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Abstract Microglia activation initiates a neurological
deficit cascade that contributes to substantial neuronal
damage and impairment following ischemia stroke. Toll-
like receptor 4 (TLR4) has been demonstrated to play a
critical role in this cascade. In the current study, we tested
the hypothesis that hydroxysafflor yellow A (HSYA), an
active ingredient extracted from Flos Carthami tinctorii,
alleviated inflammatory damage, and mediated neurotrophic
effects in neurons by inducing the TLR4 pathway in
microglia. A non-contact Transwell co-culture system
comprised microglia and neurons was treated with HSYA
followed by a 1 mg/mL lipopolysaccharide (LPS) stimula-
tion. The microglia were activated prior to neuronal apop-
tosis, which were induced by increasing TLR4 expression in
the activated microglia. However, HSYA suppressed TLR4
expression in the activated microglia, resulting in less neu-
ronal damage at the early stage of LPS stimulation. Western
blot analysis and immunofluorescence indicated that dose-
dependently HSYA down-regulated TLR4-induced down-
stream effectors myeloid differentiation factor 88 (MyD88),
nuclear factor kappa b (NF-kB), and the mitogen-activated
protein kinases (MAPK)-regulated proteins c-Jun NH2-ter-
minal protein kinase (JNK), protein kinase (ERK) 1/2
(ERK1/2), p38 MAPK (p38), as well as the LPS-induced
inflammatory cytokine release. However, HSYA up-regu-
lated brain-derived neurotrophic factor (BDNF) expression.
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Our data suggest that HSYA could exert neurotrophic and
anti-inflammatory functions in response to LPS stimulation
by inhibiting TLR4 pathway-mediated signaling.
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Introduction

Microglia primarily act as the resident immune cell of the
mammalian central nervous system (CNS) (Block et al.
2007). Over-activated microglia could induce detrimental
neurotoxic effects to the CNS following arteriosclerosis
and cerebral ischemia diseases (Chen et al. 2015). In the
mature adult brain, resting-state microglia extend numer-
ous 30-50 pm branches to sense and survey the environ-
ment. When the CNS suffers an injury, such as
inflammation, ischemia, or trauma, the microglia may
become activated. The resting microglia transform from a
ramified morphology to the characteristic-activated amoe-
boid macrophage morphology (Kettenmann et al. 2011).
Microglia were the primary immune cells that were acti-
vated in response to LPS-induced neuronal injury in the
CNS (Bozic et al. 2015). The LPS-induced over-activated
microglia are involved in the release of inflammatory
factors, such as tumor necrosis factor-o (TNF-o), inter-
leukin-13 (IL-1B), and nitric oxide (NO). Moreover,
nuclear factor kappa b (NF-kxB) and mitogen-activated
protein kinase (MAPK) signaling pathways are believed to
lead to an inflammatory reaction in the over-activated
microglia, resulting in neuronal death and brain injury
(Park et al. 2015). Brain-derived neurotrophic factor
(BDNF) expression plays an important role in restoring the
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brain following the inflammatory reactions after stroke,
which are presumed to be the consequence of microglial
activation (Doeppner et al. 2014).

The toll-like family of receptors have close correlation
with innate immunity in the microglia (Song et al. 2011).
Among the toll-like receptors, TLR4 is primarily
expressed in the microglia in the brain and acts as the
regulatory switch in initiating the immune response in the
microglia. It has been reported that the activation of
TLR4 in vitro resulted in the neuronal death and apop-
tosis, which was dependent on the presence of microglia
(Lehnardt et al. 2003). However, the microglia isolated
from the TLR4™'~ mice did not exhibit an immune re-
sponse against traumatic brain injury (Zhu et al. 2014).
The results showed that the activation of TLR4 in vitro
resulted in neuronal death and apoptosis, which was
dependent on the presence of microglia. Here, a co-cul-
ture system of microglia and primary neurons was
established, based on previous reports, to further elucidate
the intervention mechanism of the drug. Simultaneously,
myeloid differentiation factor 88 (MyD88), a critical
adapter protein for TLR4, leads to the activation of
downstream NF-xB, and the subsequent production of
proinflammatory cytokines was investigated (Li et al.
2011; Wang et al. 2009). The NF-kB and MAPK sig-
naling pathways and the levels of inflammatory cytokines
were monitored to determine the effect of abnor-
mal TLR4 expression in microglia. The effects of the
microglia on the neurons focused on TLR4 expression
and its signaling pathways.

Hydroxysafflor yellow A (HSYA) is the major active
component from the Chinese herb Flos Carthami (Hon-
ghua). Previous studies have indicated that HSYA pos-
sesses various types of bioactivities, including oxygen-free
radical scavenging, anti-inflammatory, and anti-apoptotic
activities (Tian et al. 2008; Wu et al. 2012; Ji et al. 2009).
In addition, studies have also shown that HSYA could
significantly suppress inflammatory responses and inhibit
neuroinflammation in microglia; the mechanisms included
suppressing the expression of proinflammatory mediators,
such as the NF-xB signaling pathway and p38 phospho-
rylation, and up-regulating the Janus kinase 2/Signal
transducer and activator of transcription-3 pathway (Zhang
et al. 2014b, c; Li et al. 2013). We have previously
demonstrated that the protective effects of the HSYA target
proteins against cerebral ischemia reperfusion injury are
primarily through the innate immunity pathway (Lv et al.
2015). However, this was not sufficient to dissect the
underlying molecular mechanisms of HSYA on nerve cells
following neurological injury. Using a co-culture system
for microglia and neurons, the cellular morphology and
molecular mechanism were analyzed to interpret the neu-
roprotective effects of HSYA in the co-culture system.
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Materials and Methods
Cortical Neuron Cultures

Cortical cells were obtained from embryonic day 18
pregnant mice. The cortical tissues were digested in
0.125 % trypsin for 15 min and stripped in Ca*"/Mg*"-
free Hank’s balanced salt solution. The solution was then
dispersed through a 40-pm cell strainer, and the filtered
cells were distributed into a poly-L-lysine-coated (Sigma,
Chemical Co. St. Louis, MO, USA) culture plate contain-
ing 0.5 mL Neurobasal medium supplemented with 2 %
B27 (Invitrogen, Carlsbad, USA). The culture density was
adjusted to 5 x 10° cells/mL cells and maintained at 37 °C
in humidified incubator with 5 % CO, and 95 % room air.
The neurons that had been cultured for 7 days were sub-
jected to the Transwell co-culture experiments. All of the
neurons described in this paper are referred to as cortical
neurons.

Microglial Cultures

The microglial cells were purchased from the Institute of
Biochemistry and Cell Biology, SIBS, CAS, resource
number: 3111C0001CCC000063. The microglial cells
were cultured at a density of 1 x 10’ cells/mL in DMEM
medium with 10 % Fetal Bovine Serum. The medium was
replaced on the next day and cultured at 37 °C in humid-
ified incubator with 5 % CO, and 95 % room air.

Transwell Co-culture System for Microglia
and Neurons

The Transwell co-culture system utilized the non-contact
Transwell inserts, as previously described (Zhu et al.
2014). The neurons (1 x 10° cells/mL) were subcultured
in a 24-well plate. The Transwells were positioned
approximately 2 mm above the neurons in each well. The
0.4-um pore size polyester membrane was precoated with
poly-L-lysine. The microglia were grown on the top layer
of the Transwells and were separated from the neurons in
the well by the polyester membrane. The polyester mem-
brane prevented cell—cell contact, but allowed the diffusion
of soluble factors. The DMEM media with 10 % Fetal
Bovine Serum for the microglia were discarded. The
floating microglia were washed three times with Lei-
bovitz’s L-15 medium and subsequently cultured in a
chemically defined serum-free medium (EF12) (Pardo et al.
1997). After 24 h of culture, glial-conditioned medium was
collected (de Bernardo et al. 2003). Approximately,
3 x 10° floating microglia/mL were subcultured in glial-
conditioned medium and then plated onto the top layer.
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The difference between the densities of the subcultured
microglia and the primary neurons on the plate must be
carefully minimized. The culture medium for the co-cul-
ture system was DMEM medium with 10 % Fetal Bovine
Serum. The co-culture system was subjected to experi-
ments after 1 day of culture to allow for both cell adhe-
sion and growth. Then, 1 mg/mL LPS (Sigma, St. Louis,
MO, USA), HYSA, LPS plus HSYA or DMSO (Sigma, St.
Louis, MO, USA) as a solvent control was added to the
media below the Transwells.

Co-culture Groups

Twenty-four hour is commonly used to investigate the
LPS-induced changes in microglia (Klintworth et al. 2009;
Hines et al. 2013). The LPS-induced changes in the mor-
phology of the microglia and neurons were complete
within 24 h. In protocol 1, the co-culture systems were
randomly divided into 8 groups (n = 9 for each group).
The groups were treated with seven concentrations of
HSYA for 24 h: 12, 25, 50, 100, 200, 400, and 800 uM,
respectively. The media were removed after 24 h. The
cytotoxicity in the microglia and neurons within each co-
culture system were separately detected using a cytotoxi-
city assay. In protocol 2, the HSYA-treated group were
incubated with 50 or 100 pM HSYA dissolved in dimethyl
sulfoxide (DMSO) (Sigma, St. Louis, MO, USA) for 0.5 h
prior to the LPS stimulation, while the control + vehicle
group was treated with an equal volume of DMSO. One
mg/mL LPS was added to the co-culture system and
incubated for different amounts of time. The co-culture
systems were randomly divided into 16 groups (n = 9 for
each group): (1) control + vehicle group, (2) 50 or
100 pM HSY A only group, and (3—16) 1 mg/mL LPS plus
vehicle or 50 uM or 100 pM HYSA at the corresponding
time. At the representative incubated periods, the microglia
and neurons from one representative plate of each group
were separately subjected to confocal microscopy obser-
vations and densitometric analysis. The microglia in each
group were collected and subjected to TLR4 detection by
Western blot. The neurons in each group were collected
and the number of apoptotic neurons was quantified by
TUNEL staining. In protocol 3, the HSYA-treated group
received HSYA 0.5 h before the LPS stimulation, while the
control + vehicle group was treated with DMSO. One mg/
mL LPS was added to the co-culture system and incubated
for 24 h. The co-culture systems were randomly divided
into six groups (n = 9 for each group): (1) control + ve-
hicle group, (2) 50 uM HSYA only group, (3) 100 uM
HSYA only group, (4) 1 mg/mL LPS for 24 h, (5) 1 mg/
mL LPS 4 50 pM HYSA for 24 h, and (6) 1 mg/mL
LPS + 100 uM HYSA for 24 h. After incubation, nuclear
and cytoplasmic proteins from microglia were extracted by

Nuclear—Cytosol extraction kit (Applygen Technologies
Inc, Beijing, China). Then, proteins from the cytosolic and
the mitochondrial fraction were collected for detecting the
release of NF-kB p65 and its phosphorylation. The proteins
collected from cytosolic were subjected to detect IxkBa and
phosphorylated IkBa expression. In protocol 4, the HSYA-
treated group received HSYA 0.5 h before the LPS stim-
ulation, while the control 4 vehicle group was treated with
DMSO. One mg/mL LPS was added to the co-culture
system and incubated for 24 h. The co-culture systems
were randomly divided into six groups (n = 9 for each
group): (1) control + vehicle group, (2) 50 M HSYA
only group, (3) 100 uM HSYA only group, (4) 1 mg/mL
LPS for 24 h, (5) 1 mg/mL LPS + 50 uM HYSA for 24 h,
and (6) 1 mg/mL LPS 4 100 pM HYSA for 24 h. The
neurons were subjected to Western blots to detect the
cleaved caspase-3 protein. The microglia were subjected to
MyD88, NF-xB p65, and BDNF protein expression and
immunofluorescence assays, and critical members that are
regulated by MAPK include protein kinase (ERK) 1/2, p38
MAPK (p38), and c-Jun NH2-terminal protein kinase
(JNK) Western blots.

Cytotoxicity Assay

Cell viability was evaluated by the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) reduction
assay. As described in protocol 1, after 24 h of incubation,
the media were removed. The Transwell was removed from
the neuron-enriched medium. The microglia and neurons in
each group were separately analyzed using the cytotoxicity
assay. The cells were incubated with 0.5 mg/mL of the
MTT solution for 3 h at 37 °C in humidified incubator with
5 % CO, and 95 % room air. Then, the supernatant was
removed and the formazan crystals were solubilized in
DMSO and measured at 490 nm. Cell viability was
expressed as a percentage, with the vehicle-treated cells set
to 100 %.

TUNEL Staining

TUNEL staining was performed using the cell death
detection kit (Roche, Basilea, Switzerland), according to
manufacturer’s instructions. As described in protocol 2, the
neurons in each group were subjected to TUNEL staining.
The neurons were washed with phosphate-buffered saline
(PBS) and fixed in 4 % (w/v) triformol for 60 min. The
fixed neurons were again washed with PBS and incubated
in freshly prepared 0.1 % (w/v) Triton X-100 and 0.1 %
(w/v) sodium citrate for 2 min on ice in the dark. The
images of the TUNEL-stained plates were acquired with
MetaMorph imaging software (Molecular Devices) using a
Nikon epi-fluorescence microscope equipped with a
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CoolSNAP-EZ CCD (charge-coupled-device) camera
(photometrics). The number of TUNEL-positive apoptotic
neurons on the plate from each group were counted using
the MetaMorph imaging software.

Isolation of Cytoplasmic and Nuclear Protein

As described in protocol 3, cultured medium from plates
were removed and microglia were detached with cold
phosphate-bufferedsaline (PBS) and centrifuged at
1000 rpm for 5 min at 4 °C. Pellets were resuspended in
200 pL of cytosol extraction buffer A and incubated on ice
for 10 min. Then 10 pL cytosol extraction buffer B was
added and incubated on ice for 1 min and centrifuged at
1000 rpm for 5 min at4 °C. The pellet contains crude nuclei.
The supernatant was transferred to a new tube and further
centrifuged at 12,000 rpm for 5 min at4 °C. The supernatant
is cytoplasmic proteins. The crude pellet was washed once
with 100 pL cytosol extraction buffer A, spined for 5 min at
1000 rpm, and the supernatant was discarded. 50 pL of cold
nuclear extraction buffer was added and incubated on ice for
30 min. Finally, samples were centrifuged at 12,000 rpm for
5 min at 4 °C and supernatants were collected as nuclear
proteins.

Immunofluorescence Image Acquisition of Microglia
and Skeleton Analysis

According to protocol 2, the Transwell was removed from
the neuron-enriched medium and the microglia were sep-
arated from the neurons. The cultured microglia and neu-
rons were separately washed with PBS (pH 7.4) and fixed
with ice-cold ethanol for 10 min at 4 °C. Then the cells
were separately permeabilized with 10 % normal goat
serum, 3 % bovine serum albumin, and 0.1 % Triton
X-100 inPBS for 1 h, and then incubated with the primary
antibody for 48 h at 4 °C. After washing, cells separately
were incubated overnight with the secondary antibody at
4 °C. The wash step was repeated, the nuclei of all cells
were then washed and incubated with 4’,6-diamidino-2-
phenylindole (DAPI, 1:500, Millipore) for 15 min at room
temperature. Morphological alterations of microglia
labeled with anti-CD11b (1:200, Abcam) or neurons
labeled with mouse anti-NeuN (1:200, Millipore) were
estimated as previously described (Kurpius et al. 2006)
using the confocal images. Briefly, the particle measure-
ment feature of Image J was used to automatically evaluate
the circularity index of microglia or neuron, using the
formula CI = 47 (area/perimeter?). A circularity index of
1.0 indicates a perfect circle. The microglia or neuron
complexity and branch length were assessed by skeleton
analysis using Image J software, as described previously
(Morrison and Filosa 2013). Briefly, confocal images were
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converted to 8-bit format, followed by noise de-speckling
to eliminate single-pixel background fluorescence. Then,
images were converted to binary images, which were
analyzed using Analyze Skeleton plugin to assess the
number of microglia or neuron processes, number of
branch endpoints and maximum branch length for each
cell. These results were analyzed as average per frame.

Western Blot Analysis

According to protocol 2, the microglia treated with LPS or
HSYA for 5, 10, 20, 40 min, 1, 12, and 24 h were subjected
to Western blots to detect TLR4 expression. The microglial
lysates were separated by centrifugation at 12,000x g at4 °C
for 15 min. The supernatant was collected and protein con-
centrations were determined by the BCA assay. Samples
containing 40 ng of proteins were analyzed by elec-
trophoresis on 12 % SDS-polyacrylamide gels. Subse-
quently, the proteins were transferred onto PVDF
membranes in a Tris-glycine transfer buffer. The membranes
were blocked with 5 % nonfat dry milk for 2 h at room
temperature and then incubated with a mouse anti-TLR4
antibody (1:400, Abcam, Massachusetts, USA). After the
membrane was washed in TBST, it was incubated in the
appropriate AP-conjugated secondary antibody (diluted
1:2000 in secondary antibody dilution buffer) for 1 h at
37 °C.

According to protocol 3 and 4, the neurons treated with
vehicle, LPS, or HSYA for 24 h were subjected to Western
blots to detect the cleaved caspase-3 protein. The elec-
trophoresis procedure was the same as described above.
The membrane was blocked with 5 % freshly prepared
degreased milk-TBST for 2 h at room temperature and then
incubated with the following primary antibodies overnight
at 4 °C: mouse anti-cleaved caspase-3 (1:400, CST, St.
Louis, USA) and anti-B-actin (1:1,000, CST, St. Louis,
USA). The proteins from the cytosolic and the mitochon-
drial fraction were collected for detecting the release of
NF-kB p65 and its phosphorylation. The proteins collected
from cytosolic were subjected to detect IxBa and phos-
phorylated IkBa expression. The control + vehicle group
and the groups treated with LPS or HSYA for 24 h were
subjected to Western blots to analyze MyD88, BDNF, p65,
p-p65, ERK1/2, p-ERK1/2, INK, p-JNK, p38, and p-p38
expression. The membranes were blocked with 5 % freshly
prepared degreased milk-TBST for 2 h at room tempera-
ture and then incubated with the following primary anti-
bodies overnight at 4 °C: rabbit anti-MyD88 (1:500,
Abcam), mouse anti-NF-kB p65 (1:1000, CST), mouse
anti-NF-kB p-p65 (1:1000, CST), rabbit anti-IkBa (1:1000,
SCBT), mouse anti-phosphorylated-IkBa (1:1000, SCBT),
mouse BDNF (1: 400, Abcam), mouse anti-JNK (1:1000,
CST), mouse anti-p-JNK (1:1000, CST), mouse anti-
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ERK1/2 (1:1000, CST), mouse anti-p-ERK1/2 (1:1000,
CST), mouse anti-ERK1/2 (1:1000, CST), mouse anti-p38
(1:1000, CST), mouse anti-p-p38 (1:1000, CST), and anti-
B-actin (1:1,000, CST). After washing in TBST, all of the
membranes were incubated with the appropriate HRP-
conjugated secondary antibody for 50 min. The bands were
visualized with enhanced chemiluminescence and the
images were captured using a bio-Image Analysis System
(Bio-Rad, Hercules, CA, USA).

Determination of the TNF-a, IL-1p, and NO Levels
in the Cell Culture Supernatants by ELISA

According to protocol 3, the cell culture supernatants from
the control + vehicle, 24 h LPS stimulation, and HSYA-
treated groups were collected and centrifuged at
12,000 g for 15 min at 4 °C. The cytokine concentrations
were evaluated using ELISA kits (R&D Systems, Min-
neapolis, MN, USA), according to the manufacturer’s
guidelines. The cellular cytokine concentrations were
expressed as picograms per milliliter. The absorbance at
450 nm was measured and the protein concentrations were
determined using standard curves of the recombinant TNF-
o, IL-1PB, or NO proteins generated on an ELISA reader
(Model ELX800; BioTek, USA).

Statistical Analysis

All values are expressed as mean £+ SD The differences
between the groups were compared using a one-way
ANOVA followed by Tukey’s post hoc test. An unpaired
Student’s ¢ test was used to compare the data between two
groups. The levels of significance were set to P < 0.05 and
P < 0.01.

Results
The Optimal Concentration of HSYA was Chosen

In the Transwell co-culture system, the two cell types could
not contact each other, but could communicate with each
other through permeable, secreted factors. The appropriate
drug concentration for the co-culture system was chosen
for the subsequent experiments. The MTT reduction assay
was used to examine the viability of the two cell types after
the HYSA incubation. To determine the optimal concen-
tration of HSYA, 12, 25, 50, 100, 200, 400, or 800 uM
HSYA were applied to individual wells of the co-culture
system. As shown in Fig. 1, the administration of 200 pM
HSYA significantly reduced the microglial viability to
92.12 % (92.12 £+ 3.67, P < 0.05, Fig. 1) compared to the
control + vehicle group (100.01 + 5.24, Fig. 1), whereas

—A—Microglia
—i—Neurons

0 12 25 50 100 200 400 800 pMm

Fig. 1 12, 25, 50, 100, 200, 400, or 800 uM HSYA, respectively,
were administered to the microglia and neurons in the co-culture
system and incubated for 24 h. The cell viability of the neurons and
microglia in the co-culture system was then detected using a
cytotoxicity assay. The data are averages with SD, n =09.

*P < 0.05 versus the control + vehicle group for microglial viability,
#P < 0.05 versus the control + vehicle group for neuronal viability

the cell viability in the 12, 25, 50, and 100 pM HSYA-
treated groups did not significantly differ from those in the
control + vehicle group (P < 0.05, Fig. 1). Moreover, the
administration of 400 uM (91.23 + 5.69, P < 0.05, Fig. 1)
and 800 uM (80.89 £+ 5.21, P < 0.05, Fig. 1) HSYA sig-
nificantly reduced the neuronal viability compared to the
control + vehicle group (99.75 £ 4.24, Fig. 1). Low con-
centrations of HYSA were safe for both microglia and
neurons. Taken together, 50 and 100 uM HSYA were
chosen as the optimal concentration for the subsequent
experiments.

The Morphological Changes of Microglia
and Neurons were Observed

The LPS-induced morphological changes in  microglia
were described in the introduction. The resting-state micro-
glia extend branches to survey the changes in the environ-
ment and neurons also sense the environmental changes with
its branches. High-magnification confocal microscopy
clearly demonstrated the morphological changes in the
microglia and neurons from the different groups. Then, four
monitoring indexes: circularity index, numbers of bran-
ches/cells, numbers of process endpoints/cell and maximum
branch length (pum)/cells were applied to detect the mor-
phological changes of microglia and neurons. The treat-
ments with 50 or 100 pM HSYA for 24 h [circularity index
(CD 0.13 £ 0.05 and 0.14 £ 0.02, respectively, Fig. 2g]
(numbers of branches 39.48 + 3.05 and 40.56 + 2.02,
respectively, Fig. 2h) (numbers of process endpoints
9.45 £ 0.62 and 10.14 £ 1.07, respectively, Fig. 2i) (max-
imum branch length 20.56 £+ 1.05 and 21.89 + 2.02,
respectively, Fig. 2j) did not affect the morphology of
microglia and neurons compared with control + vehicle
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Fig. 2 The morphological changes and skeleton analysis in the
neurons and microglia from the co-culture systems were observed
under a confocal microscope. The co-culture system was stimulated
with 1 mg/mL LPS or treated with 50 or 100 uM HSYA at different
time points. HSYA was also administered 0.5 h before LPS stimu-
lation and incubated with the co-culture system. Bar 50 pm.
a Control + vehicle: skeleton analysis images of the morphology of
the microglia or neurons from the control 4 vehicle group under
24 h; b skeleton analysis images of the morphology of the microglia
or neurons treated with LPS or 50 or 100 pM HSYA under 5 min;
¢ skeleton analysis images of the morphology of the microglia or
neurons treated with LPS or 50 or 100 uM HSYA under 20 min;
d skeleton analysis images of the morphology of the microglia or
neurons treated with LPS or 50 or 100 uM HSYA under 1 h;

groups at the corresponding incubation time (CI10.12 £ 0.03
and 0.14 + 0.04, respectively, Fig. 2g) (numbers of bran-
ches 37.45 £ 3.54 and 41.05 % 3.56, Fig. 2h) (numbers of
process endpoints 9.52 + 0.67 and 10.12 £ 0.65, Fig. 2i)
(maximum branch length 22.56 + 2.51 and 21.08 £ 1.56,
Fig. 2j). In order to simplify the comparison between ima-
ges, we chose the control + vehicle groups at 24 h as the
representative control + vehicle group for every groups for
comparison. LPS-triggered cell morphology is one of the
marks of cell activation and used to categorize different
activation states (Kettenmann et al. 2011). After 5 min of
LPS stimulation, the microglia reduced the complexity of
their shape by retracting the branches into the cell body (CI
0.25 £ 0.02, P <0.01, Fig. 2g) (numbers of branches
17.50 + 4.12, P < 0.01, Fig. 2h) (numbers of process end-
points 5.64 + 0.67, P < 0.01, Fig. 2i) (maximum branch
length 11.45 + 2.03, P < 0.01, Fig. 2j). The microglia
showed more heterogeneous shapes, ranging from spindle-,
rod- and -ramified shaped with short-thick processes to an
more amoeboid-like morphology, with increasing LPS
stimulation time. The cell bodies of most of the control
neurons exhibited fusiform and ellipse shapes, with
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e skeleton analysis images of the morphology of the microglia or
neurons treated with LPS or 50 or 100 uM HSYA under 12 h;
f skeleton analysis images of the morphology of the microglia or
neurons treated with LPS or 50 or 100 puM HSYA under 24 h. g The
circularity index monitoring for microglia and neurons; h number of
branches per cell monitoring for microglia and neurons; i the number
of process endpoints per cell monitoring for microglia and neurons;
j the maximum branch length (um) per cell monitoring for microglia
and neurons. The data are averages with SD, n = 9. p < 0.05,
#P < 0.01 versus the control + vehicle group for microglial or
neuronal reactivity indexes, *P < 0.05, **P < 0.01 versus microglial
or neuronal reactivity indexes under the corresponding LPS stimu-
lation time

elongated, thickened branches connected in a network.
While 5 min of LPS stimulation resulted in morphological
changes in the microglia, the neurons did not exhibit sig-
nificant morphological changes compared with con-
trol 4 vehicle groups. After 20 min of LPS stimulation, the
cell bodies of the neurons began to shrink and the branched
network began to disappear (CI 0.14 4+ 0.04, P < 0.01,
Fig. 2g) (numbers of branches 21.06 £ 1.54, P < 0.01,
Fig. 2h) (numbers of process endpoints 5.51 £ 1.02,
P < 0.01, Fig. 2i) (maximum branch length 11.45 £ 2.12,
P < 0.01, Fig. 2j). These results indicate that the microglia
and neurons were activated at different time points. Skeleton
morphological analysis was subjected to further detect more
subtle morphological changes compatible with cellar acti-
vation. The neurons in the co-culture system underwent
apoptosis after the activation of the microglia. However,
when the cells were treated with HSYA after LPS stimula-
tion, the microglial and neuronal damage in the co-culture
groups were less pronounced (Fig. 2c). Microglial activation
were postponed to 1 h of LPS stimulation in the presence of
50 uM HSYA (CI 0.24 + 0.02, P < 0.01, Fig. 2g) (num-
bers of branches 20.48 £+ 1.67, P < 0.01, Fig. 2h) (numbers
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of process endpoints 5.87 £ 0.64, P < 0.01, Fig. 2i) (max-
imum branch length 11.48 £ 1.67, P < 0.01, Fig. 2j), and
24 h of LPS stimulation in the presence of 100 uM HSYA
(CI10.24 £ 0.02, P < 0.01, Fig. 2g) (numbers of branches
16.48 + 2.54, P < 0.01, Fig. 2h) (numbers of process end-
points 6.12 + 0.94, P < 0.01, Fig. 2i) (maximum branch
length 12.45 £ 2.54, P < 0.01, Fig. 2j). Meanwhile, the
neurons maintained their shape and branched network for 12
or 24 h after LPS stimulation in the presence of 50 or 100 M
HSYA (CI 0.39 4+ 0.03 and 0.15 £ 0.07, respectively,
P < 0.01, Fig. 2g) (numbers of branches 23.45 £ 2.46 and
19.56 + 1.68, respectively, P < 0.01, Fig. 2h) (numbers of
process endpoints 6.87 £ 0.76 and 6.58 £ 0.31, respec-
tively, P < 0.01, Fig.2i) (maximum branch length
11.85 & 1.62 and 10.47 £ 1.42, respectively, P < 0.05,
Fig. 2j). The HSYA treatment could effectively inhibit the
LPS-induced morphological changes in the microglia and
neurons.

HSYA Functions by Inhibiting TLR4 Expression

LPS stimulation up-regulated TLR4 expression in the
microglia after 5 min (1.51 &£ 0.12, P < 0.01, Fig. 3a;
142 £ 0.13, P <0.01, Fig. 3c) compared to the con-
trol + vehicle group (1.09 £ 0.23, Fig. 3a; 0.90 £ 0.25,
Fig. 3c). The up-regulation of TLR4 continued for 10 min
(1.63 £ 0.24, P < 0.05, Fig. 3a; 1.64 £ 0.27, P < 0.05,
Fig. 3c), 20 min (1.89 £ 0.24, P <0.05, Fig. 3a;
2.10 &£ 0.08, P < 0.01, Fig.3c), 40 min (2.47 £ 0.16,
P < 0.01, Fig. 3a; 2.67 £ 0.14, P < 0.05, Fig. 3c), 1 h
(2.98 £ 0.19, P <0.01, Fig. 3a; 3.15 £ 0.17, P < 0.01,
Fig.3c), 12h (3.56 £0.21, P <0.01, Fig. 3A;
341 £ 0.24, P < 0.01, Fig. 3c), and 24 h (3.97 £ 0.17,
P < 0.01, Fig. 3a; 3.56 £ 0.12, P < 0.01, Fig. 3c) of LPS
stimulation compared to the groups exposed to LPS for
5 min, which had the same tendency with those data in
Fig. 4a. Interestingly, HSY A-alone showed a increase trend
in TLR4 expression, although no statistical significance was
achieved. LPS-induced TLR4 expression gradually
increased over time, up to 24 h, with the highest expression
(3.97 £ 0.17, P <0.01, Fig. 3a; 3.56 £ 0.12, P < 0.01,
Fig. 3c) in the microglia. The neurons in the control + ve-
hicle group had a normal cellular morphology and tightly
packed neuronal networks (Fig. 2), and the numbers of
apoptotic neurons after 5 and 10 min of LPS stimulation
(7.32 £ 346; 6.31 £3.17, Fig. 3b; 6.22 £ 5.20;
5.83 £+ 5.89, Fig. 3d) were similar to the levels of con-
trol + vehicle group (4.76 & 4.19, Fig. 3b; 5.31 + 3.12,
Fig. 3d). The number of apoptotic neurons had increased
after 20 min of LPS stimulation (26.46 4+ 2.19, P < 0.05,
Fig. 3b; 27.82 £ 6.67, P < 0.01, Fig. 3d) compared to the
groups exposed to LPS for 5 min. However, the up-regulated

TLR4 expression in microglia was significantly neutralized
by HSYA. Fifty uM HSY A down-regulated the LPS-induced
TLR4 expression after 5 min (1.24 + 0.12, P < 0.05,
Fig. 3a), 10 min (1.37 £ 0.12, P < 0.05, Fig. 3a), 20 min
(1.52 £ 0.17, P <0.05, Fig. 3a), 40 min (1.87 & 0.23,
P < 0.05, Fig. 3a), 1 h (1.98 £ 0.24, P < 0.01, Fig. 3a),
12h (212 £0.25, P <0.01, Fig.3a), and 24h
(2.49 £ 0.26, P < 0.01, Fig. 3a). One hundred pM HSYA
down-regulated the LPS-induced TLR4 expression after
5Smin (1.11 £0.17, P <0.05, Fig.3a), 10 min
(1.10 £ 0.15, P < 0.05, Fig. 3a), 20 min (1.63 £ 0.12,
P <0.01, Fig.3a), 40 min (2.16 &£ 0.29, P < 0.01,
Fig.3a), 1h (225 +0.29, P <0.01, Fig.3a), 12h
(242 £ 0.29, P < 0.01, Fig. 3a), and 24 h (2.15 £+ 0.35,
P < 0.01, Fig. 3a). After 12 and 24 h of LPS stimulation,
50 uM HSYA could down-regulate TLR4 expression to
similar levels; meanwhile, after 24 h of LPS stimulation,
100 M HSY A significantly down-regulated TLR4 expres-
sion in microglia. Simultaneously, the numbers of apoptotic
neurons were obviously decreased after 12 or 24 h of LPS
stimulation in the presence of 50 or 100 pM HSY A with the
highest numbers, respectively (45.16 + 2.74, P < 0.01,
5245 £ 5.16, P < 0.01, Fig. 3b; 10.14 &+ 3.35; 32.58 &+
7.06, P < 0.01, Fig. 3d), which was delayed compared to the
LPS-induced apoptosis. Thus, we predicted that HSYA
might exert its neuroprotective functions by down-regulat-
ing TLR4 expression in microglia.

Cleaved Caspase-3 Expression was Investigated
in Neurons

Because 50 or 100 uM HSYA significantly suppressed
TLR4 expression after 24 h of LPS stimulation, we used
these parameters to investigate the changes in the down-
stream effectors of TLR4. Western blots were also applied
to detect the neuronal changes after 24 h of LPS stimula-
tion. The levels of the cleaved caspase-3 protein in the
neurons from the co-culture system were detected after
24 h of LPS stimulation. Cleaved caspase-3 is well known
as an executioner protease of apoptosis following brain
ischemia (Zhu et al. 2014). That is why detection of
cleaved caspase-3 is an excellent marker for apoptosis in
immunohistochemistry. The levels of cleaved caspase-3 in
the neurons were significantly increased after 24 h of LPS
stimulation (2.20 + 0.13, P < 0.01, Fig. 4) compared to
the control + vehicle group (1.01 £ 0.06, Fig. 4). HSYA
significantly decreased the up-regulated cleaved caspase-3
levels in a dose-dependent manner (1.57 + 0.10, P < 0.01;
1.25 £ 0.05, P < 0.01, Fig. 4), respectively, compared to
the groups exposed to LPS for 24 h, which was consistent
with the decrease in the numbers of apoptotic neurons.
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Fig. 3 The HSYA treatment up-regulated TLR4 expression in the neurons;*P < 0.05, **P < 0.01 versus the neurons after 5 min of
microglia and reduced the numbers of apoptotic neurons in response LPS stimulation. ¢ The levels of the TLR4 protein in the stimulated
to LPS. 50 or 100 pM HSYA were administered 0.5 h before the LPS microglia compared to the 100 pM HSYA-treated groups at the
stimulation. a The levels of the TLR4 protein in the stimulated corresponding time points. The data are averages with SD, n = 9.

microglia compared to 50 uM HSYA-treated groups at the corre- #P < 0.05, ™P < 0.01 versus the control + vehicle group of micro-
sponding time points. The data are averages with SD, n =9. glia; *P < 0.05, **P < 0.01 versus the microglia after 5 min of LPS
#P < 0.05, ™P < 0.01 versus the control + vehicle group of micro- stimulation. d The numbers of apoptotic neurons in the stimulated
glia; *P < 0.05, **P < 0.01 versus the microglia after 5 min of LPS microglia compared to the 100 pM HSYA-treated groups at the
stimulation; b The numbers of apoptotic neurons in the LPS- corresponding time points. The data are averages with SD, n = 9.
stimulated group compared to 50 uM HSYA-treated groups at the #P < 0.05, P < 0.01 versus the control + vehicle group of neurons;
corresponding time points. The data are averages with SD, n = 9. *P <0.05, **P <0.01 versus the neurons after 5 min of LPS
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Fig. 4 Effects of 50 or 100 pM HSYA on the levels of the cleaved
caspase-3 protein in the neurons after 24 h of 1 mg/mL LPS
stimulation. The data are averages with SD, n = 9. ¥P < 0.01 versus
the control 4 vehicle group for neurons, *P < 0.05 versus neurons
under 24 h of LPS stimulation. Control + vehicle: neurons in the
control + vehicle group; control + 50 uM HSYA: neurons in the
50 pM HSYA-treated group; control 4+ 100 pM HSYA: neurons in
the 100 uM HSYA-treated group; LPS + vehicle: neurons in the
LPS-treated group; LPS + 50 pM HSYA: neurons in the 50 uM
HSYA plus LPS group; LPS + 100 pM HSYA: neurons in the
100 uM HSYA plus LPS group

HSYA Up-Regulated Brain-Derived Neurotrophic
Factor (BDNF) Expression in the LPS-Stimulated
Microglia

To further understand the effect of HSYA on TLR4 sig-
naling in microglia, Western blots were performed to
detect the expression of BDNF after 24 h of LPS stimu-
lation. The levels of the BDNF protein in the microglia
were decreased (0.73 £ 0.05, P < 0.01, Fig. 5a) after 24 h
of LPS stimulation compared to the control 4 vehicle
groups (1.01 £ 0.07, Fig. 5a). BDNF expression was not
significantly different in the groups treated with 50 or
100 pM HSY A compared to the control + vehicle groups.
Furthermore, BDNF expression was significantly up-regu-
lated in the 50 uM HSYA- or 100 pM-treated groups
compared to the groups exposed to LPS for 24 h
(0.78 £ 0.02, P < 0.01; 0.90 £ 0.03, P < 0.01, respec-
tively, Fig. 5a). The microglia were stained with an anti-
CD11b antibody (green). The immunofluorescent staining
demonstrated that 24 h of LPS stimulation weakened the
intensity of the BDNF immunofluorescence intensity (red)
compared to the control + vehicle group. Furthermore, the
cells treated with 50 or 100 uM HSYA (604.50 £+ 69.33,
P < 0.01;706.50 £ 21.17, P < 0.01, respectively, Fig. 5b,

¢) showed more robust BDNF immunofluorescence com-
pared to the groups stimulated with LPS for 24 h
(450.83 + 33.05, Fig. 5b, c).

HSYA Inhibited MyD88 Expression

and Decreased NF-kB p65 Expression,
Phosphorylation, and Nuclear

Translocation in the LPS-Stimulated Microglia

Western blots showed that MyD88 protein expression was
increased dramatically in the LPS-stimulated microglia
(2.32 + 0.30, P < 0.01, Fig. 6) when compared with the
control + vehicle groups (1.00 + 0.08, P < 0.01, Fig. 6)
and that it was significantly lower in 50 or 100 uM HSYA-
treated mice than in LPS-stimulated microglia at 24 h
(1.60 £ 0.06, P <0.01, 1.42 £ 0.04, P <0.01, Fig. 6).
Protein extracts from cytosol and nuclei of microglia
treated with vehicle or 50 or 100 uM followed by 24 h of
LPS stimulation were subjected to a semiquantitative
assessment. Western blots against p65 were performed.
Results were expressed as nucleus/cytosol ratio. As shown
in Fig. 7, LPS induced a remarkable increase in the
translocation of p65 subunit (1.50 + 0.08, P < 0.01,
Fig. 7A), which was dose dependently decreased by HSYA
treatment (1.32 & 0.04, P < 0.01, 1.25 £ 0.03, P < 0.01,
Fig. 7A). These results showed that HSYA was capable of
inhibiting translocation of p65 subunit to the nucleus upon
an inflammatory stimulus like LPS. Since degradation of
IxBo proteins is an essential step for NF-kB activation, we
further examined the effect of HSYA on the LPS-induced
IxkBo degradation. We found that IxkBo phosphorylation
had an increasing tendency in LPS-stimulated microglia
(1.44 + 0.03, P < 0.01, Fig. 7b). Dose-dependent HSYA
could significantly inhibit IxBo phosphorylation by Wes-
tern blot revealed the significant inhibitory effect on the
LPS-induced IxBoa phosphorylation in the presence of
HSYA (1.35 +0.02, P <0.01, 1.26 £ 0.02, P < 0.01,
Fig. 7b). Western blots were also performed to detect the
expression and phosphorylation of the NF-kB p65 after
24 h of LPS stimulation. The relative NF-xB p-p65/p65
protein levels in the microglia (2.52 £ 0.08, P < 0.01,
Fig. 7c) were significantly increased after 24 h of LPS
stimulation compared to the control 4 vehicle groups
(0.78 £ 0.04, Fig. 7c). Furthermore, the relative NF-xB
p-p65/p65 levels in the microglia were significantly down-
regulated in the 50 pM or 100 pM HSYA-treated groups
(2.15 £ 0.08, P <0.01; 1.60 & 0.06, P < 0.01, respec-
tively, Fig. 7c). The immunofluorescence analysis also
showed that the activated NF-xB p65 translocated to the
nucleus and demonstrated the nuclear accumulation of NF-
kB p65 in the microglia (1032.00 &+ 39.96, P < 0.01,
Fig. 7d, e). Pre-treatment with HSYA ameliorated these
cellular localization changes, which were visible in the
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Fig. 5 Effects of HSYA on BDNF expression after 24 h of 1 mg/mL
LPS stimulation, as detected by Western blots and immunofluores-
cence. a Effects of HSYA on BDNF expression in microglia after
24 h of 1 mg/mL LPS stimulation. b Effects of HSYA on the
colocalization of CD11b and BDNF in the microglia. The BDNF was
visualized by immunofluorescence staining (red) after 24 h; the cells
were counterstained with DAPI (blue) and the microglia were stained
with a CDI11b antibody (green). Bar 50 pm. The images were
captured under a confocal microscope with a magnification of x200.
The images are representative of nine individual plates from each
group. ¢ The immunoreactivity of BDNF in microglia localized in the
Ganglion cell layer (GCL) was quantified. Results are expressed as
percentage of control + vehicle from nine independent experiments.

photomicrographs (811.50 £ 27.25, P < 0.01; 564.83 £
44.75, P < 0.01, respectively, Fig. 7d, e).

HSYA Down-Regulated p-ERK1/2, p-JNK, and
p-p38 Expression in the LPS-Stimulated Microglia

The LPS-stimulated microglia could induce the phospho-
rylation of the proteins in the MAPK signaling pathway,
resulting in the production of inflammatory mediators.
ERK1/2, JNK, and p38 are critical kinases of the MAPK
family. The Western blot results showed that the relative
levels of the p-ERKI1/ERK1, p-ERK2/ERK2, p-JNK/INK,

@ Springer
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The data are averages with SD, n=9. *P < 0.05 versus the
control + vehicle group of microglia, *P < 0.05 versus the microglia
after 24 h of LPS stimulation. Control 4 vehicle: BDNF expression
in the microglia from control + vehicle group; Control + 50 uM
HSYA: BDNF expression in the microglia that were only treated with
50 uM HSYA; control + 100 uM HSYA: BDNF expression in the
microglia that were only treated with 100 pM HSYA; LPS + vehicle:
BDNF expression in the microglia that were only stimulated with
LPS; LPS + 50 uM HSYA: BDNF expression in the microglia
treated with 50 uM HSYA and LPS; LPS 4 100 uM HSYA: BDNF
expression in the microglia treated with 100 pM HSYA and LPS
(Color figure online)

and p-p38/p-38 (1.98 £+ 0.01, P < 0.01, Fig. 8a; 1.31 &+
0.12, P < 0.05, Fig. 8a; 2.05 + 0.01, P < 0.05, Fig. 8b;
and 2.58 + 0.10, P < 0.01, Fig. 8c, respectively) proteins
were increased after 24 h of LPS stimulation compared to
the control + vehicle groups (0.97 £ 0.16, Fig. 8a;
1.21 + 0.19, Fig. 8a; 0.67 £ 0.05, Fig. 8b; and 1.16 &+
0.04, Fig. 8c, respectively). Dose-dependently HSYA
decreased the LPS-induced up-regulation of p-ERKI1/
ERK1, p-JNK/INK, and p-p38/p-38 (1.61 £ 0.09,
P <0.01, 1.45 £ 0.06, P <0.01, Fig. 8a; 1.78 £ 0.04,
P <0.01,1.65 £ 0.02, P < 0.01, Fig. 8b and 2.05 £ 0.15,
P < 0.01, 1.83 £ 0.06, P < 0.01, Fig. 8c, respectively),
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Fig. 6 Effects of 50 or 100 pM HSYA on the levels of the MyD88
protein in the neurons after 24 h of 1 mg/mL LPS stimulation. The
data are averages with SD, n = 9. #p <0.01 versus the con-
trol + vehicle group for microglia, *P < 0.05 versus microglia under
24 h of LPS stimulation. Control + vehicle: neurons in the con-
trol + vehicle group; control 4+ 50 M HSYA: neurons in the 50 M
HSYA-treated group; control + 100 pM HSYA: neurons in the
100 uM HSYA-treated group; LPS + vehicle: neurons in the LPS-
treated group; LPS + 50 pM HSYA: neurons in the 50 pM HSYA
plus LPS group; LPS + 100 uM HSYA: neurons in the 100 uM
HSYA plus LPS group

while had no effects on p-ERK2/ERK2 (1.24 + 0.07,
1.21 £ 0.06, Fig. 8a).

HSYA-Attenuated Inflammatory Cytokines Release
in the LPS-Stimulated Microglia

To identify the changes in the factors downstream of the
NF-kB and MAPK pathways, the levels of the secreted
cytokines after 24 h of LPS stimulation were examined by
ELISA. The levels of TNF-a (129.46 £+ 4.21, P < 0.01,
Fig. 8d), IL-1B (157.47 + 5.64, P < 0.01, Fig. 8d), and
NO (69.46 + 3.67, P < 0.01, Fig. 8d) secretion after 24 h
of LPS stimulation were significantly increased compared
to the control + vehicle group (TNF-o 40.12 + 5.13), IL-
1B (19.65 £ 3.68) and NO (27.96 + 3.11) (Fig. 8d).
However, 50 uM or 100 uM HSYA profoundly inhibited
the LPS-induced up-regulation of TNF-o (110.26 + 3.19,
P < 0.05, 70.15 + 5.64, P < 0.01, respectively), IL-1B
(94.48 £ 3.17, P < 0.01, 63.24 + 2.16, P < 0.01, respec-
tively), and NO secretion (42.17 & 2.56, P < 0.05,
35.01 + 4.13, P < 0.05, respectively) (Fig. 8d).

Discussion

Microglia are activated by endogenous ligands to release a
number of inflammatory cytokines, which have been
demonstrated to play an important role in initiating cerebral
ischemia reperfusion injury (Wang et al. 2014). Microglial
cells fulfill the “double-edged sword” tasks within the
CNS that are related to both the immune response and
maintaining homeostasis (Jiang et al. 2014). Activated
microglia use multiple mechanisms to secrete large
amounts of cytokines (Zhang et al. 2015), matrix metal-
loproteinases (Lee et al. 2015a), and neurotoxic (Wu et al.
2015), BDNFs (Zhang et al. 2014a) to initiate the inflam-
matory cascade reaction. Therefore, therapeutic strategies
targeting microglial activation are attractive approach to
combat CNS injury.

The morphological changes in microglia and neurons in
response to different periods of LPS stimulation were
observed. Microglia are immune cells that scavenge the
CNS for damage and can reflect environmental stimulation
earlier than neurons (Nakajima and Kohsaka 2004). A time
period of 24 h was sufficient to observe the morphological
changes in the LPS-stimulated microglia. The LPS-induced
morphological changes in the microglia and neurons were
complete within 24 h. The up-regulation of circularity
index and the down-regulation of numbers of branches,
numbers of process endpoints, and maximum branch length
presented that microglia morphology changed to a more
amoeboid-like morphology. Meanwhile, under LPS stim-
ulation, neurons shrink the cell bodies, circularity index
were up-regulated and numbers of branches, numbers of
process endpoints and maximum branch length were down-
regulated. Five min of LPS stimulation resulted in the
microglial activation, which was earlier than the neuronal
apoptosis observed after 20 min of LPS stimulation. The
increased number of microglia with an amoeboid shape
represented the environmental changes in response to the
neuronal damage in the CNS (Kraft and Harry 2011). As
the LPS stimulation time increased, more microglia
exhibited amoeboid shapes, which represented more severe
inflammation in the CNS. Microglia are the defensive cells
of the nervous system, and their activation is preceded by
neuronal damage. The data proved once more that the
neuronal changes were dependent on the presence of
microglia. The increased TLR4 expression overtime was
consistent with the time required for LPS-induced micro-
glial activation. TLR4 had been shown to induce microglial
activation and the release of inflammatory molecules that
are responsible for the neurotoxicity observed in some CNS
diseases (Lehnardt 2010). The inhibition of TLR4 expres-
sion in microglia may underlie the mechanism of neu-
roinflammation (Yao et al. 2013).
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Fig. 7 Effects of HSYA on NF-xB p65 subunit translocation in the
microglia after 24 h of 1 mg/mL LPS stimulation, as detected by
Western blots and immunofluorescence. a Effect of HSYA on the
degradation and phosphorylation of IxBo protein expression in
cytosol of microglia treated with LPS for 24 h. b Effect of HSYA on
the degradation and NF-kB p65 protein expression in nucleus/cytosol
ratio of microglia treated with LPS for 24 h. ¢ Effect of HSYA on the
degradation and phosphorylation of NF-kB p65 protein expression in
microglia treated with LPS for 24 h. d Effects of 100 uM HSYA on
the colocalization of CD11b and NF-kB p65 in the microglia. NF-xB
p65 was visualized by immunofluorescence staining (red) after 24 h
of LPS stimulation; the cells were counterstained with DAPI (blue)
and the microglia were stained with an CD11b antibody (green). Bar
50 um. The images were captured under a confocal microscope with a

HSYA is the active component in a traditional Chinese
herb, which has been widely used in the clinic to treat
cardiovascular and cerebral diseases. Preliminary experi-
ments demonstrated that HSYA could effectively decrease
the infarct volume and down-regulate TLR4 expression in
a cerebral ischemia reperfusion mouse model (Chen et al.
2013). Furthermore, more detailed studies should focus on
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magnification of x200. The images are representative of six
individual plates from each group. e The immunoreactivity of NF-
kB p65 in microglia localized in the GCL was quantified. Results are
expressed as percentage of control + vehicle from nine independent
experiments. The data are averages with SD, n = 9. *P < 0.05
versus the control 4 vehicle group of microglia, *P < 0.05 versus the
microglia after 24 h of LPS stimulation. Control + vehicle: microglia
from control 4 vehicle group; control + 50 pM HSYA: microglia
that were only treated with 50 uM HSYA; control + 100 uM HSYA:
microglia that were only treated with 100 uM HSYA; LPS + vehicle:
microglia that were only stimulated with LPS; LPS + 50 uM HSYA:
microglia treated with 50 pM HSYA and LPS; LPS + 100 uM
HSYA: microglia treated with 100 uM HSYA and LPS (Color
figure online)

the mechanism in related cell models. Safe concentrations
of HSYA were chosen via the MTT cytotoxicity assay. The
results showed that 50 or 100 pM HSY A had no effect on
the cellular morphology and downstream signaling mole-
cules. In the presence of 50 or 100 uM HSYA, the
microglia did not exhibit obvious morphological changes
for 1 or 12 h after LPS stimulation. The administration of
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Fig. 8 Effects of HSYA on the ERK1/2, JNK, p38, and cytokine
levels in the microglia after 24 h of 1 mg/mL LPS stimulation.
a Effects of 100 uM HSYA on the relative levels of the ERK1/2
protein in microglia. b Effects of 100 uM HSYA on the relative levels
of the JNK protein in microglia. ¢ Effects of 100 uM HSYA on the
relative levels of the p38 protein in microglia. d Effects of 100 uM
HSYA on the TNF-o, IL-1f, and NO levels in microglia. The data are
averages with SD, n = 9. P < 0.01 versus the control + vehicle
group of microglia, *P < 0.05 versus the control + vehicle group of
microglia,**P < 0.05 versus the microglia after 24 h of LPS
stimulation, *P < 0.05 versus the microglia after 24 h of LPS

stimulation. Control + vehicle: ERK1/2, JNK, p38, or cytokine levels
in the microglia from the control + vehicle group; control 4+ 50 M
HSYA: ERK1/2, INK, p38, or cytokine levels in the microglia that
were only treated with 50 uM HSYA; control + 100 uM HSYA:
ERK1/2, JNK, p38, or cytokine levels in the microglia that were only
treated with 100 pM HSYA; LPS + vehicle: ERK1/2, INK, p38, or
cytokine levels in the microglia that were only stimulated with 1 mg/
mL LPS; LPS + 50 uM HSYA: ERK1/2, JNK, p38, or cytokine
levels in the microglia that were treated with 50 pM HSYA and LPS;
LPS + 100 uM HSYA: ERK1/2, JNK, p38, or cytokine levels in the
microglia that were treated with 100 uM HSYA and LPS
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HSYA could prevent microglial alterations at the early
stage of LPS-induced microglia reactivity. Meanwhile, in
the presence of HSYA, the neurons exhibited the mor-
phological changes of apoptosis after 12 or 24 h of LPS
stimulation. In both the only-LPS stimulation condition or
the LPS and HSYA condition, the activation times required
for microglia were also later than those required for the
neurons. Neuronal changes depend on the presence of
microglia; thus, we inferred that HSYA could exert pro-
tective functions on neurons by inhibiting microglial acti-
vation. Microglia might be the therapeutic immune
effectors for HSYA in treatments for CNS diseases.
However, a more detailed molecular mechanism of the
downstream signaling pathways needs to be investigated.

Upon activation of TLR4 signaling, the microglia
undergo morphological changes and respond to pathogens
by mediating immune responses through secreted signaling
molecules. Microglia fulfill the ‘double-edged sword’
tasks, where beneficial effects are exerted through the
release of neurotrophic factors. Among the neurotrophic
factors, the BDNF supports neuronal survival and encour-
ages the growth of new neurons and synapses (Song et al.
2014). LPS stimulation might cause a marked increase in
BDNF mRNA expression (Chen et al. 2013). However, in
the later, pathological process of inflammation stimulated
by a high dose of LPS, BDNF was down-regulated, which,
in turn, weakens its functions in neurons, leading to the
aggravation of inflammation and injury (Umschweif et al.
2014; Lindvall et al. 1992; Tanaka et al. 2006). As shown
in Fig. 6, we found that BDNF was down-regulated after
24 h of LPS stimulation compared to the control + vehicle
group. Dose-dependently HSYA increased BDNF expres-
sion, thus inhibiting the LPS-induced down-regulation. The
higher concentrations of HSYA up-regulated BDNF
expression more than the lower concentration. However,
the reports indicated that increasing BDNF might promote
the cellular survival via inhibition of the caspase-3 pathway
(Madeddu et al. 2004; Shulga et al. 2009; Kawamura et al.
2012), then the inhibition of caspase-3 pathway might be
due to the up-regulation of BDNF expression. Thus, it is
interesting to make further researches on whether BDNF in
the microglia might influence the cleaved caspase-3
expression in neurons via non-contact co-culture system.
These findings may indicate that HSYA might play a
neuroprotective role by inducing the BDNF pathway.

In addition to its neurotrophic functions, within the
TLR4 signaling pathway, the MyD88-dependent signaling
pathway is an important activator of NF-xB and the sub-
sequent regulatory effects of NF-xB signaling (Buchanan
et al. 2010; Barton and Medzhitov 2003). Reports have
indicated that TLR4/MyD88 cascade in microglia was
essential for neuronal injury induced by HSP60 via the co-
culture of WT neurons with MyD88 '~ or Lps? microglia
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(Lehnardt et al. 2008). Also, cerebral ischemia/reperfusion
injury could be ameliorate through the down-regulation
of TLR4/MyD88/TRAF6 signaling pathway via HMGB-1
inhibition in the treatment of Dioscin ameliorates (Tao
et al. 2015). Here, the protein levels of MyD88 in microglia
were increased by LPS, and HSYA attenuated the up-reg-
ulation of MyD88 in the TLR4 pathway. These data further
indicate that HYSA regulates a complex series of inflam-
matory responses contributing to neuronal damage, in part
through the microglial TLR4/MyD88 signaling pathway.
TLR4 could activate a common signaling pathway by
triggering NF-kB p65 expression and phosphorylation
(Yoo et al. 2011). HSYA had been reported to inhibit the
translocation of NF-kB p65 and IxB-o by inhibiting TLR4-
mediated signaling following LPS-induced lung injury in
mice (Sun et al. 2010). In accord with these reports, the
levels and phosphorylation of NF-xB p65 were dose
dependently decreased in response to the HSYA treatment.
The MAPK pathway was also triggered after ischemia, and
ERK1/2, JNK, and p38 phosphorylation were increased in
the brains from normal mice (Lee et al. 2015b). Dose-
dependently HSYA inhibited the phosphorylation of
ERKI1, JNK, and p38 in the LPS-stimulated microglia
compared to the LPS only stimulation group. The TLR4
pathway also initiated neuroinflammatory cytokines via the
NF-xB and MAPK pathways. The results showed the
inflammatory cytokines downstream of TLR4, such as
TNF-a, IL-18, and NO, induced an inflammatory response
(Prathab Balaji et al. 2015). One hundred M HSYA had
better neuroprotective effects on the cellular morphology
and downstream signaling molecules than 50 pM HSYA.
However, higher concentrations are cytotoxic in microglia.
The therapeutic window for HSYA in the ischemia stroke
requires careful consideration. Taken together, these data
suggest that the protective effects of HSYA against
inflammatory responses in microglia might be mediated
through NF-«xB/MAPK/cytokine signaling, which are tar-
gets of the TLR4 pathway.

The CD11b-positive cells were not exclusively micro-
glia and also included monocytes and macrophages. The
peripheral immune response might permit the monocytes
or macrophages to infiltrate into the injured cells or tissues
(Walker et al. 2012). However, the microglia were the
focus of this paper. The inhibitory activities of HSYA on
the microglia might also be due to the potential activation
of monocytes or macrophages in response to LPS stimu-
lation. The more precise molecular mechanism for these
cell types is the focus of our future studies. TLR4 was
tightly connected to the microglia in the CNS. However,
TLR4 is widely expressed in neurons and astrocytes or
related tissues in addition to in the microglia (Laflamme
and Rivest 2001). TLR4 could participate in apoptosis
of hippocampal neurons (He et al. 2013) or promote NF-
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kB-dependent inflammatory response in astrocytes (Mar-
torana et al. 2015). Still more, TLR4 played the critical role
in astrocyte-microglia cooperation involved in the evolu-
tion of an inflammatory pathology on neurons (Barbierato
et al. 2015). We study the TLR4 on a representative
functional microglial-neuronal unit, while the effects of
TLR4 in astrocytes on neurons or TLR4 functions in
neuron itself was deserved further research.

Taken together, this study demonstrated that the HSYA
treatment attenuated the TLR4 pathways in the LPS-stim-
ulated microglia. The TLR4-induced innate immunity in
microglia may be a candidate therapeutic target for clinical
trials of cerebral ischemia injury diseases.
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