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Abstract Microglia plays a prominent role in the brain’s in-
flammatory response to injury or infection by migrating to
affected locations and secreting inflammatory molecules.
However, hyperactivated microglial is neurotoxic and plays
critical roles in the pathogenesis of neurodegenerative dis-
eases. Pristimerin, a naturally occurring triterpenoid, pos-
sesses antitumor, antioxidant, and anti-inflammatory activi-
ties. However, the effect and the molecular mechanism of
pristimerin against lipopolysaccharide (LPS)-induced neuro-
toxicity in microglia remain to be revealed. In the present
study, using BV-2 microglial cultures, we investigated wheth-
er pristimerin modifies neurotoxicity after LPS stimulation
and which intracellular pathways are involved in the effect
of pristimerin. Here we show that pristimerin markedly sup-
pressed the release of Regulated on Activation, Normal T
Expressed and Secreted (RANTES), transforming growth
factor-31 (TGF-31), IL-6, tumor necrosis factor-o« (TNF-cx),
and nitric oxide (NO). Pristimerin also significantly inhibited
migration of BV-2 microglia and alleviated the death of
neuron-like PC12 cell induced by the conditioned medium
from LPS-activated BV-2 microglial cells. Moreover,
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pristimerin reduced the expression and interaction of
TNF Receptor-Associated Factor 6 (TRAF6) and
Interleukin-1 Receptor-Associated Kinases (IRAK1), lim-
iting TGF-beta activating kinase 1 (TAK1) activation,
and resulting in an inhibition of IKKo/3/NF-kB and
MKK7/INK/AP-1 signaling pathway in LPS-activated
BV-2 microglia. Taken together, the anti-neurotoxicity
action of pristimerin is mediated through the inhibition
of TRAF6/IRAK1/TAKI1 interaction as well as the relat-
ed pathways: IKKa/3/NF-kB and MKK7/INK/AP-1 sig-
naling pathways. These findings may suggest that
pristimerin might serve as a new therapeutic agent for
treating hyperactivated microglial induced neurodegener-
ative diseases.

Keywords Pristimerin - Neuroinflammation - Neurotoxicity -
IRAK1 - TRAF6 - TAK1

Introduction

Microglia are immunocompetent cells in the central nervous
system (CNS). They can be activated by diverse stimuli or
factors (Franco and Fernandez-Suarez 2015). A controlled
activation of microglia can be beneficial. However, an ex-
acerbated or prolonged activation of microglia may induce
neuronal damage by overproduction of neuroinflammatory
mediums such as RANTES, TGF-31, IL-6, TNF-«, and NO
(Bellezza et al. 2013; Louboutin and Strayer 2013;
Lund et al. 2006; von Bernhardi 2007). The activated mi-
croglia also migrate toward infected site or damaged areas
and further promote neuroinflammation (de Haas et al.
2008). The hyperactivated microglial cells eventually pre-
cipitate neurodegenerative diseases such as multiple sclero-
sis, Parkinson’s disease, and Alzheimer’s disease
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(Cherry et al. 2014). Thus, uses of novel pharmacological
agents that control microglial overactivation and related
neurotoxic may be an efficacious strategy to curtail
neuroinflammation-mediated neurodegenerative diseases
(Hurley and Tizabi 2013).

Toll-like receptor 4 (TLR4), abundantly expressed on
various cells and especially on microglia, is critically in-
volved in mediating neurological dysfunction and neurode-
generation (Drouin-Ouellet and Cicchetti 2012; Okun et al.
2009). The stimulation of TLR4 by LPS, a potent stimulus
for microglial activation, triggers the association of IRAK1
and TRAF6 (Akira and Takeda 2004; Verstak et al. 2009),
which form a complex with TAK1 and subsequently acti-
vate TAK1 (Akira and Takeda 2004). The activated TAK1
regulates transcription factors such as activator protein-1 (AP-
1) and nuclear factor-kB (NF-«kB) activation to induce
neuroinflammation-associated gene expression (Akira and
Takeda 2004; Okun et al. 2009). Thus, blocking the signaling
pathway may have great potential in the prevention and treat-
ment of neuroinflammation associaated diseaases.

Small molecules from botanical drugs are a crucial
source of biologically active compounds. Pristimerin
(20x-3-hydroxy-2-oxo0-24-nor-friedela-1-10,3,5,7-tetraen-
carboxylic acid-29-methylester), a natural quinonoid
triterpene, was extracted from Celastraceae or
Hippocrateaceae. Pristimerin displays a milieu of proper-
ties such as anti-fungal (Luo et al. 2005), antioxidant
(Dos Santos et al. 2010; Hui et al. 2014), anticancer
(Wu et al. 2005; Yousef et al. 2016b), and antibacterial
(Lopez et al. 2011). It has also been reported to reduce
NO production via inhibiting inducible nitric oxide syn-
thase in murine macrophages (Dirsch et al. 1997). Our
previous results indicated that pristimerin possesses a po-
tent anti-inflammatory property in vivo (Hui et al. 2003).
Recently, we showed that pristimerin significantly
inhibited LPS-induced cytokines such as TNF-« and IL-
8 production in THP-1 cells (Hui et al. 2014). However, it
remains unclear whether pristimerin can directly modulate
neuroinflammation in microglial cells. The microglial cell
line BV-2 is an effective substitute for primary microglia
to study the potential role of active compounds in neuro-
inflammation. (Henn et al. 2009). We therefore investigat-
ed the potential action of pristimerin to curtail LPS-
induced neuroinflammation in BV-2 microglia. We further
analyzed the neuroprotection of pristimerin against BV-2
microglia-mediated neurotoxicity in a co-culture model.
To further investigate the underlying mechanism, the in-
volvement of TRAF6, IRAK1, TAK1, NF-kB, and AP-1
was also examined. In the present study, we tested the
hypothesis that pristimerin inhibits LPS-stimulated neuro-
inflammation in BV-2 microglia cells through modulating
IRAK1/TRAF6/TAK1-mediated NF-kB and AP-1 signal-
ing pathways in vitro.

Material and Methods
Reagents

Pristimerin (purity > 98%; Fig. 1a) was purchased from
Paypaytech Inc. (Shenzhen, Guangdong, China). It was dis-
solved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) and
stored at 4 °C. Enzyme-linked immunosorbent assay
(ELISA) kits for mouse TNF-«, TGF-f1, IL-6, and
RANTES were obtained from Boster Bio-engineering Co.,
Ltd. (Wuhan, Hubei, China). Tetrazolium salt 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
SP600125, pyrrolidine dithiocarbamate (PDTC), LPS from
Escherichia coli O127:B8, and protein A/G beads were ob-
tained from Sigma-Aldrich (Saint Louis, MO, USA).
Antibodies used for phosphor-c-Jun NH2-terminal protein ki-
nase (p-JNK), JNK, phosphor-mitogen-activated protein ki-
nase kinase 7 (p-MKK7), MKK7, phospho-TAK1 (p-
TAK1), TAK1, phospho-IKK /3 (p-IKKo/f3), IKKax/(3,
NF-kB p65, IkB-«, IRAK1, {3-actin, and Histone H4 (H4)
were obtained from Cell Signaling Technology, Inc.
(Beverly, MA, USA). Anti-rabbit I[gG-horseradish peroxidase
(HRP) and anti-mouse TRAF6 were obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). RNAiso
Plus, Moloney murine leukemia virus (MMLYV) reverse tran-
scriptase, Oligo d (T) g primers, and SYBR® Premix Ex
Tag™ 1II were obtained from Takara Biotechnology Co.,
Ltd. (Dalian, Liaoning, China). Biotin-labeled electrophoretic
mobility shift assay (EMSA) kits for AP-1 or NF-kB were
purchased from Viagene Biotech (Ningbo, Zhejiang, China).
A chemiluminescent western blot immunodetection kit was
obtained from Pierce SuperSignal (Rockford, IL, USA). Cell
lysis buffer for western blot analysis, nuclear protein extrac-
tion kit, bicinchoninic acid (BCA) protein assay kit, and NO
detecting kit were obtained from the Beyotime Institute of
Biotechnology (Jiangsu, China). Other chemicals and re-
agents were of the highest quality available.

Fig. 1 Pristimerin inhibits LPS-induced BV-2 microglial cell death and P>
dampens NO, RANTES, TGF-31, IL-6, and TNF-« production in LPS-
stimulated BV-2 cells. a The chemical structure of pristimerin. b, ¢ Effects
of pristimerin on cell viability. BV-2 microglia cells were pretreated with
pristimerin (0.15, 0.3, or 0.6 pmol/L) for 3 h without (b) or with LPS
(1 pg/mL) for 20 h (c). Cell viability was assayed by the MTT assay. d
Representative images of BV2 microglia (scale bar, 200 pum). e—i
Pristimerin inhibits LPS-induced productions of NO (e), TNF-«x (f), IL-
6 (g), RANTES (h), and TGF-f1 (i) in BV-2. BV-2 cells were pretreated
with various concentrations of pristimerin for 3 h followed incubation
with LPS (1 pg/mL) for 24 h. NO production in the medium was detected
by the Griess reagent. The production of TNF-«, IL-6, RANTES, and
TGF-31 in the supernatant was analyzed by ELISA. Results showed as
mean = SEM (1 = 3). *P < 0.05, ¥P < 0.01, *P < 0.001 vs. control
group. *P < 0.05, ¥*P < 0.01, ***P < 0.001 vs. LPS group
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Cell Culture

Mouse microglia cell line BV-2 was purchased from the
Institute of Basic Medical Sciences of the Chinese Academy
of Medical Sciences (Beijing, China). The cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum (FBS), penicillin (100 U/mL), strep-
tomycin (100 pg/mL), and 2 mmol/L L-glutamine at 37 °C in
a 5% CO, incubator. PC12 cells were cultured in DMEM
supplemented with FBS (10%), donor horse serum (5%), pen-
icillin (100 U/mL), and streptomycin (100 pg/mL).

MTT Assay

MTT reduction assay was used to quantify cell viability
(Sargent and Taylor 1989). BV-2 cells (1 x 10* cells/well)
were cultured in 96-well plates. The cells were incubated with
differing concentration of pristimerin (0, 0.15, 0.3, or
0.6 pmol/L) for 3 h followed with or without LPS (1 pg/
mL) for 20 h. Then, 20 uL of the MTT (5 mg/mL) solution
was added to each well, and the cells were incubated for 4 h.
Next, 100 mL of 10% SDS in HCI was added. The absorbance
of each well was recorded at 570 nm in a Bio-Rad Model 630
microplate reader (Bio-Rad Laboratories, Richmond, CA,
USA).

NO Quantification

The accumulation of NO, , a stable end-product commonly
used as an indicator of NO production, was measured using
the Griess reagent. BV-2 cells (3 x 10° cells/well) were seeded
in 24-well plates. The cells were treated with different con-
centrations of pristimerin (0.15, 0.3, or 0.6 umol/L) for 3 h
followed by stimulating with LPS (1 pg/mL) for 24 h. NO
production was monitored by measuring the nitrite level ac-
cumulated in the culture medium using the NO detecting kit
following the manufacturer’s instructions. Optical density was
read at 570 nm by a microplate reader (Bio-Rad Model 630
microplate reader).

ELISA Assay

BV-2 cells (3 x 10° cells/well) were preincubated with
pristimerin for 3 h, followed by LPS (1 ug/mL) for 24 h in
24-well plates. The culture medium or cell lysates were col-
lected and centrifuged, and the supernatants were aliquoted
and stored at — 80 °C until use. The levels of RANTES,
TGF-31, IL-6, and TNF-« were determined by ELISA ac-
cording to the manufacturer’s instructions. A standard curve
was generated during each assay using the mouse RANTES,
TGF-f1, IL-6, and TNF-« standards (concentration range 0—
1000 pg/mL) provided in the kits. The minimum detectable

concentrations of RANTES, TGF-f31, IL-6, and TNF-« were
15.6, 12.5, 15.6, and 15.6 pg/mL, respectively.

qPCR

BV-2 cells (1 x 10° cells/well) were seeded in 6-well plates
overnight. The cells were preincubated with pristimerin for
3 h, followed by LPS (1 pg/mL) for 6 h. Total RNA was
isolated from BV-2 cells using the RNAiso Plus reagent ac-
cording to the manufacturer’s protocol. The RNA purity and
concentration were assessed with the BioPhotometer
(Eppendorf, Germany). The extracted RNA was dried, dis-
solved in RNase-free water, and stored at — 80 °C before
use. Total RNA (1.0 pg) was reverse-transcribed to comple-
mentary DNA (cDNA) using M-MLV reverse transcriptase
(Takara). Real-time PCR was carried out on the
Mastercycler® ep realplex (Eppendorf) using a fluorescent
dye, SYBR® Premix Ex Taq™ II (Takara). The primers of
all genes used for real-time PCR are shown in Table 1. PCR
reactions were performed in triplicate with initial denaturation
at 95 °C for 2 min, followed by 40 cycles of amplification at
95 °C for 15 s, 60 °C for 15 s, and 72 °C for 30 s. The
housekeeping gene, GAPDH, or (3-actin was also amplified
in each run as an internal control to normalize the expression
of each gene. The relative quantity of cDNA copies was given
as aratio of the target gene to the housekeeping reference gene
using the delta-delta Ct method. Melting curves of the ampli-
fied DNA products were routinely performed to determine the
specificity of the PCR reaction.

Cell Migration Assay

The Costar® transwell system (8-pm pore size polycarbonate
membrane) (Costar, USA) was used to evaluate cell migration
(Kim et al. 2014). BV-2 cells (2 x 10°) in serum-free medium
(0.4 mL) were added to the upper well, and serum-free medi-
um (0.4 mL) was added to the lower chamber. Before
performing the migration assay, cells were pretreated with
pristimerin (0.15, 0.3, 0.6 umol/L) or solvent control for 3 h.
Then, an addition of LPS (1 pg/mL) or solvent control was
made to the culture medium in the lower chamber. At the end
of an 8-h incubation period, cells that did not migrate and
remained on the upper surface of the filter were carefully
removed. The migrating cells were stained with crystal violet
and quantified via microscopy. The stained cells were counted
as the mean number of cells per nine random fields for each
assay. All treatments were performed in triplicate.

Neurotoxicity of Activated BV-2 Microglia-Conditioned
Medium on PC12 Cells

PC12 cells (2 x 10%) were plated in 96-well plates and allowed
to settle for 24 h before replacement with conditioned media.
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Table 1  Primer sequences for real-time polymerase chain reaction
Gene Primer sequence (5'-3")
IL-6 F: GAGGATACCACTCCCAACAGACC

R: AAGTGCATCATCGTTGTTCATACA
TNF- F: CTGAACTTCGGGGTGATCGG

R: GGCTTGTCACTCGAATTTTGAGA
TGF-31 F: GGAGCCACAAACCCCGCCTC

R: GCCAGCAGGTCCGAGGGGAGA
RANTES F: GCTGCTTTGCCTACCTCTCC

R: TCGAGTGACAAACACGACTGC
GAPDH F: AGGTCGGTGTGAACGGATTTG

R: GGGGTCGTTGATGGCAACA
[B-Actin F: TGTTTGAGACCTTCAACACC

R: TAGGAGCCAGAGCAGTAATC

F forward, R reverse

To prepare BV-2 conditioned media (CM), BV-2 cells were
cultured in a 24-well plate at a density of 3 x 10° cells/well.
The conditioned media groups were setup as follows (Cui
et al. 2015; Cui et al. 2012): (1) the conditioned media (CM)
from control BV-2 cells (Control-CM); (2) LPS (1 pg/mL)
was added to the conditioned media from control BV-2 cells
(Control-CM + LPS); (3) pristimerin (0.6 pwmol/L) alone was
added to the conditioned media from control BV-2 cells
(Control-CM + Pris); (4) the conditioned media from LPS
alone-treated BV-2 cells (LPS-CM); (5) the conditioned media
from LPS/pristimerin-treated BV-2 cells (LPS-Pris-CM);(6)
50 umol/L PDTC (inhibitor of p65 NF-kB) alone was added
to the conditioned media from control BV-2 cells (Control-
CM + PDTC); (7) 10 umol/L SP600125 (inhibitor of JNK/
AP-1) alone was added to the conditioned media from control
BV-2 cells (Control-CM + SP); (8) the conditioned media
from LPS/PDTC (50 umol/L)-treated BV-2 cells (LPS-
PDTC-CM); and (9) the conditioned media from LPS/
SP600125 (10 umol/L)-treated BV-2 cells (LPS-SP-CM);
briefly describing, BV-2 microglia were pretreated with
pristimerin (for 3 h), PDTC (for 30 min), SP600125 (for
30 min), and then stimulated by LPS for 24 h. Then, the media
were transferred into PC12 cells. And PC12 cell viability was
assessed by MTT assay after 24-h incubation. Changes in the
morphology of PC12 cells in various groups were observed
using a phase-contrast microscope.

Western Blot Analysis

The western blot analysis was performed as described
previously (Hui et al. 2008). Briefly, the cell extracts were
run on SDS-polyacrylamide gels (10%) and then trans-
ferred onto nitrocellulose membranes. After 1 h of
blocking in 5% skim milk, the membranes were incubated

@ Springer

with primary antibodies against phosphorylated or total
forms of JNK (1:2000), MKK7 (1:1000), TAK1
(1:2000), IKK /3 (1:1000), NF-kB p65 (1:500), IkB-
(1:1000), TRAF6 (1:1000), IRAK1 (1:1000), B-actin
(1:2000), and Histone H4 (1:1000) overnight at 4 °C.
After the membranes were washed three times with
TBST (Tris-buffered saline containing Tween) and then
incubated with anti-mouse IgG-HRP or goat anti-rabbit
IgG-HRP for 1 h, the intensity of the specific bands was
detected using the chemiluminescent western blot
immunodetection kit. The optical densities of the bands
were analyzed using Image-Pro plus 5.1 (Media
Cybernetics, San Diego, CA, USA). Histone H4 or actin
was used as the loading control for the total protein.

Electrophoretic Mobility Shift Assay

Nuclear proteins were extracted and isolated using the nuclear
protein extraction kit. The nuclear pellets were suspended in
nuclear extraction buffer provided by the manufacturer and
incubated on ice for 30 min with occasional gentle shaking.
After centrifugation at 12,000xg for 10 min, the supernatant
was harvested as a nuclear protein and stored at — 80 °C until
use. Protein concentrations were determined using the BCA
protein assay Kkit.

The EMSA was used to study the effect of pristimerin
on NF-kB or AP-1 binding following the manufacturer’s
(Viagene Biotech) protocol. Briefly, nuclear extracted pro-
teins were incubated with biotin-labeled, double-stranded
NF-kB or AP-1 consensus oligonucleotide probe at room
temperature for 20 min. The specificity of binding of poly-
peptide factors to NF-kB or AP-1 was carried out using
excess of unlabeled competitive NF-kB or AP-1 probes
(cold oligonucleotides), respectively. The reaction mixture
was analyzed by electrophoresis in native polyacrylamide
gels, transferred to nylon membranes, and subject to UV
cross-linking. After the membrane was blocked,
streptavidin-horseradish peroxidase conjugated solution
was added and biotinylated DNA was detected using
Lighten® HRP-B Substrate Solution supplied by the man-
ufacturer (Viagene Biotech).

Immunoprecipitation Assay

BV-2 cells were preincubated with pristimerin (0.6 pwmol/
L) for 3 h and then stimulated with LPS for 30 min. The
cells were rinsed three times with ice-cold phosphate buff-
ered saline and then lysed in lysis buffer (50 mM of Tris-
HCI, 1 mM of EDTA, 150 mmol/L of NaCl, 10 mmol/L of
NaF, 0.5% NP-40, 10% glycerol, 1% Triton X-100,
1 mmol/L of PMSF, and 1 mmol/L of protein inhibitor
cocktail). Total cell lysates were preincubated with anti-
TRAF6 antibody for 1 h and then incubated with protein
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A/G beads overnight. Immunocomplexes were recovered
by washing the resin 4 times and re-suspended in SDS-
sample buffer. The immunoprecipitates were subjected to
SDS-PAGE and immunoblotting with specific primary
antibodies.

Statistical Analysis

Data are expressed as the means = SEM. Data from three
independent experiments were analyzed by one-way analysis
of variance (ANOVA) followed by the Dunnett’s ¢ test. (SPSS
17.0, software, USA). A P value below 0.05 was considered
to be statistically significant.

Results

Pristimerin Inhibits LPS-Induced BV-2 Microglial Cell
Death and Dampens NO, RANTES, TGF-31, IL-6,
and TNF-« Production in LPS-Stimulated BV-2 Cells

Prior to studying the effect of pristimerin (Fig. 1a) on BV-2
microglia activation, we determined the potential cytotoxic
action of pristimerin on BV-2 microglial cells using the
MTT assay. As shown in Fig. 1b, d, 0.15-0.6 pumol/L
pristimerin did not exert toxic effects to BV-2 cell.
Therefore, 0.15-0.6 umol/L pristimerin were chosen for the
subsequent experiments. As shown in Fig. Ic, d, 1 pg/mL
LPS decreased BV-2 cell viability as compared to vehicles
groups (P < 0.001); however, pristimerin (0.3, and
0.6 umol/L) rescued BV-2 microglial cells from LPS-
induced toxicity (P < 0.05). We next measured the effect of
pristimerin on the production of NO. Fig. 1e shows that LPS
(I pg/mL) induced a remarkable production of NO
(p <0.001). However, BV-2 cell pretreatment with pristimerin
(0.15-0.6 umol/L) markedly reduced LPS-induced NO
production. Proinflammatory cytokines such as TGF-31, IL-
6, TNF-«, and chemokines such as RANTES are also critical
mediators of neuroinflammation. Therefore, we analyzed the
effects of pristimerin on the production of these inflammatory
mediators in LPS-stimulated BV-2 microglia cells. The con-
centration of TNF-« increased about 23.7-fold in LPS-
stimulated BV-2 cells as compared with control (Fig. 1f).
Pristimerin at doses of 0.15, 0.3, and 0.6 pmol/L markedly
decreased TNF-« concentrations to 86.0 £ 5.4, 68.3 +£7.5, and
64.2 + 3.9%, respectively (Fig. 1f). Similarly, LPS-induced
IL-6 (Fig. 1g) and RANTES (Fig. 1h) and TGF-1 (Fig. 1i)
productions were notably reduced by pristimerin. In all exper-
iments, pristimerin alone had no influence on NO, TNF-«, IL-
6, TGF-1, and RANTES production in non-stimulated BV-2
cells (data not shown).

Pristimerin Suppresses mRNA Expression of RANTES,
IL-6, TGF-31, and TNF-x

To investigate the mechanisms involved in the suppressive
effects of pristimerin on the production of RANTES, IL-6,
TGF-31, and TNF-«, we used qPCR to determine the mes-
senger RNA (mRNA) levels of inflammatory mediators. As
shown in Fig. 2a—d, the mRNA expression of TNF-«, IL-6,
TGF-31, and RANTES, markedly upregulated by LPS, was
blocked by pristimerin (0.15-0.6 pmol/L). The results indi-
cate that pristimerin negatively controls the expression of
RANTES, TNF-«, IL-6, and TGF-31 at the transcriptional
level.

Pristimerin Inhibits Migration of BV-2 Microglia In Vitro

Since pristimerin suppresses the production of various proin-
flammatory mediators, we next investigated whether
pristimerin inhibits the motility of BV-2 microglia. The ability
of pristimerin to block motility of microglia was assessed via
the transwell migration assay in vitro. As shown in Fig. 3a, b,
LPS markedly increased the migratory potential of the BV-2
cells as compared with the control groups, while pristimerin
significantly blocked the migration of BV-2 cell induced by
LPS. Furthermore, BV-2 cell migration was not significantly
affected by pristimerin alone as compared with the control
groups (Fig. 3a, b). This result suggests that pristimerin blocks
LPS-induced migration of BV-2 microglia.

Pristimerin Ameliorates Microglia-Mediated Neuronal
Cell Death in Conditioned Media System

Activated microglia release many neuroinflammatory media-
tors that can impair surrounding neurons. Since pristimerin
suppresses the release of some of these neuroinflammatory
mediators, we asked whether pristimerin might protect neuro-
nal cells from BV-2 microglia-induced neurotoxicity (He et al.
2014; Westerink and Ewing 2008). The neurotoxicity of acti-
vated BV-2 conditioned media to PC 12 neuronal cells was
assayed by the MTT assay. The data shown that the Control-
CM + LPS or Control-CM + Pris did not affect PC12 cell
viabilities (Fig. 4a), whereas LPS-CM markedly reduced
PC12 cell viability (P < 0.01; Fig. 4a). The decreased of
PC12 neuronal cells viability was reversed by LPS-Pris-CM
(P <0.01; Fig. 4a). Microscopic images provided morpholog-
ical evidence to confirm MTT results (Fig. 4b). To explore
whether pristimerin ameliorates BV-2 microglia-mediated
PC12 cell death was involved with NF-kB and JNK/AP-1 cell
pathways, a specific p65 NF-«kB inhibitor PDTC and JNK/
AP-1 inhibitor SP600125 were used. It is well known that
PDTC and SP600125 inhibit inflammatory mediator’s pro-
duction in LPS-activated microglial cells via NF-kB and
JNK/AP-1 cell signal, respectively. (Ma et al. 2017; Waetzig
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Fig. 2 Pristimerin decreased the mRNA expressions of TNF-«, IL-6,
TGF-A1, and RANTES induced by LPS in BV-2 cells. BV-2 microglia
were incubated with pristimerin (0.15, 0.3, or 0.6 pmol/L) for 3 h and
then stimulated with LPS (1 pg/mL) for 6 h. Total RNA was isolated after

etal. 2005; Yoshioka et al. 2010). As shown in Fig. 4a, PDTC
or SP600125 pretreatment of BV-2 microglia markedly de-
creased the cell death of PC-12 cells after LPS-CM stimula-
tion in conditioned media system. However, PDTC or
SP600125 themselves affected neither the survival PC12 cells
nor the morphology as analyzed by MTT assays (Fig. 4a, b).
These results indicate that pristimerin protects PC12 neuronal
cells against overactivated BV-2 microglia cell-mediated neu-
rotoxicity. NF-kB and JNK/AP-1 cell pathways might be in-
volved in the anti-neurotoxicity effects of pristimerin.

Pristimerin Blocks NF-kB DNA Binding Activity
in LPS-Activated BV-2 Microglia

To evaluate the inhibition of pristimerin on the NF-«kB path-

way, EMSA was used to estimate the NF-kB DNA-binding
activity. The nuclear extracts from BV-2 cells showed strong

@ Springer

LPS treatment; the mRNA levels of TNF-« (a), IL-6 (b), TGF-f1 (¢), and
RANTES (d) were determined by quantitative real-time PCR. Results
showed as mean + SEM (n = 3). "P < 0.01 vs. control group,
###P < 0.001 vs. control group; *P < 0.03, **P < 0.01 vs. LPS group

DNA binding ability of NF-kB following LPS stimulation
(Fig. 5a, line 2; Fig. 5b). This activity was markedly inhibited
after pristimerin treatment (Fig. 5a, lanes 4, 5, and 6; Fig. 5b).
To determine whether the shifted band was specific for
NF-«kB, competition test using an excess of unlabeled probe
was performed. As shown in Fig. 5a (lane 3) and Fig. 5b,
excessive amounts of unlabeled probe completely reversed
the LPS-induced bound complex. These data showed that
pristimerin blocks NF-kB DNA binding activity in LPS-
activated BV-2 microglia.

Pristimerin Inhibits IKKo/3 Phosphorylation, IkBx
Degradation, and Nuclear Translocation of NF-kB
in LPS-Activated BV-2 Microglia

LPS induces IKK complex, leading to the phosphorylation
and degradation of IkB-« and nuclear translocation of
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« Fig. 3 Pristimerin inhibited migration of BV-2 microglia cell in vitro.
Transwell migration assay shown that pristimerin reduced the migration
of BV-2 microglia. a Light microscopy images of BV-2 cells treated with
pristimerin of different concentrations or the control were shown (scale
bar, 50 um). b The quantitative analysis reveals a decrease in the migra-
tion of microglia with pristimerin treatment. Data are represented as
mean + SEM (n = 3), ##p < 0.001 vs. control group; *P < 0.05,
*##%P < 0.001 vs. LPS group

NF-«kB. Therefore, immunoblotting was performed to exam-
ine the effects of pristimerin on LPS-induced IKK &/f3 activa-
tion, IkBo degradation, and nuclear translocation of NF-«kB.
As shown in Fig. 5, LPS stimulation remarkably promoted the
phosphorylation of IKKo/3 and correspondingly decreased
the expression of IkB-« protein (Fig. 5c, d). Pristimerin mark-
edly blocked LPS-induced phosphorylation of IKKoa/f3 as
well as degradation of IkB-« (Fig. 5c, d). In addition,

Fig. 4 Pristimerin protected a 120 -
PC12 cells from death induced by =
LPS-activated BV-2 cell- g
mediated conditioned media. a = 100 A
Cell viabilities of PC12 cells were 8
measured using MTT assay. b < |
Light microscopy images of PC- NS 80
12 cells (scale bar, 50 pum). D!

Groups are summarized as fol- 60 -
lows: Control-CM, Control-CM +
LPS, Control-CM + pristimerin,
Control-CM + PDTC, Control-
CM + SP, LPS-PDTC-CM, LPS-
SP-CM LPS-CM, LPS-Prist-CM.
The data were replicated in three
repeated independent experi-
ments. Results showed as

mean + SEM. #P < 0.01 vs. N
Control-CM group; *P < 0.05 vs. R
LPS-CM group, **P < 0.01 vs.
LPS-CM group ®

MTT cell viabili

o

b

Control-CM

LPS-CM
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Control-CM+LPS  Control-CM+Pris

pristimerin significantly suppressed LPS-induced nuclear
translocation of NF-«kB p65 (Fig. Se, f).

Pristimerin Blocks DNA Binding Activity of AP-1
in LPS-Stimulated BV-2 Microglia

AP-1 is also a central transcription factor in gene expression
(Guha and Mackman 2001). The effect of pristimerin on DNA
binding activity of AP-1 was performed by EMSA. As shown
in Fig. 6, an elevation in DNA and nuclear protein complexes
was detected in LPS-activated BV-2 cells by using the probe
of AP-1 (Fig. 6, lane 2). Such elevation in DNA and protein
complex was markedly inhibited by pristimerin
preconditioned (Fig. 6, lanes 4—6). Furthermore, the DNA
and protein complex was completely inhibited by an excess
of unlabeled AP-1 oligonucleotide (Fig. 6, lane 3).

v %

Control-CM+PDTC Control-CM+SP

LPS-Pris-CM LPS-PDTC-CM LPS-SP-CM
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<« Fig. 5 Pristimerin blocked LPS-induced NF-kB-DNA binding activity,
IKK«/p phosphorylation, IkB-oc degradation, and p65-NF-«kB nuclear
translocation in LPS-stimulated BV-2 cells. BV-2 cells were pretreated
with 0.15-0.6 wmol/L pristimerin for 3 h then stimulated with 1 pg/mL
LPS for 30 min. a, b Nuclear protein was isolated and analyzed for NF-
kB binding by EMSA. Total proteins were prepared, and western blot
analysis was performed using specific p-IKKo/3 (¢) or IkB-« antibody
(d). B-Actin or IKKo/f3 was used as a control for protein loading and
integrity. Cytosolic (e) and nuclear (f) extracts were isolated, and the
levels of p65 NF-kB in each fraction were determined by western blot
analysis. Histone H4 and (3-actin were used as internal controls. The data
shown are representative of three independent experiments. Results
showed as mean + SEM. " P < 0.001 vs. control group; **P < 0.01,
##kP < 0.001 vs. LPS group

Pristimerin Inhibits MKK7/JNK Activation
in LPS-Stimulated BV-2 Microglia

MKK?7 activates the INK pathway that regulates inflammato-
ry and stress responses (Davis 2000; Kragelj et al. 2015). To
elucidate the mechanism underlying the protective effect of
pristimerin on neuroinflammation in BV-2 microglia, the pro-
tein expression levels of the JNK and MKK7 were assayed.
The results revealed that MKK7 and JNK were phosphorylat-
ed by the stimulation with LPS (Fig. 7a, b). Pretreatment of
BV-2 cells with pristimerin (0.15, 0.3 and 0.6 pmol/L) mark-
edly suppressed LPS-induced phosphorylation of JNK and
MKK7 (P < 0.05) (Fig. 7a, b).

Pristimerin Arrests IRAK1 Association to TRAF6
and Limits TAK1 in Activated BV-2 Microglia

The association of TRAF6 with IRAK1 ultimately activated
TAKI. The activated TAK1 bifurcated signal into two impor-
tant branches, the MKK7/INK pathway and the IKK-
dependent cascade. To determine the role of TRAFO,
IRAKI, and TAKI1 signalosome formation in the action of
pristimerin on LPS-induced activation of BV-2 microglia,
we determined the TRAF6 binds IRAK1 using co-
immunoprecipitation assays, the activation of TAKI using
Western blotting (Fig. 8). The results shown that LPS mark-
edly promoted the expression of TRAF6 (Fig. 8a), increased
degradation of IRAK1 (Fig.8b), facilitated the formation of
the TRAF6-IRAK1 complex, and enhanced the phosphoryla-
tion of TAK1 (Fig. 8c). Pretreatment with pristimerin mark-
edly suppressed the LPS-induced expression of TRAF6, deg-
radation of IRAK1, formation of the TRAF6-IRAK 1 complex
and phosphorylation of TAK1 (Fig. 8a—d).

Discussion
Overactivated microglia play a core role in the pathogenesis of

neurodegenerative diseases, such as Alzheimer’s disease,
Parkinson’s disease, and multiple sclerosis (Cherry et al.

@ Springer

Lane 1 2 3 4 5 6
LPS (1pg/ml) - + + + + +
Pris (uM) - - 0.15 0.3 0.6
Cold AP-1 - - + - - -

AP-1 —

NS —

Free probe —

120 4

100

(=2 ©
o o
1 1

(% of LPS)
3

Relative activity

N
o
1
*
*
*

0-
LPS (1pg/ml) - + + + + +

Pris (uM) - - - 015 03 06
Cold AP-1 - . + . . .

Fig. 6 Pristimerin arrested LPS-induced AP-1-DNA binding activity in
LPS-stimulated BV-2 cells. Nuclear extracts were prepared and analyzed
for the DNA binding activity of AP-1 by EMSA. Binding specificity was
determined using the excess unlabeled probe (referred to as “cold”) to
compete with the labeled oligonucleotide. BV-2 microglia were
pretreated with pristimerin (0.15, 0.3, or 0.6 pmol/L) for 3 h before
stimulation with LPS (1 pug/mL) for another 30 min. The results shown
are representative of three independent experiments. P < 0.001 vs.
control group (cultured in the medium alone); **P < 0.01,
*##*P < 0.001 vs. LPS group

2014). Activated microglia trigger neuroinflammation and in-
duce neuronal death by excessive production of NO and pro-
inflammatory cytokines and chemokines such as TNF-«,
TGF-f31, IL-6, and RANTES (Helmy et al. 2011; Louboutin
and Strayer 2013; Lund et al. 2006; Rubio-Perez and Morillas-
Ruiz 2012; Ziebell and Morganti-Kossmann 2010).
Furthermore, the inflammatory mediators exacerbate blood-
brain barrier disruption, enable the entry of leukocytes into
the brain, and attract microglia in promoting inflammatory
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Fig. 7 Pristimerin inhibited the phosphorylation of JNK and MKK?7.
BV-2 microglia were pretreated with pristimerin (0.15, 0.3, or
0.6 umol/L) for 3 h and then stimulated with LPS (1 ug/mL) for
30 min. Cell lysates were prepared and analyzed for INK (Fig 7a) or

responses in CNS (Laflamme and Rivest 1999). It has been
well demonstrated that activation of TLR4 is intimately in-
volved in signaling of NF-kB and AP-1 (Okun et al. 2009).
Inappropriate activation of NF-kB and AP-1 leads to overpro-
duction of inflammatory mediators, which play key roles in
neuroinflammation (Li and Verma 2002; Nam 2006; Okun
et al. 2009). In this signal transduction cascade, IRAKI is
activated and sequentially forms complex with TRAF6, which
mediates activation of TAK1 (Brown et al. 2011).
Phosphorylation of TAK1 in turn activates IKKo/3, which
leads to IkB-« degradation, and allows for NF-kB to translo-
cate to the nucleus and initiates NF-kB-dependent transcrip-
tion (Brown et al. 2011). Concurrently, TAK1 phosphorylates
MKK?7/INK subsequent AP-1 activation (Gatheral et al. 2012;
Gingery et al. 2008; Wang et al. 2001) (Fig. 9). Therefore,
inhibition of the abnormal activation of microglia by pharma-
cological agents may be a potential therapeutic strategy to
curtail neurodegenerative diseases.

Natural products are potential sources of anti-
neuroinflammatory drugs, such as celastrol, curcumin,
baicalein, berberine, luteolin, and resveratrol, which have
been reported to suppress LPS-activated microglial cells via
NF-kB pathway (Chen et al. 2004; Cianciulli et al. 2016;
Kang et al. 2004; Kim et al. 2006; Suk et al. 2003).
Especially, celastrol, a chemical structure similar to
pristimerin, is a potent anti-inflammatory and antioxidant
triterpene from Celastraceae family. It blocks microglial acti-
vation via inhibiting NO, proinflammatory cytokines, and
chemokines production (He et al. 1998; Jung et al. 2007,

b
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MKK?7 (Fig 7b) by western blotting. The data were confirmed by three
independent experiments with freshly prepared reagents. *P < 0.05,
###P < 0.001 vs. control group; **P < 0.01, ***P < 0.001 vs. LPS group

Nakamichi et al. 2010). Recent studies, including those of
our own, demonstrated that pristimerin possess significantly
anti-inflammatory, anticancer, and anti-tumor angiogenesis ef-
fects (Deng et al. 2015; Yousef et al. 2016a). Pristimerin also
reduces the expression of proangiogenic factors including
TNF-«, Ang-1, and MMP-9 in sera of inflamed joints (Deng
et al. 2015; Yousef et al. 2016a). However, whether or not
pristimerin exerts a protective action on LPS-triggered neuro-
toxicity in BV-2 microglia is less well described. The aim of
this study was to evaluate the potential effect of pristimerin on
LPS-induced neurotoxicity in BV-2 microglia cells in vitro.
Although the LPS-triggered microglia secretion is not the
same as in vivo conditions, it could mimic the pathological
conditions in neurodegenerative diseases where activated mi-
croglia contributes to neuronal damage (Henn et al. 2009). In
the present study, 1 pg/mL LPS was used to activate BV-2
microglia cells. The concentration of LPS used and the time
stimulated depended on our preliminary experiments and re-
lated literatures (Lee et al. 2012; Zeng et al. 2015). The present

Fig. 8 Pristimerin inhibits LPS-induced expression of TRAF6, IRAK1, P>
and p-TAK1 and arrests the interactions of IRAK1 with TRAF6 in BV-2
microglia. BV-2 cells were pretreated with 0.15, 0.3, or 0.6 umol/L of
pristimerin for 3 h and stimulated with LPS (1 pg/mL) for 30 min. The
protein levels of TRAF6 (a), IRAK1 (b), and p-TAK1 (d) in the whole
cell lysate were analyzed by western blotting. ¢ The TRAF6-IRAK1
complex was first precipitated by an antibody against TRAF6 and then
analyzed by western blotting for IRAK1 and TRAF6. **P < 0.01,
###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001
vs. LPS group
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Fig. 9 Schematic model of
pristimerin on LPS-triggered
neurotoxicity in BV-2 microglia
cells through modulating IRAK1/
TRAF6/TAKI1 mediated NF-xB
and AP-1 signaling pathways

in vitro
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results showed that LPS decreased BV-2 cell survival. LPS
alone also markedly induced microglia cells to produce
TNF-«, TGF-31, IL-6, RANTES, NO, and augmented migra-
tion of BV-2 microglia. Notably, the conditioned medium
from LPS-challenged BV-2 cells markedly caused PC12 neu-
ronal death. PDTC, an inhibitor of p65 NF-«kB, and
SP600125, an inhibitor of JNK/AP-1, also significantly de-
creased PC12 neuronal death induced by LPS-challenged
BV-2 cells. Moreover, LPS alone significantly activated
IRAK1-TRAF6-TAKI1 cell signal pathway and concomitantly
triggered the activation of nucleus transcription factor such as
AP-1 and NF-kB. The results indicated that LPS activates
transcripts such as AP-1 and NF-kB, which are regulated by
IRAKI1-TRAF6-TAKI signal pathway, resulting in the over-
production of inflammatory mediators such as TNF-«,
TGF-31, IL-6, RANTES, NO, and subsequent neuronal dam-
age. The in vitro study also indicated a potential correlation
between overproduction of neuroinflammatory mediums by
hyperactivated microglial cells and neuronal damage.

In the present study, pristimerin alone did not affect the
viability of BV-2 cells; however, pristimerin has a protective
role against LPS-induced microglial cell death. Pristimerin is
also a potent inhibitor of the LPS-induced neuroinflammatory
molecules such as RANTES, TGF-1, TNF-«, IL-6, and NO
in BV-2 microglia. Similarly, pristimerin inhibited LPS-
induced NO, TNF-«, and IL-6 production in murine macro-
phages RAW264.7 or human monocytic THP-1 cells (Dirsch
et al. 1997; Hui et al. 2014; Kim et al. 2013). These results,
together with our present study, strongly indicate that
pristimerin is a potent inhibitor of inflammation and
neuroinflammation.

The activation of microglia is characterized by microglial
cell migration. The microglial cell migration also promotes the

Neuro

neuroinflammatory response. The present study showed that
pristimerin significantly inhibited LPS induced BV-2 microglial
cell migration, which is consistent with the study that pristimerin
markedly inhibited VEGF-induced HUVEC migration (Deng
et al. 2015). The blockade of microglial cell migration by
pristimerin may be ascribing to the inhibition the production of
proinflammatory cytokines and chemokine. Furthermore, the re-
duced microglial cell migration by pristimerin, in turn, inhibits
hyperactivated microglial cells triggered neurotoxicity.

Neuron-like PC12 cell model is widely used as an in vitro
neuronal model (Westerink and Ewing 2008). In the present
study, we used PCI12 cells as a neuronal model system to
examine the protective effects of pristimerin on LPS-
activated microglia toxicity. It was confirmed that pristimerin
exerted protective effects against activated BV-2 cell-mediat-
ed neuronal cell injury, thus strengthening the notion that
pristimerin inhibits microglial neurotoxicity via suppressing
the production of inflammatory molecules.

Among the subunits of NF-«B, the p65 is the most preva-
lent activated form of NF-kB. Moreover, P65 NF-kB is also a
classical pathway. Indeed, pristimerin has been reported to
inhibit LPS-induced NF-kB activation in murine macrophage
RAW264.7 cells and human monocytic THP-1 cells (Hui et al.
2014; Kim et al. 2013). Nevertheless, little has been known
about the molecular action of pristimerin on upstream of p65
NF-kB activation in LPS-induced microglia. Furthermore, it
is not known whether pristimerin inhibits AP-1 activity in
LPS-induced microglia. To further elucidate the anti-
neurotoxicity mechanism of pristimerin, we investigated
IRAKI-TRAF6-TAK1 pathway, which regulates NF-kB/
AP-1-mediated inflammatory molecules production in LPS-
activated microglia. Our results showed that pristimerin evi-
dently inhibited TRAF6 expression and IRAK1 degradation.
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Moreover, pristimerin significantly blocked the formation of
the complex of IRAK1 with TRAF6, limited TAK]1 activa-
tion, and subsequently suppressed the IKKa/(3/NF-kB and
MKK7/JNK/AP-1 pathways in LPS-stimulated BV-2 microg-
lia cells. Meanwhile, treatment of the cells with pristimerin
alone had no influence on the aforementioned effects (data
not shown). Interestingly, celastrol also blocks LPS-activated
BV-2 microglial cell via inhibition of MAPK phosphorylation
and NF-k B activation (Jung et al. 2007). All these results
suggest that the conjugated diosphenol function, a common
chemical structure of pristimerin and celastrol, might play a
vital role in their inhibitory action on microglial activation
(Morita et al. 2008).

Taken together, these results provide insights that
pristimerin blocks LPS-induced neurotoxicity via regulating
IRAKI1-TRAF6-TAK1-mediated NF-kB and AP-1 cell signal
pathway in BV-2 microglial cells. However, the neuroprotec-
tive actions of pristimerin in vivo need to be explored further.
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