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Abstract

Chronic inflammation in the brain plays a critical role in major neurodegenerative diseases such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), and multiple sclerosis (MS). Microglia, the resident macrophages and intrinsic components of the
central nervous system (CNS), appear to be the main effectors in this pathological process. Magnesium lithospermate B (MLB) is
one of the major bioactive components of Radix Salviae miltiorrhizae, which has been documented to protect neurons against
multiple types of neuronal injury. However, its functions on microglia and the related neuroinflammation remain unknown. In the
present study, BV2 microglial cells were used to assess the anti-neuroinflammatory capacity of MLB. Our data show that
treatment with MLB could not only suppress lipopolysaccharide (LPS)-induced proliferation and morphological changes, but
also interfere with cell cycle progression in BV2 cells. More strikingly, it attenuated the production of the inflammatory mediator
nitric oxide (NO) and a panel of pro-inflammatory cytokine in LPS-stimulated BV2 cells, including tumor necrosis factor-oc
(TNF-o0), interleukin (IL)-1«, IL-1f3, and IL-6, and also promoted a phenotypic switch from the M1 to the M2 phenotype.
Additionally, an in vivo study showed that the administration of MLB could ameliorate lipopolysaccharide-induced neurode-
generation and microglial activation in the hippocampus of adult mice. Mechanistically, MLB blocked the activation of the
NF-«kB pathway upon LPS stimulation, indicating that the effects of MLB on microglia may be mediated by the NK-kB pathway.
These results suggest the therapeutic potential of MLB as a novel anti-inflammatory and microglia-modulating drug for neuro-
degenerative diseases.
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Introduction homeostasis, and neuroinflammation (Salter and Stevens

2017). Under normal physiological conditions, microglia exist
Microglia are highly specialized macrophages that reside in  in a quiescent state and dynamically survey the surrounding
the brain and play critical roles in neural development,  environment through their ramified processes (Benarroch
2013). Under pathological conditions, however, microglia
are activated in response to numerous detrimental signals,
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the lesion site; proliferate; produce neurotoxic factors such as
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multiple sclerosis (MS), and amyotrophic lateral sclerosis
(ALS) (Xu et al. 2016). Generally, activated microglia have
two heterogeneous phenotypes that can be categorized as the
classic pro-inflammatory/cytotoxic M1 type or the anti-
inflammatory M2 type (Song and Suk 2017). M1 microglial
activation is considered a key pathogenic event in the progres-
sion of neurodegenerative diseases, which is modeled by ex-
posure to inflammatory stimuli, such as pathogenic misfolded
proteins and reactive oxygen species (ROS), and consequently
causes neuronal loss in specific regions of the central nervous
system (CNS) through the release of pro-inflammatory factors
and various neurotoxic mediators (Orihuela et al. 2016). In
contrast, the M2 phenotype is triggered through coordinated
regulation of a variety of anti-inflammatory cytokines, which
inhibits M1 phenotype-related neuroinflammation (Varnum
and Tkezu 2012). In addition, M2 microglia can facilitate the
clearance of misfolded proteins and cell debris, promote tissue
repair and wound healing, and release neurotrophic factors to
support neuronal survival (Varnum and Ikezu 2012). During
the chronic inflammatory progression of neurodegenerative
diseases, however, the normal homeostatic balance between
the M1 and the M2 phenotypes is impaired, which leads to
prolonged and predominant M1 polarization that can further
exacerbate neuronal damage in these diseases (Boche et al.
2013). Therefore, inhibition of microglial activation and inter-
ference with M1 polarization processes may provide a prom-
ising therapeutic strategy against the development and pro-
gression of neurodegenerative diseases.

Taking this strategy into consideration, in recent years,
many researchers and institutions have focused their inter-
est on natural plant compounds with potential neuropro-
tective and anti-neuroinflammatory effects; a number of
natural neuroprotective compounds have demonstrated ro-
bust effects on the pro-inflammatory responses and polar-
ization of microglia in in vitro and/or in vivo studies
(Choi et al. 2011; Suk and Ock 2012). Magnesium
lithospermate B (MLB), one of the major bioactive com-
ponents of Radix Salviae miltiorrhizae, has been demon-
strated to have a protective effect against multiple types of
neuronal injury in neurons (Jiang et al. 2015; Xiao et al.
2013). More importantly, the neuroprotective activities of
MLB are reported to be mediated through the inhibition of
the NF-kB pathway, which is essential for toxicity in-
duced by microglial activation in neurodegenerative dis-
eases (Popiolek-Barczyk and Mika 2016). Based on these
findings, we hypothesize that MLB has an inhibitory ef-
fect on microglial activation and can interfere with
microglial polarization and neuro-inflammatory processes.
In order to test this hypothesis, in the current study, we
examined the anti-neuroinflammatory and microglia-
modulating effects of MLB in BV2 microglial cell line
and investigated its efficacy against LPS-induced neuro-
degeneration in LPS-injected mice.

Materials and Methods
Reagents and Animals

MLB (purity = 99.9%) was purchased from Hangzhou Asure
Biotech Co., Ltd. (Hangzhou, China). C57BL/6 mice were
from the Shanghai Laboratory Animal Center of the Chinese
Academy of Sciences (Shanghai, China). Lipopolysaccharide
(LPS) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Propidium iodide (PI), the nitric oxide (NO) assay
kit, and the enzyme-linked immunosorbent assay (ELISA)
kits for mouse tumor necrosis factor alpha (TNF-x), interleu-
kin (IL)-1«, IL-1p, and IL-6 were obtained from Thermo
Fisher Scientific Inc. (Waltham, MA, USA). Cell counting
kit-8 (CCK-8) was provided by Dojindo Laboratories
(Kumamoto, Japan).

Cell Culture

Mouse microglial BV2 cells were purchased from the Cell
Culture Center at the Institute of Basic Medical Sciences
(IBMS) of the Chinese Academy of Medical Sciences
(Beijing, China); maintained in DMEM enriched with 10%
heat-inactivated fetal bovine serum (FBS), 100 pg/mL strep-
tomycin, and 100 U/mL penicillin; and incubated in a humid-
ified atmosphere of 5% CO, at 37 °C.

Cell Proliferation Assay

CCK-8 was used to determine cell proliferation under dif-
ferent treatment conditions. In brief, BV2 cells were seed-
ed into 96-well plates at a density of 10° cells per well.
Prior to exposure to 100 ng/mL LPS for 24 h, cells were
pre-treated for 6 h with varying concentrations of MLB
(0, 5, 20, and 50 pg/mL). The concentrations of MLB
were chosen according to previous studies (Jiang et al.
2015; Xiao et al. 2013). After exposure to LPS for the
indicated time periods, CCK-8 reagent was added to each
well and incubated at 37 °C for 1 h. Absorbance was
measured at 450 nm in a spectrophotometer (Model 680,
Bio-Rad, Hercules, CA, USA). Each experiment was per-
formed in sextuplicate and repeated three times.

Immunocytochemistry

Immunocytochemistry was performed as described previous-
ly (Lim et al. 2013). Briefly, cells were fixed with 4% para-
formaldehyde and permeabilized by 0.1% Triton X-100. After
blocking with 10% donkey serum, fixed cells were incubated
for 2 h with an anti-Ibal antibody (WAKO Chemicals; No.
019-19741, 1:1000) followed by a fluorochrome-conjugated
secondary antibody (Alexa Fluor 555, 1:200, Thermo Fisher
Scientific Inc.). Nuclei were counterstained with 4',6-
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diamidino-2-phenylindole (DAPI). Fluorescence images were
acquired using a confocal laser microscope (LSM 700; Carl
Zeiss AG, Oberkochen, Germany). To analyze the morpho-
logical changes of BV2 cells under different treatment condi-
tions, we calculated the percentage of amoeboid BV2 cells
over the total BV2 cells from six randomly selected fields
(250 x 250 wm) in triplicates for each experimental group
by using Imagel] software (https://imagej.nih.gov/ij/).

Flow Cytometry Assay

BV2 cells were plated in six-well dishes and allowed to attach
overnight. After the indicated treatments, the cells were
washed with PBS and trypsinized. Then, the cells were
pelleted and adjusted to a concentration of 1-2 x 10° cells/
mL and fixed by adding 50-150 mL of cell suspension into
70% ethanol dropwise with continuous mixing. After fixation
overnight at — 20 °C, the cells were pelleted and gently resus-
pended in ice-cold PBS. After two washes, cells were
suspended in PI staining solution (10 pug/mL PI, 100 pg/mL
RNase, 0.1% (v/v) Triton-X) for 15 min at 37 °C in the dark.
The cell cycle was analyzed using a flow cytometer (FACScan
Flow Cytometry System; BD Bioscience, San Jose, CA,
USA). All experiments were conducted three times
independently.

Measurement of Nitric Oxide and Cytokine Levels

Production of NO, TNF-«, IL-1«, IL-1f3, and IL-6 in BV2
microglial cells was measured using an ELISA or colorimetric
kits (Thermo Fisher Scientific Inc.). Briefly, after collecting
the supernatants of BV2 cells exposed to different treatment
conditions, the concentrations of NO and four cytokines were
detected using the respective kits according to the manufac-
turer’s instructions. All experiments were conducted three
times independently.

Quantitative Real-Time Polymerase Chain Reaction

After exposure to the various treatments, total RNA was ex-
tracted from BV2 cells using the TRIzol® plus RNA purifi-
cation kit (Thermo Fisher Scientific Inc.) following the man-
ufacturer’s instruction. The cDNAs were synthesized using a
high-capacity cDNA reverse transcription kit (Thermo Fisher
Scientific Inc.). The primers for inducible nitric oxide syn-
thase (iNOS) and arginase-1 were synthesized according to
previous literature (Song et al. 2000; Xiang et al. 2009).
Quantitative real-time PCR (qQRT-PCR) was carried out using
a Power SYBR Green Master Mix kit (Thermo Fisher
Scientific Inc.). Messenger RNA (mRNA) levels were calcu-
lated using the delta—delta cycle threshold (AACt) method
(Schmittgen and Livak 2008). Glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH) served as an internal control. All
experiments were conducted three times independently.

Western Blot

BV2 microglial cells under various treatment conditions
were harvested by centrifugation at 1500 rpm for 5 min
and lysed with RIPA buffer. The homogenates were centri-
fuged at 10,000xg for 10 min. The supernatant was then
subjected to Western blot analysis according to routine
procedures. Preparation of the nuclear and cytoplasmic ex-
tracts was performed according to the methods described in
previous literature (Abmayr et al. 2006). Immunoblots
were performed with the following antibodies: Inhibitor
kBa (IkBe, ab32518), phosphorylated IkBo (p-IkBox at
Ser32/36, ab12135), IkB kinase o« (IKK«, ab54628), phos-
phorylated IKK o (p-IKK o at Ser176, ab138426), iNOS
(ab3523) (Abcam, Cambridge, MA, USA), arginase-1
(no. 9819), and NF-kB P65 (no. 8242) (Cell Signaling;
Danvers, MA, USA). Antibodies against 3-actin (Santa
Cruz Biotechnology, sc-47,778) and histone H3 (Abcam,
ab1791) were used as loading controls. Proteins were de-
tected using Pierce ECL Western blotting substrate
(Thermo Fisher Scientific Inc.). The bands were quantified
using Imagel software.

LPS-Injected Mouse Model and MLB Treatment

Twenty-four 8-week-old male C57BL/6 mice were divided
into four groups: vehicle-treated group (vehicle, n =6),
MLB-treated group (50 mg/kg MLB, n =6), LPS-injected
group (LPS, n =6), and LPS treatment group (LPS + 50 mg/
kg MLB, n = 6). The animal study protocol was approved by
the animal ethics committee of the corresponding author’s
institution. All animal care and use were performed in accor-
dance with institutional guidelines. Before the study, all mice
were housed under a 12-h light—dark cycle and had free access
to food and water.

The drugs and doses for all experimental groups were as
follows: vehicle group (intraperitoneal (i.p.) saline once daily
for 4 weeks), LPS group (i.p. 250 pg/kg once daily for
4 weeks), MLB (i.p. 50 mg/kg, once daily for 4 weeks), and
LPS + MLB (i.p. 250 ng/kg LPS + 50 mg/kg MLB once daily
for 4 weeks). The dosages for LPS and MLB administrations
were based on previous literature (Badshah et al. 2016; Xiao
et al. 2013).

Nissl Staining

By the end of the animal experiment, mice were deeply anes-
thetized with chloral hydrate and then flush-perfused
transcardially with PBS. Brains were removed and fixed for
48 h in 4% paraformaldehyde and equilibrated in 30% sucrose
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for histological processing. Thirty-micrometer-thick coronal
sections were cut using a microtome under frozen condition.
Afterwards, every 12th section (360-um interval) was proc-
essed for cresyl violet staining to assess cell loss. The Nissl-

stained neurons in the cornu ammonis (CA) 1 and CA3 re-
gions were quantified using ImageJ software. All images were
background-corrected by subtracting the mean intensity of
background regions for quantification.
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Fig. 1T MLB suppresses LPS-induced proliferation and morphological
changes in BV2 cells. a Treatment with up to 50 pg/mL of MLB for
24 h did not influence cell viability of BV2 cells. b BV2 cells were
incubated with different doses of MLB for 6 h before exposure to 100 ng/
mL LPS for an additional 24 h; LPS-induced proliferation was significantly
attenuated by MLB. Cell proliferation was detected by CCK-8 assay. Data
of proliferation rates (histograms) were from three independent experiments
performed in sextuplicate and are presented as means = SEM. ¢
Representative confocal images of Ibal staining (red) showing microglial
morphology upon LPS treatment in the presence or absence of MLB (scale
bar=10 pm). Blue color indicates the DAPI staining. White arrows
indicate representative amoeboid BV2 cells. d The percentage of
amoeboid BV2 cells over the total BV2 cells for each experimental
group. Data (histograms) were from six randomly selected sampling
fields (250 x 250 wm) in triplicates for each group and are presented as
means = SEM. As compared with the vehicle group: ***P <0.001; as
compared with the group treated with LPS alone: #P < 0.05; ##P <0.01;
###P < 0.001; ANOVA followed by Tukey’s post hoc test

Immunohistochemistry

In order to evaluate the effect of MLB on microglial activa-
tion, we detected the expression of CD68, a marker of activat-
ed microglia, in the hippocampi of animals using immunohis-
tochemistry. In brief, the obtained sections were treated with
10 mM sodium citrate for 30 min at 90 °C and then blocked
with 5% bovine serum albumin (BSA) for 1 h. Afterwards,
sections were incubated with an anti-CD68 antibody (Thermo
Fisher Scientific Inc., MAS5-16674) at a 1:200 dilution over-
night at 4 °C followed by incubation with peroxidase-
conjugated secondary antibody (1:1000; Thermo Fisher
Scientific Inc.) for 1 h at room temperature. Immunopositive
cells were visualized using a 3,3’-diaminobenzidine (DAB)
staining kit (Vector Laboratories, Burlingame, CA, USA)
and quantified using ImageJ software.

Statistical Analysis

All statistical analyses were carried out in GraphPad Prism
6.01 software (GraphPad Software, La Jolla, CA, USA). The
Shapiro—Wilk normality test was used to test the normality of
data. Data with normal distribution are presented as means =+
standard deviation (SD) or means + standard error of the mean
(SEM). One-way analysis of variance (ANOVA) with the
Tukey post hoc test (for multiple comparisons) was used to
compare means among groups. A P value less than 0.05 was
considered statistically significant.

Results

MLB Suppresses LPS-Induced Proliferation
and Morphological Changes in BV2 Cells

First, we examined the effects of MLB on LPS-induced
proliferation and morphological changes in BV2
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microglial cells. As indicated in Fig. la, MLB did not
produce any cytotoxicity in BV2 cells at concentrations
ranging from 5 to 50 pug/mL for 24 h. After exposure to
100 ng/mL LPS for 24 h, however, BV2 cells showed a
significant increase in cell proliferation as compared to
vehicle-treated controls. When the cells were incubated
with varying doses of MLB for 6 h prior to LPS treat-
ment, the LPS-induced proliferation was significantly
suppressed in a dose-dependent manner, and the most po-
tent effect was observed at 50 ug/mL of MLB (Fig. 1b).
By using confocal microscopy, the morphological changes
were also examined in all experimental groups. It has
been reported that activated BV2 cells upon LPS stimula-
tion display an amoeboid morphology (Bozic et al. 2015;
Dai et al. 2015). As shown in Fig. lc, d, vehicle-treated
BV2 cells displayed ramified cell morphology, while
treatment with 100 ng/mL LPS for 24 h induced morpho-
logical changes from ramified to amoeboid, indicating the
activation of BV2 cells in response to LPS treatment.
Nevertheless, when cells were pre-incubated with MLB
prior to LPS exposure, the morphological changes were
inhibited, evidenced by the decreased percentage of amoe-
boid BV2 cells under this condition (Fig. 1d).
Additionally, a considerable reduction in cell number
was observed, which was in accordance with the prolifer-
ation data presented in Fig. 1b. Taken together, these re-
sults demonstrate the effects of MLB against LPS-induced
proliferation and morphological changes in BV2
microglial cells. In subsequent in vitro experiments, to
ensure adequate concentrations for efficacy, 20 and
50 pug/mL of MLB were used accordingly.

MLB Interferes with Cell Cycle Progression
of LPS-Stimulated BV2 Cells

Next, we conducted flow cytometry analysis to examine
the effect of MLB on the cell cycle of BV2 microglial
cells. As shown in Fig. 2a, b, as compared with the vehi-
cle, the treatment with 100 ng/mL LPS significantly in-
creased the percentage of BV2 cells in the G1 phase (78
vs. 65%, P <0.05), indicating that LPS promotes the ar-
rest of the BV2 cell cycle at the G1 phase, which was
consistent with previous report (Kaneko et al. 2015; Yu
et al. 2012). However, when cells were pre-treated with
20 or 50 pug/mL of MLB, a considerable decrease in the
number of cells in the G1 phase was observed (58% at
20 pg/mL MLB, P <0.01; 50% at 50 ug/mL MLB, P <
0.001; as compared to the LPS-treated group), along with
a notable accumulation of cells in the G2/M phase. Thus,
combined with the data shown in Fig. 1, these results
suggest that MLB could attenuate LPS-treated prolifera-
tion and interfere with cell cycle progression in BV2 cells.
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MLB Attenuates the Release of Nitric Oxide
and Pro-inflammatory Cytokines in LPS-Treated BV2
Cells

It has been well-documented that LPS directly triggers cyto-
kine release from microglia (Dutta et al. 2008). Therefore, we
investigated whether MLB exerts an anti-inflammatory effect

100 ng/mL LPS

on LPS-treated BV2 microglial cells. As depicted in Fig. 3a—e,
the production of NO, TNF-«, IL-1¢, IL-1f3, and IL-6 was
significantly increased in LPS-treated BV2 cells as compared
to those treated with the vehicle. When cells were pre-
incubated with 20 or 50 pg/mL MLB, production ofthe five
inflammatory indicators was considerably suppressed in a
dose-dependentmanner. Collectively, theseresultsreveal that

@ Springer



J Mol Neurosci (2018) 64:80-92

86
15 Kkk
I
#H#
o — s
2 —
El
N’
o
7z s
7 Vehicle 0 20 50  pg/mLMLB
100 ng/mL LPS
300
o
P
— # Hit
S 2001 —|—
® T
2,
N’
3
-
1001
L
" Vehicle 0 20 50  pg/mLMLB
100 ng/mL LPS
500 *kk
T
400
—_~ ##
'g T i
300 -
o)
2
N’
2 200
-
—
100
" Vehicle 0 20 50  ug/mLMLB

100 ng/mL LPS

Fig. 3 MLB attenuates the release of NO and pro-inflammatory
cytokines induced by LPS in BV2 cells. Cells were incubated with
different doses of MLB for 6 h before exposure to 100 ng/mL LPS for
an additional 24 h. The production of NO (a), TNF-« (b), IL-1« (¢), IL-
13 (d), and IL-6 (e) was measured by ELISA kits. All data (histograms)

MLBcouldcounteractLPS-triggeredinflammatoryresponses
inmicroglia.

MLB Promotes Phenotypic Switch of BV2 Cells
from the M1 to the M2 Phenotypes

Although there is still some debate, it is generally accepted
that once activated, microglia can adopt either a classical M1
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were from three independent experiments, and the bars indicate means +
SD. As compared with the vehicle group: ***P <0.001; as compared
with the group treated with LPS alone: #P < 0.05; ##P <0.01; ###P <
0.001; ANOVA followed by Tukey’s post hoc test

phenotype (neurotoxic phenotype) or an alternatively anti-
inflammatory M2 phenotype (neuroprotective phenotype)
(Tang and Le 2016). Next, we examined whether MLB pro-
motes phenotypic switch in BV2 microglia. As shown in
Fig. 4a, b, LPS stimulation induced the mRNA and protein
expression of iNOS, a M1 phenotype marker, in BV2 cells as
well as downregulated the mRNA and protein production of
Arg-1, a sensitive marker of immunosuppressive activity in
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the M2 phenotype. Nevertheless, this effect was counteracted
by pre-incubation with either 20 or 50 pg/mL MLB, suggest-
ing that MLB may have the potential to promote phenotypic
switch of BV2 cells from the M1 to the M2 phenotype.

MLB Suppresses LPS-Induced Activation of the NF-kB
Pathway

LPS has been reported to activate NF-kB in microglia,
while a previous study demonstrates that the neuroprotec-
tive effect of MLB is most likely mediated by the NK-«xB
pathway (Jiang et al. 2015). To test whether MLB can
prevent LPS-induced activation of the NF-kB pathway in
microglia, we detected the levels of cytoplasmic and nu-
clear NF-kB p65 subunits in all experimental groups by
Western blot. We observed that the treatment with LPS
resulted in a significantly higher level of nuclear p65 and
a considerably lower level of cytoplasmic p65 in BV2 cells
as compared to those in the vehicle (Fig. 5a). However, this
effect was reversed by pre-incubation with 20 or 50 pug/mL
MLB, indicating the inhibitory effects of MLB on LPS-
induced NF-«B pathway activation in microglial cells.

In addition, activation of the NF-kB pathway involves
phosphorylation of IKK and IkBx (Ma and Hottiger 2016).
We, therefore, determined the expression of the phosphorylat-
ed forms of IKK« and IkBa in BV2 microglial cells in re-
sponse to different treatments. As presented in Fig. 5b,
Western blot analysis showed that treatment with 100 ng/mL
LPS for 1 h induced significantly higher levels of phosphory-
lated IKKo and IkBa as compared to those in the vehicle,
while these effects were attenuated by pre-treatment with 20
or 50 ug/mL MLB before exposure to LPS. These results are
consistent with the data presented in Fig. 4, further demon-
strating that MLB suppresses LPS-induced activation of the
NF-kB pathway. Taken together, our findings suggest that the
effect of MLB against LPS-induced microglial activation is
most likely related to the NF-«B pathway.

MLB Attenuates LPS-Induced Neurodegeneration
and Microglial Activation in the Hippocampus
of Adult Mice

To further validate the therapeutic potential in vivo, we ad-
ministered MLB in LPS-injected C57BL/6 mice and exam-
ined its effect on LPS-induced neurodegeneration. As
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Fig. 5 MLB suppresses LPS-induced activation of NF-kB and
phosphorylation of IKK« and IkBx in BV2 cells. The cells were pre-
incubated with 20 or 50 pg/mL of MLB for 6 h prior to LPS treatment for
another 1 h. Expression levels of cytoplasmic and nuclear NF-kB p65
subunit (a) and cytoplasmic phosphorylated IKK« and IkBe (b) were
detected by Western blot and quantified with ImageJ software. All data

expected, intraperitoneal administration of LPS at 250 pug/kg
for 4 weeks caused neuronal loss in the hippocampus, espe-
cially in the CA1 and CA3 areas (Fig. 6a). However, simulta-
neous administration of 50 mg/kg MLB exhibited significant
protection against LPS-induced neuronal loss, evidenced by
the quantitative threshold analysis in Fig. 6b, c. These data
demonstrated that MLB can attenuate neurodegeneration in
the hippocampus of LPS-injected animals. Furthermore, by
using IHC staining of CD68, we found that hippocampal sam-
ples from the LPS-injected group exhibited a considerably
higher expressions of CD68 in the CAl and CA3 areas than
those from the control group (Fig. 7a), indicating the activa-
tion of microglia in response to LPS. Nevertheless, when an-
imals received LPS and MLB simultaneously, the expression
of CD68 was noticeably attenuated (Fig. 7b, c), suggesting
that MLB has an inhibitory effect on microglial activation in
the mouse brain following LPS injection.
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(histograms) were from three independent experiments, and the bars
indicate means + SD. As compared with the vehicle group: *P <0.05;
*#*P <0.01; ***P <0.001; as compared with the group treated with LPS
alone: #P <0.05; ##P <0.01; #HP <0.001; ANOVA followed by
Tukey’s post hoc test

Discussion

In the current study, we evaluated the anti-neuroinflammatory
and microglia-modulating effects of MLB by using LPS-
treated BV2 microglial cells. We found that pre-treatment with
MLB could suppress LPS-induced cell proliferation and mor-
phological changes, interfere with cell cycle progression, at-
tenuate the production of NO and pro-inflammatory cyto-
kines, and promote phenotypic switch of BV2 cells from the
M1 to the M2 phenotype. Mechanistically, these effects of
MLB may be mediated by the NK-kB pathway. Moreover,
an additional in vivo experiment showed that the admin-
istration of MLB could ameliorate LPS-induced neural
loss and microglial activation in the hippocampus of adult
mice, further suggesting the therapeutic potential of MLB
as a novel anti-inflammatory and microglia-modulating
drug for neurodegenerative diseases.
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Fig. 6 MLB attenuates
neurodegeneration in the
hippocampus of LPS-injected
mice. The hippocampal structure
was stained with cresyl violet. a
Representative images of stained
brain sections exhibiting LPS-
induced injury with or without
MLB treatment (scale bar =

200 pm). The magnified views
below indicate the CA1 and CA3

regions from the boxed areas of
each image (scale bar = 50 um). b
Quantification of intensity of the
CAL region. ¢ Quantification of
the intensity of the CA3 region.

Data are expressed as means +
SEM from 10 sections/mouse, 6
mice/group. ***P <0.001 as
compared with the vehicle-treated
group; ##P < 0.01 as compared
with the LPS-treated group;
ANOVA followed by Tukey’s
post hoc test
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In recent years, accumulating evidence has suggested that
microglia-mediated neuroinflammation is a hallmark shared
by various neurodegenerative diseases (Xu et al. 2016).
Under pathological or stress conditions, microglia in the
CNS undergo changes in cell proliferation and morphology
to adopt an activated state in order to adequately respond to
the injury or stimulus (Song and Suk 2017). Based on their
function, activated microglia can be divided into at least two
distinct subtypes: M1 and M2, which are considered

neurotoxic and neuroprotective, respectively (Orihuela et al.
2016). In the diseased brain, M1 microglia predominate in the
milieu, promoting neurotoxicity via the production and release
of several pro-inflammatory mediators and cytokines
(Ramirez et al. 2017), while the M2 subtype is associated with
neurogenesis and anti-inflammatory effects, although little is
known about M2 activation in pathogenic processes (Song
and Suk 2017). Based on this understanding, an innovative
therapeutic strategy has been proposed to modulate microglial
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Fig. 7 MLB attenuates LPS- a

Vehicle
induced microglial activation in SRR
the hippocampus of adult mice. a '
Representative IHC images of
CD68 staining for all
experimental groups (scale bar =
200 um). The magnified views
below indicate the CA1 and CA3

regions from the boxed areas of
each image (scale bar = 50 um). b
Quantification of intensity of the
CA1 region. ¢ Quantification of
the intensity of the CA3 region.

Data are expressed as means +
SEM from 10 sections/mouse, 6
mice/group. As compared with

the vehicle-treated group: ***P <
0.001; as compared with the LPS-
treated group: ##P < 0.01;

###P <0.01; ANOVA followed
by Tukey’s post-hoc test
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proliferation and activation and target the M1/M2 balance in
patients with neurodegenerative diseases (Tang and Le 2016).

In this study, in vitro experiments revealed that in BV2
microglial cells and pre-treatment with MLB could suppress
cell proliferation and morphological changes in response to
LPS, as well as counteract LPS-induced cell cycle arrest at
the G1 phase and production of pro-inflammatory mediators.
These effects of MLB may be directly attributed to its intrinsic
anti-inflammatory and microglia-modulating capabilities.
MLB consists of magnesium ions and salvianolic acid B
(Sal B) anions. As a known antagonist of some Ca®" ion
channels, magnesium has been demonstrated to reduce

@ Springer

microglial neurotoxicity by inhibiting Ca®* entry via
purinergic channels and protect microglia against LPS-
induced release of inflammatory mediators via inhibition of
L-type calcium channels (Gao et al. 2013; Lee et al. 2011). A
previous study demonstrates that Sal B can significantly re-
duce the production of NO, ROS, and a panel of pro-
inflammatory cytokines in LPS-treated rat primary microglia
(Wang et al. 2010; Zhang et al. 2017). In line with these
previous observations, our results confirm the anti-
inflammatory and microglia-modulating effects of MLB.
Another striking finding of this study was that MLB could
promote phenotypic switch of BV2 cells from the M1 to the
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M2 phenotype, which corresponds with the previous finding
that Sal B can inhibit LPS-stimulated microglial M1 activation
and promote microglial M2 polarization in vitro (Zhang et al.
2017). As stated above, the switch of the M1/M2 microglial
phenotypes has been regarded as a novel therapeutic strategy
for neurodegenerative diseases. Therefore, our data reported
here provide evidence supporting the potential benefit of
MLB in this setting. Further mechanistic study indicated that
inhibition of the activated NF-kB signaling pathway by LPS
may be an underlying mechanism.

Multiple molecular pathways have been implicated in
controlling microglial activation and polarization, of which
NF-kB signaling is crucial for regulating the phenotypic
balance of microglia (Kopitar-Jerala 2015). Under normal
physiological conditions, NF-kB is maintained in a latent
form in the cytoplasm of microglia. However, in certain
pathological situations, NF-kB is activated by exposure
to a variety of inflammatory stimuli (e.g., LPS or the ag-
gregated misfolded proteins seen in various neurodegener-
ative diseases) through degradation of the inhibitor IkBo
by phosphorylated IKK (Ma and Hottiger 2016). The acti-
vated NF-kB translocates to the nucleus and binds to kB
sites, consequently activating transcription of NF-kB-
dependent genes for microglial function, reactivity, and
phenotypic switch (Brown and Vilalta 2015). Therefore,
targeting NF-kB activity in microglia has been regarded
as a potential approach for modulating microglia-
dependent neuroinflammation (Mattson 2005). For MLB,
previous studies with different in vitro models have dem-
onstrated that its anti-inflammatory and anti-oxidative ef-
fects are mediated, at least in part, by inhibition of NF-kB
signaling pathways (Jiang et al. 2015; Jung et al. 2014;
Quan et al. 2013). In line with these findings, in our study,
MLB counteracted LPS-induced activation of the NF-kB
pathway, manifested by the reduced nuclear translocation
of the p65 subunit and the decreased expression of phos-
phorylated IKK« and IkBx when BV2 cells were pre-
incubated with MLB prior to LPS treatment.
Nevertheless, according to recent literature, other signaling
pathways, such as PI3K/Akt/GSK-33 and miR-107/gluta-
mate transporter 1, are documented to be involved in the
neuroprotective effects of MLB (Xiao et al. 2013; Yang
et al. 2015). We still do not know whether these pathways
may be linked to the activity of MLB in influencing the
activation and polarization of microglial cells, and thus,
additional studies are required to elucidate this issue.

In the in vivo experiment portion of this study, we observed
that the administration of MLB could ameliorate LPS-induced
neural loss in the hippocampus of adult mice. This effect may,
at least in part, be related to the inhibition of microglial acti-
vation upon MLM treatment, as evidenced by the decreased
expression of microglial activation marker CD68 in the hip-
pocampus of MLB-treated animals. These results provided

basic evidence for the potential benefits of MLB against neu-
rodegenerative diseases. Nevertheless, several limitations
should be addressed here: (1) We did not detect the expression
of M2 microglia markers, so we do not know whether MLB
could improve the M1/M2 microglia balance towards a less
pro-inflammatory state; (2) LPS-induced neural loss cannot
fully mimic the pathological events/conditions found in vari-
ous neurodegenerative diseases; thus, the therapeutic effects
of MLB should be further evaluated in other animal models;
and (3) the timing, stage, and severity of neurodegenerative
diseases are critically associated with microglial activation,
polarization, and cytotoxicity (Tang and Le 2016); so far, we
still do not know the relationship and impacts of these factors
with respect to the therapeutic effects of MLB, which will
require further studies to be clarified.

In summary, this study suggests that MLB not only sup-
presses LPS-induced neuroinflammation and microglial
activation in BV2 cells, but also attenuates neurodegener-
ation in LPS-injected mice. Mechanistically, the effects of
MLB may be mediated by the NK-«B pathway. These
findings support the therapeutic perspective of MLB as a
novel anti-inflammatory and microglia-modulating drug
for neurodegenerative diseases.
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