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Oxymatrine inhibits microglia activation
via HSP60-TLR4 signaling
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Abstract. Oxymatrine (OMT) is an alkaloid extracted from
Sophora flavescens, which has broad anti-inflammatory,
antitumor and immunosuppressant actions. However, the
underlying molecular mechanisms have remained elusive. Heat
shock protein 60 (HSP60) has recently been shown to have
an important role in autoimmune reactions. The present study
aimed to investigate whether OMT exerts its anti-inflamma-
tory effects by inhibiting microglial activation and examined
the role of HSP60 in this process. Western blot analysis and
ELISA showed that OMT decreased the expression and
release of HSP60 by LPS-activated BV2 cells. The expres-
sion of heat shock factor 1, the transcription factor of HSP60,
was also suppressed by OMT. Extracellular HSP60 has been
previously indicated to induce microglial apoptosis through
the Toll-like receptor (TLR)-4 pathway. Flow cytometric
analysis demonstrated that LPS treatment induced apoptosis
of BV2 cells, which was inhibited by OMT in parallel with
inhibition of LPS-induced expression of TLR-4. Furthermore,
OMT was shown to suppress the levels of myeloid differen-
tiation factor (MYD)88, nuclear factor (NF)-«xB, caspase-3,
inducible nitric oxide synthase, tumor necrosis factor-a,
interleukin (IL)-1p3 and IL-6. In light of these results, it was
concluded that OMT may exert its neuroprotective effects via
HSP60/TLR-4/MYDB88/NF-«B signaling pathways to inhibit
microglial activation. OMT may therefore offer substantial
therapeutic potential for treating neurodegenerative diseases
associated with microglial activation.
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Introduction

Microglial cells, the residential macrophages of the brain, have
a pivotal role in the central nervous system's (CNS) innate
immune response and act as the first line of defense against
microorganism invasion and injury (1). Lipopolysaccharide
(LPS) activates microglia to secrete various pro-inflammatory
and cytotoxic factors, including tumor necrosis factor (TNF)-a,,
interleukin (IL)-1p and heat shock protein 60 (HSP60) (2,3).
These factors are responsible for several neurodegenerative
diseases, including Parkinson's and Alzheimer's disease
as well as amyotrophic lateral sclerosis (4-6). Thus, controlling
microglia activation may represent an effective therapeutic
strategy against neurodegenerative diseases.

Oxymatrine (OMT) is a traditional Chinese medicine
derived from the root of Sophora flavescens. Previous studies
have revealed that OMT has numerous pharmacological
effects, including anti-inflammatory, antitumor and
antioxidant activities (7,8). Several studies have also indicated
a neuroprotective role of OMT. OMT has been reported to
protect neurons by downregulating 12/15-lipooxygenase,
phospho-p38 mitogen-activated protein kinase and cytosolic
phospholipase A2 (9). However, the neuroprotective effects of
OMT have remained to be fully elucidated.

HSP60 has pro-survival as well as pro-apoptotic func-
tions. Under stress conditions, microglial cells highly express
HSP60 and release it into the extracellular space, causing
cell death through binding Toll-like receptor (TLR)-4 (10).
The present study aimed to assess the neuroprotective effects
of OMT in LPS-induced BV2 microglial cells as well as to
identify the possible mechanistic involvement of HSP60. It
was revealed that OMT likely suppressed microglial activa-
tion via the HSP60/TLR-4/myeloid differentiation factor
(MYD)88/nuclear factor (NF)-«B signaling pathway.

Materials and methods

Chemicals. The BV2 murine microglial cell line was purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). LPS was purchased from Sigma-Aldrich
(St. Louis, MO, USA). OMT was from Guanyu Bio-tech
(Xi'an, China). Antibodies against caspase-3 (cat. no. 9664;
1:2,000 dilution), MYDS88 (cat. no. 4283; 1:1,000 dilution)
and TLR-4 (cat. no. 2219; 1:1,000 dilution) were from Cell
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Signaling Technology, Inc. (Beverly, MA, USA). Anti-NF-«xB
(cat. no. ab131485; 1:200 dilution) and anti-inducible nitric
oxide synthase (iINOS) antibodies (cat. no. ab3523; 1:200 dilu-
tion) were from Abcam (Cambridge, MA, USA). Antibodies
against HSP60 (ADI-SPA-806-D, 1:1,000) and heat shock
factor (HSF)-1 (cat.no. ADI-SPA-950-D; 1:1,000 dilution) were
purchased from Stressgen (San Diego, CA, USA). Anti-f-actin
antibody (cat. no. ZM-0001; 1:1,000 dilution) was purchased
from Zhongshan Goldenbridge Bio. IL-6, IL-1p and TNF-a
ELISA kits were acquired from Xinbosheng Biotechnology
Inc. (Shenzhen, China). Enhanced chemiluminescence (ECL)
and bicinchoninic acid (BCA) kits were from Pierce (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Dulbecco's
modified Eagle's medium (DMEM) and fetal bovine serum
(FBS) were from Gibco (Thermo Fisher Scientific, Inc). The
Cell Counting Kit-8 (CCK-8) and the Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) apoptosis detec-
tion kit were obtained from Beibo (Shanghai, China).

Cell culture. BV2 cells were maintained in DMEM with
10% FBS and grown at 37°C in a humidified atmosphere
containing 5% CO,. OMT was dissolved in DMEM. Cells
were pre-treated with LPS (1 pg/ml) for 30 min, followed by
addition of different concentrations of OMT. After 24 h, the
supernatant of the cells was obtained for ELISA, and cells
were collected, a proportion of which were lysed using a total
protein extraction kit (KeyGen Biotech, Jiangsu, China) for
subsequent experiments.

Cell viability assay. Cell viability was evaluated using the
CCK-8 assay. Cells were seeded into 96-well microtiter plates
at 5x10* cells/well and pre-treated with LPS (1 ug/ml) for
30 min, followed by treatment with various concentrations of
OMT (0, 1, 10, 20, 50 or 100 ug/ml). After 24 h of incubation,
CCK-8 solution was added to each well, followed by incuba-
tion for 2 h. The color intensity of the metabolized CCK-8
stain was determined by measuring the absorbance at 450 nm
with an immunoreader (PR4100; Bio-Rad Laboratories,
Inc., Hercules, CA, USA). Cell viability was expressed as a
percentage of the control group (untreated). Every experiment
was repeated three times.

ELISA. BV2 cells were pre-treated with LPS (1 pg/ml) for
30 min, followed by treatment with O or 20 yg/ml OMT for
24 h and subsequent collection of the culture medium. In a
control group, the cells were left untreated. The levels of
TNF-a, IL-6, IL-1p and HSP60 in the culture medium were
determined by ELISA kits according to the manufacturer's
instructions. The absorbance was measured at 450 nm on a
microplate reader (Bio-Rad Laboratories, Inc.).

Western blot analysis. To determine the expression of certain
proteins, BV2 cells were pre-treated with LPS (1 pg/ml) for
30 min, followed by treatment with O or 20 yg/ml OMT for
24 h, and protein was extracted using a lysis buffer containing
0.1% Triton X-100, 2% sodium dodecyl sulfate (SDS), 5% glyc-
erol, 5 mM ethylenediaminetetraacetate, 150 mM NaCl and
20 mM Tris (pH 7.5) (Bioscience, Shanghai, China). Following
incubation at 4°C for 30 min, the lysates were centrifuged at
8,050 x g at 4°C for 30 min. The BCA kit was then used to
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Figure 1. Effects of OMT on cell viability. BV2 cells were pre-treated with
LPS (1 pg/ml) for 30 min, followed by addition of various concentrations
of OMT (1, 10, 20, 50 or 100 pg/ml) and incubation for 24 h. Values are
expressed as the mean + standard error of the mean of three independent
experiments. "P<0.05 (LPS group vs. CTRL) or “P<0.05 (OMT groups vs.
LPS group). CTRL, control; LPS, lipopolysaccharide; OMT, oxymatrine.

determine the protein concentration. Protein denaturation was
then performed in a sample buffer containing 2-mercapto-
ethanol and bromophenol blue (KeyGen Biotech) for 10 min
at 95°C. Equal amounts of protein were resolved by 10%
SDS-polyacrylamide gel electrophoresis and transferred
onto a polyvinylidene difluoride membrane (EM Millipore,
Billerica, MA, USA). The membranes were blocked with 5%
milk in Tris-buffered saline containing Tween-20 and incu-
bated at 4°C overnight with the indicated antibodies, including
anti-iNOS, -TLR-4, -heat shock factor 1 (HSF-1), -NF-kB,
-HSP60, -caspase-3, -MYDS88 and -f3-actin. After washing
with phosphate-buffered saline (PBS), the membranes were
incubated with anti-mouse (cat. no. ZB-2305; 1:5,000) or
anti-rabbit (cat. no. ZB-2301; 1:5,000) secondary antibodies
(Zhongshan Goldenbridge Bio) at room temperature for
75 min. The proteins were then visualized using the ECL
kit and membranes were exposed to X-ray film. The blotting
results were semi-quantified using Quantity One software,
version 4.6.9 (Bio Rad Laboratories, Inc.).

Flow cytometry. BV2 cells were divided into three groups:
Control group, LPS group [treated with LPS (1 ug/ml) for
24 h] and the LPS+OMT group [treated with LPS (1 xg/ml) for
30 min and subsequently with OMT (20 ug/ml)]. The cells were
then collected and washed twice with cold PBS. Following
centrifugation at 126 x g for 4 min at room temperature, cells
were re-suspended in 400 ul binding buffer. After incubation
with 5 pul Annexin V-FITC for 15 min, 10 ul PI was added,
followed by incubation for 5 min in the dark. The apoptotic
rate was measured by a FACSCalibur flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA).

Statistical analysis. Values are expressed as the mean + stan-
dard error of the mean. One-way analysis of variance, followed
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Figure 2. BV2 cell apoptosis assessed by flow cytometry. Live cells are displayed in the lower left quadrant (FITC-/PI-), early apoptotic cells in the lower right
quadrant (FITC+/PI-) and late apoptotic cells in the upper right quadrant (FITC+/PI+). The results showed that OMT reduced LPS-induced apoptosis of BV2
cells. Values are expressed as the mean + standard error of three independent experiments. "P<0.05 vs. CTRL; “P<0.05 vs. LPS group. CTRL, control; LPS,
lipopolysaccharide; OMT, oxymatrine; FITC/FL1-H, fluorescein isothiocyanate; PI/FL2-H, propidium iodide.
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Figure 3. OMT reduces the expression and release of HSP60 and HSF-1 in LPS-stimulated BV2 microglia. BV2 cells were pre-treated with LPS for 30 min,
followed by incubation with 20 xg/ml OMT for 24 h. The expression levels of (A) HSP60 and (B) HSF1 were detected by western blot analysis. (C) Release of
HSP60 into the supernatant was detected by ELISA. Values are expressed as the mean + standard error of three independent experiments. “P<0.05 vs. CTRL;
“P<0.05 vs. LPS group. CTRL, control; LPS, lipopolysaccharide; OMT, oxymatrine; HSP, heat shock protein; HSF, heat shock factor.

by the Student-Newman-Keuls post hoc test were used for
comparisons between groups. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

OMT inhibits LPS-induced decreases of microglial cell
viability. To evaluate the effects of OMT on LPS-induced
toxicity on BV2 cells, the CCK-8 assay was performed (Fig. 1).
After LPS stimulation, the viability of the cells was obviously
decreased. Of note, at concentrations of 1-20 pug/ml, OMT

increased the cell viability in a dose-dependent manner,
indicating that it had a protective effect on BV2 cells against
LPS-induced toxicity. However, compared to that in the
LPS + 20 ug/ml OMT group, higher concentrations of OMT
(50 and 100 pg/ml) decreased the cell viability; therefore, the
OMT concentration of 20 yg/ml with the maximum protective
effect was used in all subsequent experiments.

OMT has anti-apoptotic effects on microglia. To further
confirm the protective effect of OMT on BV2 cells, Annexin V
and PI double staining followed by flow cytometric analysis
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Figure 4. OMT reduces the expression of (A) TLR-4, (B) MYDS88, (C) iNOS, (D) NF-«kB and (E) caspase-3 in LPS-stimulated BV2 microglia. BV2 cells were
pre-treated with LPS for 30 min, followed by incubation with 20 y#g/ml OMT for 24 h. $-actin was used as a reference. Values are expressed as the mean =+ stan-
dard error of three independent experiments. ‘P<0.05 vs. CTRL; “P<0.05 vs. LPS group. CTRL, control; LPS, lipopolysaccharide; OMT, oxymatrine; TLR,
Toll-like receptor; MYD88, myeloid differentiation factor 88; iNOS, inducible nitric oxide synthase; NF-kB, nuclear factor-«xB.
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Figure 5. Effects of OMT on LPS-induced release of inflammatory cytokines in BV2 microglial cells. BV2 cells were pre-treated with LPS for 30 min,
followed by incubation with 20 pg/ml OMT for 24 h. The levels of (A) IL-1f, (B) IL-6 and (C) TNF-a were measured by ELISA. Values are expressed as
the mean + standard error of three independent experiments. "P<0.05 vs. CTRL; “P<0.05 vs. LPS group. CTRL, control; LPS, lipopolysaccharide; OMT,
oxymatrine; TNF, tumor necrosis factor; IL, interleukin.

were performed on cells pre-treated with LPS (1 pg/ml) for
30 min and incubated with 20 yg/ml OMT for 24 h (Fig. 2). The
results showed that OMT significantly reduced LPS-induced
apoptosis of BV2 cells. Therefore, OMT exerted a significant
anti-apoptotic effect on microglia (P<0.05).

OMT inhibits LPS-induced expression and release of HSP60
by BV2 cells. To further explore the mechanisms of the protec-
tive effects of OMT, HSP60 expression and release by BV2

cells were assessed. Numerous studies have indicated that
HSP60 has a role in microglia-induced inflammation, which
was confirmed by a study by our group (3). Therefore, it was
hypothesized that OMT exerts its anti-inflammatory effects
via HSP60. Western blot analysis showed that the expression
of HSP60 was significantly increased after LPS stimulation,
which was completely inhibited by OMT (Fig. 3A). HSF-1 is
a transcription factor regulating HSP60 expression and was
therefore examined as well. The results showed that OMT
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completely abrogated the LPS-induced increases in HSF-1
expression (Fig. 3B). Furthermore, an ELISA revealed that
OMT significantly decreased the LPS-induced release of
extracellular HSP60 (Fig. 3C). These results indicated that
under the stress conditions, HSP60 is highly expressed and
secreted into the extracellular space to induce cell apoptosis,
which is consistent with the hypothesis of the present study.

OMT inhibits LPS-induced upregulation of iNOS, TLR-4,
NF-kB p635, caspase-3 and MYDS8S expression. TLR-4 is
a receptor of LPS and HSP60 on the surface of microglia,
which can activate downstream signaling molecules, including
NF-«kB, caspase-3, MYD88 and iNOS. To determine whether
extracellular HSP60 released by BV2 cells can bind TLR-4
and activate the TLR-4 signaling pathway and whether OMT
inhibits this activation, the effects of LPS and OMT on the
protein levels of TLR-4, Myd88, NF-«B, caspase-3 and
iNOS were assessed by western blotting. The results showed
that OMT abrogated the LPS-induced expression of TLR-4,
NF-«B, caspase-3, MYD88 and iNOS in BV2 cells (Fig. 4).
These experiments indicated that OMT may exert its
anti-inflammatory effects via inhibiting the TLR-4 pathway.

OMT inhibits LPS-induced inflammatory cytokine release
by BV2 microglial cells. Activation of the TLR-4 signaling
pathway is accompanied by the production and release of
inflammatory cytokines. To further investigate the effects of
OMT on LPS-stimulated cytokines, the levels of TNF-a, IL-1p
and IL-6 in the culture medium were measured by ELISA.
As shown in Fig. 5, OMT markedly attenuated LPS-induced
release of TNF-a, IL-1B and IL-6 by BV2 microglial cells.
These results indicated that OMT exerts its anti-inflammatory
effects by suppressing the release of inflammatory factors.

Discussion

OMT is the major alkaloid of Sophora flavescens and has
anti-inflammatory, anti-allergic, anti-viral, anti-fibrotic and
cardiovascular protective properties (11-13). A previous study
has reported that in rats with cerebral ischemia, OMT reduced
the production of NF-kB and suppressed the inflammatory
reaction of the CNS to decrease the area of cerebral infarc-
tion (14). However, the neuroprotective effects of OMT and
the underlying molecular mechanisms have yet to be fully
elucidated. The inhibition of microglia activation has been
proposed to be an effective therapeutic option for neurode-
generative diseases. Therefore, the present study investigated
whether OMT treatment can inhibit microglia activation and
examined the underlying mechanisms. It was revealed that
OMT attenuated microglia activation by suppressing the
HSP60/TLR-4/MYDS88/NF-«kB signaling pathway.

The mitochondrial matrix protein HSP60 can be induced
by stress and forms a chaperon complex within the mitochon-
dria, which is important for mitochondrial protein folding
and function (15). Activated HSP60 mainly locates in the
plasma membrane or the extracellular space and can mediate
cell apoptosis. Furthermore, HSP60 has also been reported
to enhance caspase activation to exert a pro-apoptotic func-
tion (16). In the present study, the effects of OMT on microglia
apoptosis were assessed by Annexin V and PI double staining.
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The results indicated that LPS induced apoptosis in BV2
microglial cells, which was inhibited by OMT. Further mecha-
nistic study revealed that OMT decreased the expression and
release of HSP60 triggered by LPS. It has been reported that
HSP60 is a ligand of TLR-4, indicating that HSP60 evokes an
immune response (17).

TLR-4 signaling may proceed via two possible path-
ways-the MYDS88-dependent and the MYD88-independent
pathway. MYD88 is the universal intracellular adaptor
recruited by all known TLRs except TLR-3 (18). The results
of the present study showed that the expression of MYD88
was increased in LPS-induced BV2 cells, which was abro-
gated by OMT, indicating that HSP60 activates microglia
via the MYD88-dependent pathway. NF-«kB is a vital factor
in the TLR-4 pathway and translocates to the nucleus upon
its activation, where it induces the production of several
pro-inflammatory cytokines, including TNF-a, IL-1 and
IL-6 (19). NF-kB is also the principal regulator of the trans-
activation of pro-inflammatory genes such as iNOS (20).
Furthermore, NF-kB also initiates the transcription of the
HSP60 gene, which leads to a potent inflammatory response
in innate immune cells (21). The results of the present study
showed that OMT suppressed the expression of NF-kB and
iNOS in LPS-induced BV2 cells and decreased the release of
inflammatory factors. The activation of NF-kB by caspase-3 is
critical in inflammation and cell apoptosis (22). LPS-stimulated
microglia have been shown not to be toxic to neighboring
neurons when caspase-3 is inhibited (23). The results of the
present study showed that OMT reduced the levels of cleaved
caspase-3, which is consistent with the fact that OMT inhibited
apoptosis, as indicated by flow cytometry.

In conclusion, the results of the present study demonstrated
that OMT exerts neuroprotective and anti-inflammatory effects
on LPS-induced microglial cells, which may be attributed to
the inhibition of the HSP60-TLR-4-MYD88-NF-kB pathway.
Therefore, these findings provide a potential therapeutic appli-
cation of OMT for neurodegenerative diseases.
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