-
18 and NO to 46% and 53%, respectively. And tripchlorolide at
extremely low dose (1.25 nM) also attenuated the production of
TNF-a and PGE, to 48% and 57%, respectively. The tripchlor-
olide-induced decrease in TNF-q, IL-18, NO and PGE, was also

observed in the primary microglia cultures (Fig. 4B). This
suggests that the anti-inflammatory effect of tripchlorolide is
not limited to a particular microglial cell line. It alone did not
change the production of cytokines, NO and PGE, in BV-2 cells
and primary microglia (data not shown).

3.4.  Effect of tripchlorolide on LPS-induced intracellular
SOA production in BV-2 cells

Accumulation of intracellular reactive oxygen species (ROS)
triggered the release of inflammatory mediators in microglia
[26]. Immortalized microglial cells BV-2 retained the func-
tional characteristics (such as antigen profiles, anti-microbial
activities and response to LPS) of primary cultured microglia
[27-29]. So, BV-2 cell is a good and convenient cell model to
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Fig. 5 - Effect of tripchlorolide (T4) on the intracellular level of superoxide anion (SOA) in BV-2 cells following LPS exposure.
Nitro blue tetrazolium (NBT) to formazan by superoxide anion (0,~) was used to measure the production of SOA. (a) BV-2
cells were pretreated for 1 h with T4 (1.25-10 nM) or 10 mM NAC as negative drug control and then stimulated with LPS
(1 pg/ml) for 24 h. Treatment of cells with t-BHP (100 pM) alone for 1 h was as a positive model control. Then NBT was
incubated for a further 45 min and was fixed with methanol. The cells containing blue formazan particles (NBT-positive
cells) were visual under microscope. (A) Drug-free groups; (B) LPS alone; (C) t-BHP alone; (D) NAC control; (E-H) pretreated
with 1.25, 2.5, 5.0 and 10 nM T4, respectively; (I) blank groups (without NBT). Scale bar = 50 pm. (b) The NBT deposited
inside the cells were dissolved with solubilization solution and the superoxide anion levels quantified by the absorbance
measured on a microplate reader at 630 nm. Each value is expressed as mean + S.D. of three independent experiments.
###p < 0.001, compared with the control group. “P < 0.01, "'P < 0.001, compared with LPS treated alone.

explore the mechanism of microglia-related neuroinflamma-
tion in CNS. We therefore investigated whether tripchlorolide
could attenuate LPS-induced intracellular ROS production in
BV-2 cells. In an initial time dependent response study, the
treatment of BV-2 cells with LPS (1 pg/ml) produced the
maximal response for SOA generation at 24h (data not
shown). The treatment of BV-2 cells with LPS for 24 h indicated
clear NBT positive cell (containing blue formazan particles)
(Fig. 5a (B)). The treatment of BV-2 cells with t-BHP (100 pM) for
60 min was used as a positive model (Fig. 5a (C)). Interestingly,
tripchlorolide treatment markedly inhibited blue formazan
particles formation in BV-2 cells (Fig. 5a (E, F, G, H)). NBT
reduction quantified assay also revealed the effect of
tripchlorolide on SOA in microglia was in a dose-dependent
way (Fig. 5b). The maximal inhibitory effect of tripchlorolide
(10nM) was 45%, while N-acetyl-i-cysteine (NAC), a free-
radical scavenger, resulted in a 74% reduction in the
production of SOA induced by LPS (Fig. 5b). Tripchlorolide
alone did not change the production of ROA in BV-2 cells (data
not shown)

3.5.  Effects of tripchlorolide on the expressions of iNOS,
COX-2 mRNA and protein in LPS-stimulated BV-2 cells

The role of iNOS and COX-2 in inflammation was executed
through NO and PGE,, respectively. We further determined
whether tripchlorolide could inhibit LPS-induced iNOS and
COX-2 mRNA and protein expressions in BV-2 cells. Initial
Western blot analysis revealed the expressions of iNOS and
COX-2 in a time-dependent manner with a maximum at 12h

(datanot shown). As shown in Fig. 6, both RT-PCR and Western
blot analysis demonstrated that BV-2 cells expressed only a
small amount of iNOS and COX-2. Upon LPS treatment (1 pg/
ml) for 12 h, the expressions of mRNA and protein of iNOS and
COX-2 in BV-2 cells were significantly increased (2.3-, 2.6-fold
for iNOS and COX-2 mRNA, 2.5-, 4.8-fold for iNOS and COX-2
protein, respectively). However, the pretreatment of cells with
tripchlorolide (1.25-10 nM) markedly attenuated the expres-
sions of iNOS and COX-2 in both mRNA and protein in a
concentration-dependent manner (Fig. 6). The maximal
inhibitory potency of tripchlorolide at 10 nM was 59% for
iNOS mRNA, 68% for COX-2 mRNA 74% for iNOS protein, and
56% for COX-2 protein (Fig. 6B and D). When tripchlorolide was
at 1.25 nM, however, there were no significant changes in iNOS
mRNA and protein expressions. Additionally, the inhibitory
profile of tripchlorolide examined here on iNOS and COX-2
overlapped with its inhibitory activity on NO and PGE,
production (Fig. 4A), respectively.

4, Discussion

The present study firstly demonstrated that tripchlorolide, an
extract of the traditional Chinese herb T. wilfordii, protected
the survival of primary cortical neurons and neuronal-like
Neuro-2A cells from the neuroinflammatory damages induced
by LPS-activated microglia. It also found that tripchlorolide
significantly decreased LPS-induced inflammatory mediators
and inhibited the production of inducible nitric oxide synthase
(INOS) and cyclooxygenase-2 (COX-2) in both mRNA and
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protein levels in microglial cells, providing an underlying
mechanism for the neuroprotective effects of tripchlorolide in
vitro.

Previously, Li et al. firstly reported that treatment with
tripchlorolide (10~* to 107® M) promoted neurite elongation
with a pronounced effect at 107**M in primary culture of
mesencephalic neurons [12]. In our study, tripchlorolide in a
range of 5-80nM was tested in microglial cells (primary
microglia and BV-2 microglial cells) and neuronal cells
(primary cortical neurons and Neuro-2A cells). Intriguingly,
this agent (20-80 nM) was found to reduce the survival rate of
microglial cells (Fig. 2) and induced apoptotic damage (data not
shown), but had no cytotoxic action on primary cortical
neurons. In fact, tripchlorolide (10-80 nM) significantly pro-
longed the survival of primary cultured cortical neurons. This
effect appeared noticeably in 10 days in vitro in cultured
cortical neurons (unpublished observation). These suggested
that tripchlorolide may possess neurotrophic effects on
primary cortical neurons.

A recent study has shown that triptolide protected DA
neurons from microglia-mediated damage induced by LPS [9].
The current study revealed the conditioned media from LPS-
stimulated microglial cells was highly toxic to neuronal cells,
which was similar to Flavin et al. report [30]. In contrast, the
survival ratio of neuronal cells was dramatically improved

when they were treated with tripchlorolide prior to LPS
stimulation in microglia. Therefore, it is reasonable to
speculate that tripchlorolide may largely exert its neuropro-
tective effects via attenuating the abnormal elevation inflam-
matory mediators.

The choice of tripchlorolide dosage in this study was based
on the following considerations. This study revealed that at a
dose of 10nM or lower, tripchlorolide did not exert a
neurotoxic effect on either primary microglia or BV-2 cells
(Fig. 2). When at a concentration of 10nM, it exerted a
significant neuroprotective effect against microglia-depen-
dent LPS neurotoxicity in both primary cortical neurons and
Neuro-2A cells (Fig. 3B-D) and when at a concentration of
—1078M, a maximal neuroprotective effect against MPP+
neurotoxicity in primary culture of mesencephalic neurons
[12]. Therefore, in order to minimize the potential side-effects
of tripchlorolide, we chose the doses of 1.25, 2.5, 5.0 and 10 nM
to investigate the anti-inflammatory effects of tripchlorolide
in the above experiments.

The exposure of microglia cells to LPS elicited a wide
spectrum of proinflammatory mediators, including TNF-a, IL-
18, NO and PGE, in the present study. These mediators
stimulated by LPS have been shown to result in neuronal
injury [15,31,32]. TNF-a is capable of inducing neuronal
death when presented to neurons as part of a glial derived
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inflammatory milieu [14,33,34].IL-1B is known to be the major
microglial signal that promotes the cascade of glial cell
reactions [35]. NO plays the neurotoxic role in neuronal cell
death, both in vivo [13,36] and in vitro [37,38]. Selective and
non-selective inhibitors of NOS have resulted in significant
neuroprotection [39,40]. COX-2 is markedly upregulated by
inflammatory stimuli or growth factors and its reaction
products have critical roles in a wide variety of pathological
process related to glutamate excitotoxicity, including cere-
bral ischemia, and neurodegeneration [41]. COX-2-derived
PGE, mediated the neurotoxicity via EP1 receptors, which are
linked with Ca®* [42]. Taken together, abundant evidence has
demonstrated that the accumulation of inflammatory med-
iators contributes to neurodegeneration. Therefore, any
compounds that inhibit microglia-mediated inflammation
may be beneficial to the survival of neurons in brain.

Previous studies have demonstrated a strong anti-inflam-
matory activity of triptolide (PG490) on primary microglia [43],
astrocyte [44] and monocyte [45]. In vitro PG490 inhibits
inflammatory mediators including cytokine (IL-18, TNF-q,
and IL-6), NO and PGE, [44,46]. Moreover, triptolide inhibits
LPS-induced microglial activation and attenuates the produc-
tion of IL-18 and TNF-« in LPS injured tissue [9]. The present
study demonstrated tripchlorolide, a structural analogue of
triptolide, as a novel agent to suppress inflammatory process
in central nervous system. It broadly inhibited LPS-induced
the production of inflammatory mediators in microglial cells.
The lipophilic character, together with its small molecular size
(MW397), makes it a promising candidate for the treatment
and/or prevention of neuroinflammation diseases in vivo. In
addition, tripchlorolide at a concentration as low as 1.25-
10 nM already had potent anti-inflammatory action. Mean-
while, in the range of this dose, it possesses neuroprotective
role in neuronal cells damaged by microglia-mediated
inflammation. This anti-inflammatory profile of tripchlorolide
is similar to that of the previously mentioned anti-inflamma-
tory drugs such as NF-«B inhibitors, which are reported to
cause general repression of inflammatory mediators [47] up-
regulated by LPS. The suppression of either the activation and/
or translocation of nuclear factor NF-«kB results in the
depression of proinflammatory cytokines production and
iNOS expression. In fact, the mechanisms of triptolide
inhibition of cytokine gene expression involve nuclear
inhibition of transcriptional activation of NF-«kB and the
purine-box regulator operating at the antigen receptor
response element (ARRE)/nuclear factor of activated T-cells
(NF-AT) site after specific DNA binding [45].

LPS can induce intracellular SOA generation in microglial
cells [19]. Accumulation of intracellular ROS triggered the
release of inflammatory mediators in microglia via NF-«B
pathway [10,26]. NF-kB is the key transcription factor that
governs the expression of genes encoding proinflammatory
cytokines and enzymes related to the inflammatory process,
including IL-1B, TNF-a, iNOS and COX-2 [47]. Therefore, our
finding that tripchlorolide attenuated LPS-induced SOA level
suggests that blocking the induction of inflammatory media-
tors by tripchlorolide may involve ROS scavenging in LPS-
activated microglia. However, due to the autocrine/paracrine
regulatory effect of inflammatory mediators on microglia,
proinflammatory cytokines and enzymes (e.g., COX-2 and

iNOS) can also induce overproduction of intracellular reactive
oxygen species (ROS) and NO [48-50]. Given the result of the
present study that tripchlorolide markedly attenuated the
expressions of iNOS and COX-2 in both mRNA and protein,
thereby, we cannot rule out the probability of tripchlorolide
reducing the intracellular ROS production via inhibiting the
expressions of iNOS and COX-2 in LPS-activated microglia.
Furthermore, no evidence has been shown that tripchlorolide
interfered with LPS binding or other downstream sites.
Therefore, more studies will be needed to clarify the
mechanism of tripchlorolide in LPS-activated microglia.

In the AD brain, increased levels of TNF-«, iNOS and the
peroxynitrite marker, nitrotyrosine, have been reported [51,52].
This elevation may be due to the activation of microglia.
Although LPS was used to activate microglia in this study,
tripchlorolide also suppressed the neurotoxic effectors of
microglia stimulated with AR, (unpublished observation).

In summary, the present study demonstrated that trip-
chlorolide at nanomolar concentrations exerts potent anti-
inflammatory effect on LPS-stimulated microglial cells and
protects neuronal cells against neuroinflammatory toxicity
induced by LPS-activated microglia. As the extract of TWHF is
now widely used to treat patients with a variety of inflam-
matory and autoimmune diseases, such as rheumatoid
arthritis in China, this drug may be useful in the treatment
of many neurodegenerative disorders, such as AD, PD,
multiple sclerosis and ischemic disorders in which microglial
activation is a critical step in pathogenesis.
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