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A B S T R A C T

Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), a member of the scavenger receptor family,
recognizes multiple ligands and participates in several inflammatory responses, but its function within the
central nervous system (CNS) remains unclear. In this study, we discovered an increased LOX-1 expression in
activated microglia in vivo and in vitro. Employing the specific inhibitors, we found that conditioned medium of
necrotic neurons (Necrotic-CM) induced microglial LOX-1 expression through the MAPKs/NF-κB pathway.
Silencing LOX-1 inhibited MAPK phosphorylation, NF-κB-p65 nuclear transportation, and pro-inflammatory
factor production in microglia exposed to Necrotic-CM. Furthermore, utilizing the conditioned medium of ac-
tivated microglia (MG-CM), we discovered microglial LOX-1 aggravated the neuroinflammation-induced neu-
ronal apoptosis. Collectively, a LOX-1/MPAKs/NF-κB positive loop might promote microglia activation and drive
the vicious cycle of neuroinflammation and neuronal injury.

1. Introduction

Accumulating studies reported that the neuroinflammatory-neuro-
pathic malignant circulation is a common molecular mechanism for the
central nervous system (CNS) diseases [1], and microglia, the resident
immune cell of the CNS, acts as a pivotal driving force [2]. Under
normal conditions, microglia plays a neuroprotective function by ex-
pressing anti-inflammatory mediators such as transforming growth
factor-β (TGF-β), Arginase-1 (Arg-1), and Chitinase 3-like3 (Ym-1) [3].
However, under pathological conditions, microglia recognizes either
the exogenous pathogen-associated molecular patterns (PAMPs), such
as lipopolysaccharide (LPS), or damage-associated molecular patterns
(DAMPs), the endogenous risk signals released by injured neurons, and
transforms into an activated station. Persistent activated microglia re-
lease large amount of inflammatory mediators [4,5], such as tumor
necrosis factor (TNF-a), Interleukin-6 (IL-6), and Interleukin-1β (IL-1β),
which amplify the inflammatory response by transmitting inflammatory
signals to astrocytes, and mediate chronic neuronal damage [6]. This
process is considered as an important cause of neurodegenerative

diseases, but the underlying molecular mechanisms are still unclear.
Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) is a

type II membrane protein that belongs to the C-type lectin family, and
highly expressed on macrophages, vascular smooth muscle cells and
endothelial cells, etc. [7]. LOX-1 plays important roles in the patho-
genesis of atherosclerosis and myocardial ischemia by identifying ox-
LDL [8]. LOX-1 is closely related to immune system functions, and
activates macrophages by recognizing endogenous risk signals such as
heat shock proteins (HSPs) [9]. After combing its ligands, LOX-1 re-
portedly activates several signaling pathways, such as MAPKs, PKC and
NF-κB [10,11]. For example, ox-LDL induced endothelial oxidative in-
juries by modulating LOX-1-mediated ROS generation via the AMPK/
PKC/NADPH oxidase signaling pathway [12].

The expression and function of LOX-1 in the CNS is not fully un-
derstood. Clinical studies have reported that the high serum levels of
soluble LOX-1 (sLOX-1) and its ligands are associated with the risk and
poor outcome of stroke [13,14]. The expression of LOX-1 was found
increased in hypertension-induced brain damage model in rats and
might participate in neuronal apoptosis by regulating the Bax/Bcl-2
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pathway [15]. Our previous studies confirmed that LOX-1 recognized
DAMP molecules such as HSP60 released by necrotic neurons and
promoted the inflammatory activation of microglia in vitro [16].
However, the molecular mechanism behind this phenomenon needs a
further investigation.

In this study, utilizing a LPS-induced mice neuroinflammation
model, we first determined LOX-1 expression and its correlation with
neuroinflammation in vivo. In addition, we established the microglia
activation model in vitro by either LPS, a typical PAMP, or the condi-
tioned medium of necrotic neurons (Necrotic-CM), as a pool of soluble
neuronal injury signals [17,18] to explore the contribution of LOX-1 to
neuroinflammation, and focused on the related molecular signaling
pathways. Furthermore, we analyzed the key role of LOX-1 in the vi-
cious cycle of neuroinflammation and neural injury.

2. Materials and methods

2.1. Animal modeling

In this study, male C57BL/6 mice (n=63, aged 6–8weeks, 25–30 g,
and specific pathogen free), provided by the Department of Animal
Center, Nantong University, were randomly divided into seven groups
including one control group and six LPS groups. The experimental mice
were adapted to the environment for 7 days before the LPS adminis-
tration. Briefly, the mice were injected intraperitoneally with LPS
(Escherichia coli O111-B4; Sigma, St. Louis, MO, USA) at a dose of 9mg/
kg [19], and the time points were 6 h, 12 h, 1 day, 3 days, 5 days, and
7 days after injecting LPS [20]. The saline group served as a control.
When a specific time point was reached, the mice were sacrificed, and
the brain tissues were taken and stored at −80 °C for the following
experiments. We tried our best to reduce the number and suffering of
animals and to ensure the objectivity of experiments and data.

2.2. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from mice brain tissues. The cDNA synthesis
was carried out with RevertAidTM RT Kit according to the manufac-
turer's protocol (Thermo Fisher Scientific), and PCR products were
analyzed by agarose (1%) gel electrophoresis. Primers were purchased
from Sunny Company (Shanghai, China).

DNA sequences of primers used in PCRs and expected product sizes.

Forward primer (5′-3′) Reverse primer (5′-3′) Size
(bp)

GAPDH CAAGGTCATCCATGACAACTTTG GTCCACCACCCTGTTGCTGTAG 496
IL-6 GCCTTCTTGGGACTGATGCT TGGAAATTGGGGTAGGAAGGAC 475
iNOS CAAGAGTTTGACCAGAGGACC TGGAACCACTCGTACTTGGGA 654
IL-1β TCATTGTGGCTGTGGAGAAG AGGCCACAGGTATTTTGTCG 333
TNF-α ACAGAAAGCATGATCCGCGA TTGCTACGACGTGGGCTAC 286
Arg-1 CTGGGGATTGGCAAGGTGAT GCCAAGGTTAAAGCCACTGC 290
TGF-β AGGAGACGGAATACAGGGCT CCACGTAGTAGACGATGGGC 482
Ym-1 TACCCTGGGTCTCGAGGAAG GAAGCTGCTCCATGGTCCTT 350

2.3. Cell cultures and stimulation

BV2 cells (a mouse microglial cell line) were cultured in PMI-1640
Medium and HT22 cells (a mouse hippocampal neuronal cell line) were
cultured in Dulbecco's Modified Eagle's Medium (DMEM) (HyClone,
Logan, UT, United States). The medium were supplemented with 10%
(v/v) fetal bovine serum (FBS) and 100mg/ml penicillin-streptomycin.
Cells were incubated at 37 °C incubator, under 5% CO2 in humidified
air.

Conditioned medium of necrotic neurons (Necrotic-CM) from da-
maged HT22 was prepared by an improved method as described pre-
viously [18]. Briefly, when the HT22 cells grew to about 80%, we

sealed and placed them in −80 °C for 30min, then placed them in a
37 °C incubator for 2 h, and then collected the supernatants.

BV2 activation model: BV2 cells were respectively stimulated with
LPS [21] (100 ng/ml LPS, Escherichia coli 055:B5, Sigma Aldrich,
L6529) or Necrotic-CM (Damaged HT22 supernatant were diluted 1:4
by PMI-1640 medium) [16] at different time points.

Neuroinflammation-mediated neuron injury model [22]: the con-
ditioned medium of activated microglia (MG-CM) was collected, diluted
at 1:1 by DMEM medium, and then transferred to HT22 cultures to
induce the neuroinflammation-mediated neuron injury model. HT22
cells were stimulated with the MG-CM for 24 h, and the cell viability
and apoptosis were analyzed as described below.

2.4. Plasmid transfection

The LOX-1 DNA plasmid and the blank myc-vector as control were
purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). The
sh-LOX-1 (mouse) and the negative control shRNA were purchased
from Public Protein/Plasmid Library (PPL, China). Plasmid interference
targets were as follows:

OLR1shRNA-1:5′-GTCAGTGACCCTTATTGTATT-3′, OLR1shRNA-2:
5′-GTGGCCAGTTACTACAAATT-3′, OLR1shRNA-3:5′-GCAAGACTGGCT
CTGGCATAAATT-3′.

Plasmids were transiently transfected into BV2 cells via
Lipofectamine2000 Reagent according to the manufacturer's instruc-
tions.

2.5. Immunoblotting

After determination of the protein concentration with the Bio-Rad
protein assay (BioRad, Hercules, CA, USA), protein samples were sub-
jected to 10% SDS-polyacrylamide gel electrophoresis, and then trans-
ferred to the polyvinylidene difluoride filter (PVDF) membrane. The
membrane was blocked with 5% nonfat milk, incubated with the spe-
cific primary antibodies overnight at 4 °C, followed by the secondary
antibodies for 2 h at room temperature (RT). Lastly, protein bands were
visualized with an enhanced chemiluminescence system (ECL, Pierce
Company, Appleton, WI, USA). All results shown are representative of
at least three independent experiments.

2.6. Immunofluorescence staining

Frozen tissue sections were blocked with a blocking solution (1%
bovine serum albumin, 1% BSA) for 2 h at RT, co-incubated with pri-
mary antibodies against LOX-1 (rabbit, 1:100, Abcam, USA) and Iba-1
(goat, 1:100, Abcam, USA) overnight at 4 °C, followed by the secondary
antibodies (1:400) and Hoechst (1:800) for 2 h at RT. The sections were
observed under a Leica fluorescence microscope (Leica, DM 5000B,
Leica CTR 5000, Germany).

BV2 cells were cultured on carrier plates and underwent the specific
treatments for the indicated time. Then the cells were harvest, fixed
with 4% paraformaldehyde and blocked with 1% BSA. The slides were
incubated with anti-p65 (rabbit, 1:100, Cell Signaling Technology,
USA) at 4 °C overnight, followed by Alexa fluor TM 488 donkey anti-
rabbit IgG (H+ L) (1:500, Thermo Fisher Scientific) for 2 h. Nuclei
were visualized by Hoechst staining and the slides were detected under
a Leica fluorescence microscope (Germany).

2.7. Immunohistochemistry

The frozen tissue sections were blocked with 10% donkey serum
with 0.3% Triton X-100 and 1% (w/v) BSA for 2 h at RT, and incubated
with anti-LOX-1 antibody (rabbit, 1:100) at 4 °C overnight, followed by
the secondary antibodies for 30min at RT. Afterwards, the sections
were reacted with Dilute DAB dye solution, which then were dehy-
drated in gradient, dried, sealed with resin and examined using a Leica
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Fig. 1. Establishment of mice neuroinflammation model by intraperitoneal injection of LPS.
The mRNA expression of pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α) and iNOS (A), as well as anti-inflammatory factors (Arg-1, TGF-β and Ym-1) (B) were
detected in mice cerebral cortex by RT-PCR after intraperitoneal injection of LPS at different time points (6 h, 12 h, 1 day, 3 days, 5 days and 7 days, saline as control).
The release of IL-6, TNF-α in the mice serum was detected by ELISA method (C). Data shows means± SD in three independent experiments. (*, #, $, and &P<0.05
compared with the saline group).
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Fig. 2. LOX-1 protein expression increased in mice cerebral cortex after LPS injection, and localized in microglia.
The protein expression of LOX-1 in the mice cerebral cortex after LPS injection at different time points was analyzed by western blot (A). The distribution of LOX-1 in
the mice cerebral cortex in saline group and 12 hour group LPS were respectively detected by Immunohistochemistry (B). Sections of mice brain cortex in saline
group and 12 hour group LPS were respectively labeled with Hoechst (blue), Iba-1 (green) and LOX-1 (red), and the yellow color in the merge images represented co-
localization of LOX-1 with microglia. Quantitative analysis of microglia number expressed LOX-1 in two groups (C). *P<0.05 compared with the saline group. Scale
bars, 100 μm or 50 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Increased LOX-1 expression and MAPK/NF-κB activation in microglia in response to LPS or the conditioned medium of necrotic neurons (Necrotic-CM).
The protein expression of IL-1β and LOX-1 were detected at different time points (0 h, 30min, 1 h, 3 h, 6 h, 12 h, 24 h, 36 h, and 48 h) after 100 ng/ml LPS stimulation
in BV2, quantification graph indicated the relative density of IL-1β (A) or LOX-1 (B) to GAPDH. The release of pro-inflammatory factors including TNF-α, IL-6 and IL-
1β were detected by ELISA in the supernatants of BV2 after Necrotic-CM stimulation for 3 h (C). Western blot detected the protein expression of iNOS and IL-1β in
Necrotic-CM treated BV2 cells at different time points (D). The protein expression of LOX-1, MAPKs (JNK, ERK and p38), phosphorylated MAPKs (p-JNK, p-ERK, p-
p38) and NF-κB (p-p65, p65, p-IκBα, IκBα) signaling pathways in Necrotic-CM treated BV2 cells were detected (E). The data are means± SD (n=3). *, #P<0.05
compared with the control group.

Fig. 4. Microglial LOX-1 expression was regulated by MAPK signaling ways in response to Necrotic-CM.
We pretreated BV2 with the JNK kinase inhibitor SP600125 (80 μM) (A), the ERK kinase inhibitor SCH772984 (80 μM) (B) or p38 kinase inhibitor SB203580 (40 μM)
(C) respectively for 1 h, followed by the Necrotic-CM treatment for 6 h. Phosphorylation of JNK, ERK and p38, and the expression of LOX-1 were determined by
western blot analysis. The data are means± SD (n=3). *P<0.05 compared with the control group.
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microscope (Germany).

2.8. Nuclear and cytoplasmic extraction experiment

BV2 cells were collected after the indicated treatment, and the
subcellular fractions were isolated using the NE-PER Nuclear and cy-
toplasmic extraction reagents (Thermo) according to the manufacturer's
instruction. The cytoplasmic and nuclear protein extracts were detected
for Immunoblotting.

2.9. Enzyme-linked immunosorbent assay (ELISA)

The serum of different treated mice and the supernatants of BV2
cells were collected for measuring TNF-α, IL-6 and IL-1β by ELISA. An
instrument (BioTek, Synergy2, USA) was applied to examine optical
density (OD) values in samples at a wavelength of 450 nm after mea-
sured a standard curve drawn. Each step was conducted as the manu-
facturers' protocols of ELISA Kit (Proteintech or Excell Biotech,
Shanghai, China).

2.10. Detection of cell viability by cell counting kit-8 (CCK-8)

Cells were seeded into a 96-well plate at 100 μl/well. After the sti-
mulation treatment in appropriate time, 10 μl CCK-8 (MCE, China) so-
lution was added to each well and incubated for 4 h, The absorbance
was measured at 450 nm using a plate reader.

= − − ×Cell viability [(As Ab) / (Ac Ab)] 100%.

As: absorbance of the experimental well.
Ac: absorbance of the control well.
Ab: absorbance of the blank well.

2.11. Antibodies

The antibodies used in this study for immunoblot were as follows:
Rabbit polyclonal anti-LOX-1 (1:1000) and Mouse monoclonal anti-

iNOS (1:1000) were purchased from Abcam (USA). Mouse polyclonal
anti-GAPDH (1:5000) and Mouse polyclonal anti-β-actin (1:5000) were
purchased from Proteintech (USA). Rabbit monoclonal anti-NF-κB-p65
(1:1000), Rabbit monoclonal anti-Phospho-NF-κB-p65 (Ser536)
(1:1000), Rabbit monoclonal anti-IκBα (1:1000), Rabbit monoclonal
anti-p38-MAPK (1:1000), Rabbit monoclonal anti-JNK-MAPK (1:1000),
Rabbit monoclonal anti-ERK-MAPK (1:1000), Rabbit monoclonal anti-
Phospho-p38-MAPK (Thr180/Tyr182) (1:1000), Rabbit monoclonal
anti-Phospho-JNK-MAPK (Thr183/Tyr185) (1:1000), Rabbit mono-
clonal anti-Phospho-ERK-MAPK (Thr202/Tyr204) (1:1000), Rabbit
monoclonal anti-Bax (1:1000), Rabbit monoclonal anti-cleaved-PARP
(1:1000), and Mouse monoclonal anti-Phospho-IκBα (Ser32/36)
(1:1000) were all purchased from Cell Signaling Technology (USA).
Rabbit monoclonal anti-IL-1β (1:500) was purchased from Biorbyt
(California, USA) and Mouse monoclonal anti-PCNA (1:500) was from
Santa Cruz Biotechnology (USA).

2.12. Statistical analysis

All statistical analysis was conducted by SPSS software. The differ-
ences between groups were analyzed by one-way analysis of variance

(ANOVA), and followed by Tukey's post hoc multiple comparison tests.
Values are presented as means± SD, and differences are considered
significant at p< 0.05. Each experiment consisted of at least three re-
plicates per condition.

3. Results

3.1. The expression of LOX-1 in mice cerebral cortex was increased after
LPS intraperitoneal injection

To explore the possible function of LOX-1 in neuroinflammation, we
established a neuroinflammation model in mice by intraperitoneal in-
jection of LPS. RT-PCR revealed the increased mRNA expression of pro-
inflammatory cytokines (IL-1β, IL-6 and TNF-α) and iNOS in mice
cerebral cortex 6 h following LPS administration (Fig. 1A). In contrast,
the anti-inflammatory factors (Arg-1, TGF-β and Ym-1) [23,24], in-
creased later than the pro-inflammatory molecules. The expression of
Arg-1 and Ym-1 reached the highest level at 1 day, and TGF-β peaked at
3 days (Fig. 1B). Moreover, the elevated release of IL-6, TNF-α in the
mice serum was detected by ELISA method, which further confirmed
the LPS-induced inflammation (Fig. 1C). Next, we analyzed the ex-
pression of LOX-1 in the cerebral cortex of mice by western blot. The
basic level of LOX-1 was low in the control group, significantly in-
creased 12 h after LPS administration, kept a high level until 3 days, and
gradually decreased thereafter (Fig. 2A). To further determine the
distribution of LOX-1 after LPS injection, immunohistochemistry
staining was applied. The density of LOX-1 positive cells significantly
increased in the mice cerebral cortex 12 h after LPS injection (Fig. 2B).
Immunofluorescence double labeling assay confirmed the elevated ex-
pression of LOX-1, and presented a clear co-localization of LOX-1 and
Iba-1, a microglia marker, in LPS-treated mice brain (Fig. 2C). These
results provided the in vivo evidence to support that LOX-1 is associated
with microglia activation and neuroinflammation.

3.2. Increased LOX-1 expression and MAPK/NF-κB activation in microglia
in response to LPS or the conditioned medium of necrotic neurons (Necrotic-
CM)

To explore the relationship between LOX-1 and microglia activa-
tion, we stimulated BV2 microglial cells with 100 ng/ml LPS, to es-
tablish a classic in vitro microglia activation model [25]. IL-1β protein
expression increased 6 h after LPS stimulation, demonstrating micro-
glial inflammatory activation (Fig. 3A). LOX-1 expression began to in-
crease 6 h after LPS stimulation and peaked at 36 h (Fig. 3B). Besides of
exogenous PAMPs (such as LPS), the endogenous danger signals re-
leased by damaged neurons can also trigger microglia activation
[18,26], and more importantly, some DAMPs (such as HSP60 and
HMGB1) were identified as the ligands for LOX-1 [27]. In this study, the
conditioned medium collected from the necrotic neuronal HT22 cul-
tures (Necrotic-CM) was used as a pool of soluble DAMPs released from
necrotic neurons to stimulate BV2. ELISA assay demonstrated that the
Necrotic-CM promoted the release of pro-inflammatory factors in-
cluding TNF-α, IL-6 and IL-1β in BV2 (Fig. 3C). Western blot detected
an increased expression of iNOS and IL-1β in Necrotic-CM treated BV2
cells, further supporting the microglial activation model (Fig. 3D). The
expression of LOX-1 protein increased 30min after Necrotic-CM treat-
ment in BV2 and reached the peak at 1 h, and kept a high level until

Fig. 5. LOX-1 knockdown attenuated the Necrotic-CM-induced MAPK/NF-κB activation and pro-inflammatory factors expression in microglia.
We knocked down LOX-1 expression in BV2 cells by RNA interference (RNAi), and the interference efficiency of LOX-1 siRNA was detected by Western blot (A).
Compared with the control siRNA group, the expression levels of LOX-1, iNOS and IL-1β in si-LOX-1 group were significantly decreased after Necrotic-CM treatment
for 3 h (B). The content of pro-inflammatory cytokines IL-6, IL-1β and TNF-α were detected in BV2 after interfering LOX-1 by ELISA (C). BV2 cells were transfected
with LOX-1 interfered plasmid for 48 h prior to treatment with Necrotic-CM for 3 h. Protein levels of MAPK (p-JNK, JNK, p-ERK, ERK, p-p38, p38) and NF-κB (p-p65,
p65, p-IκBα, IκBα) were evaluated by western blot analysis (D). The data are means± SD (n=3). *P< 0.05 compared with the CM-untreated group. #P<0.05
compared with the control siRNA group.
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12 h (Fig. 3E). The MAPKs/NF-κB signaling pathway has been reported
to regulate LOX-1 mediated activation of endothelial cells [28,29]. In
the present study, the phosphorylation of three MAPKs (p-JNK, p-p38
and p-ERK) was induced 30min after Necrotic-CM stimulation in BV2
(Fig. 3E). The peak of phosphorylated IκBα (p-IκBα) level appeared at
3 h following Necrotic-CM treatment, while p-p65 level began to in-
crease at 30min, and reached the maximum at 12 h (Fig. 3E). These
data suggested collectively that necrotic neurons can stimulate MAPKs/
NF-κB activation and LOX-1 expression in microglia likely by releasing
the endogenous DAMPs.

3.3. Microglial LOX-1 expression was positively regulated by MAPK
signaling in response to Necrotic-CM

Previous studies have reported a positive regulation of MAPKs on
LOX-1 expression in innate immune cells when exposed to extracellular
stimuli, such as LPS or TNF-α [27]. However, the regulatory mechan-
isms of LOX-1 expression in microglia remain unclear. In this study, we
employed the specific inhibitors, SP600125, SCH772984, and
SB203580, to block the activation of JNK, ERK or p38 in BV2 respec-
tively. Western blot confirmed the inhibition efficiency (Fig. 4A–C).
SP600125 significantly inhibited the Necrotic-CM-stimulated expres-
sion of LOX-1 in microglia when compared to the control group. Similar
results were obtained by the other two inhibitors. These results in-
dicated that microglial LOX-1 expression is positively regulated by
MAPK signaling pathway after Necrotic-CM stimulation.

3.4. LOX-1 knockdown attenuated the Necrotic-CM-induced MAPK/NF-κB
activation and pro-inflammatory factors expression in microglia

Once recognizing its ligands, LOX-1 promotes the release of in-
flammatory factors in macrophages, and exaggerates vascular in-
flammation [8]. To further determine the function and downstream
signaling pathways of LOX-1 in microglia activation, we knocked down
LOX-1 expression in BV2 by RNA interference (RNAi). The interference
efficiency of LOX-1 siRNA was detected by Western blot, and si-LOX-
1#3 exerted a significant inhibiting effect compared to the control
siRNA (Fig. 5A). Western blot indicated that the Necrotic-CM induced
expression of iNOS and IL-1β were significantly reversed by interfering
LOX-1 (si-LOX-1) (Fig. 5B). Consistently, ELISA discovered that the
Necrotic-CM-induced release of pro-inflammatory factors TNF-α, IL-6
and IL-1β were largely decreased after interfering LOX-1(Fig. 5C).
Previous studies reported the activation of MAPK/NF-κB pathways after
LOX-1 recognizing its ligands in macrophages and cardiomyocytes.
Here, western blot demonstrated that silencing LOX-1 significantly at-
tenuated the expression of p-JNK, p-ERK, p-p65 and p-IκBα in BV2 cells
3 h following Necrotic-CM stimulation (Fig. 5D), indicating a potential
LOX-1/MAPKs/NF-κB axis in the necrotic neurons-activated microglia.

3.5. LOX-1 overexpression promoted the Necrotic-CM-induced microglial
inflammatory activation via MAPK/NF-κB signaling pathway

Next, we overexpressed LOX-1 in BV2 by transiently transfection of
myc-LOX-1 plasmid, and the overexpression efficiency was confirmed
by Western blot. LOX-1 overexpression significantly promoted the iNOS
expression (Fig. 6A), and elevated the release of pro-inflammatory
factors (IL-1β and TNF-α) in Necrotic-CM treated BV2 (Fig. 6B). Al-
though LOX-1 overexpression slightly increased IL-6 expression in BV2

without stimulation, no significant difference of the IL-6 levels was
observed between the LOX-1-overexpression cells and the control group
6 h following Necrotic-CM treatment (Fig. 6B). Compared to the blank
vector group, LOX-1 overexpression significantly increased the phos-
phorylation of ERK, p38, p65 and IκBα in BV2 cells 6 h after Necrotic-
CM stimulation (Fig. 6C). These data suggested that LOX-1 promoted
Necrotic-CM-induced microglial activation via the MAPK/NF-κB sig-
naling pathway.

3.6. LOX-1 promotes NF-κB p65 nuclear transportation in microglia

Following extracellular stimulation, MAPKs reportedly mediate the
phosphorylation and nuclear transportation of NF-κB, to promote the
target gene transcription [30]. In this study, utilizing immuno-
fluorescence assay, we detected a clear nuclear transportation of NF-κB
p65 subunit in BV2 after Necrotic-CM treatment (Fig. 7A). Interestingly,
LOX-1 overexpression (myc-LOX-1) significantly enhanced the entry of
p65 into the nucleus in Necrotic-CM-treated BV2 when compared to the
control group (Fig. 7A). Next, we separated the subcellular nuclear and
cytoplasm fractions, and examined the subcellular p65 protein levels by
Western blot. In consistence with the immunofluorescent result, we
found Necrotic-CM increased p65 nuclear transportation in BV2 cells,
which was further promoted by LOX-1 overexpression (Fig. 7B). Ac-
cordingly, inhibiting LOX-1 expression by siRNA significantly decreased
the Necrotic-CM-induced p65 nuclear transportation (Fig. 7C). Alto-
gether, we deduced LOX-1 promotes p65 nuclear transportation in
microglia in response to the soluble neuronal injury signals.

3.7. Knocking down microglial LOX-1 attenuated the vicious cycle of
neuroinflammation and neuron injury

DAMPs released from injured neurons can mediate inflammatory
microglia activation [16]. Great amount of pro-inflammatory factors
released by excessively activated microglia can promote neuronal
apoptosis, thereby to form a vicious cycle of neuroinflammation and
neuron injury [31]. To further elucidate the effects of LOX-1 on this
vicious cycle, we treated BV2 (either wild type or LOX-1 knocked down
group) with the Necrotic-CM for 3 h, changed to fresh medium and
cultured for another 6 h, and then collected the supernatants of acti-
vated BV2 cultures (activated MG-CM) to stimulate HT22 neurons for
24 h. CCK-8 results revealed that the conditioned medium from acti-
vated BV2 significantly decreased cell viability of HT22 cells, indicating
a neuroinflammation-induced neuron injury. In contrast, knocking
down microglial LOX-1 significantly suppressed the viability decrease
of HT22 cells following activated-MG-CM treatment (Fig. 8A). More-
over, Western blot assay demonstrated that activated-MG-CM increased
the expression of cleaved-PARP and Bax, two markers for apoptosis, in
HT22 cells, while which was significantly reduced when silencing LOX-
1 in microglia (Fig. 8B). All these results showed that LOX-1 knockdown
attenuated microglial inflammatory activation and the subsequent
neuronal apoptosis.

4. Discussion

Neuroinflammation mediated by microglia is involved in the de-
velopment of many neurological diseases. When deterioration degree of
the external environment exceeds the regulation range of the microglia
itself, the microglia will be over-activated, presenting a typical M1

Fig. 6. LOX-1 overexpression promoted the Necrotic-CM-induced microglial inflammatory activation via MAPK/NF-κB signaling pathway.
BV2 cells were transfected with the myc-LOX-1 plasmid, cultured for 48 h, and followed by the Necrotic-CM stimulation for 6 h. The protein expression of LOX-1 and
iNOS were detected by western blot (A). The release of pro-inflammatory factors IL-6, IL-1β and TNF-α were detected in Necrotic-CM treated BV2 which were
transfected with either myc-LOX-1 plasmid or the blank vector (myc) by ELISA (B). Representative images of western blot for the expression and phosphorylation (p-)
of JNK, ERK1/2, p38, p65 and IκBα in BV2 cells (C). The data are means± SD (n=3). *P<0.05 compared with the CM-untreated group. #P< 0.05 compared with
the blank vector (myc) group.
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polarization type, thereby promoting neuroinflammation [32]. There
are many receptors on the surface of the microglial membrane, playing
protective or damage function by binding to their ligands. For example,
CD200R on the microglial membrane interacts with CD200 released by
neuronal cells to maintain a steady state environment inside the brain
[33]. LPS initiates the MAPKs signaling pathway through the TLR4
receptor on the microglial membrane, thereby promoting the release of
inflammatory factors. In addition, these inflammatory factors can also
damage surrounding neurons to amplify the inflammatory response and
aggravate intracerebral damage [34]. In the present study, we first
confirmed the increased expression of LOX-1 in activated microglia in

the inflamed mice brain (Figs. 1 and 2), and in LPS-activated BV2 cells
(Fig. 3). Considering the complexity of the brain micro-environment,
we proposed LOX-1 might act as an important receptor to recognize the
endogenous danger signals released by damaged neurons to stimulate
microglia activation during CNS disease. According to previous study
[16], we utilized the conditioned medium of necrotic neurons (Ne-
crotic-CM) as a pool of soluble DAMPs to mimic the endogenous sti-
mulation for microglia. Consistent with our expectation, Necrotic-CM
triggered microglial inflammatory activation and significantly in-
creased LOX-1 expression (Fig. 3).

The LOX-1 expression was stimulated by TNF-α in endothelial cells

Fig. 7. LOX-1 promoted NF-κB p65 nuclear transportation in microglia.
BV2 cells were transfected with myc-LOX-1 plasmid for 48 h, followed by the Necrotic-CM stimulation for 6 h. The subcellular localization of NF-κB p65 (green) was
detected by immunofluorescence staining (A). The protein levels of NF-κB p65 in both cytosol and nuclear were measured by western blot (B). BV2 cells were
transfected with the si-LOX-1 plasmid, cultured for 48 h, and then treated with the Necrotic-CM for 3 h. The protein levels of p65 in cytosol and nuclear was detected
by western blot (C). The data are means± SD (n= 3). *P<0.05 compared with the CM-untreated group. #P<0.05 compared with the control blank vector group.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Knocking down microglial LOX-1 attenuated the vicious cycle of neuro-inflammation and neuron injury.
BV2 cells were stimulated with or without the Necrotic-CM for 3 h, changed into fresh medium, and then cultured for another 6 h. Then the supernatants of activated
BV2 cultures (MG-CM) were collected, diluted at 1:1 by DMEM medium, and then used to stimulate HT22 neurons for 24 h. CCK-8 was employed to detect the cell
viability of MG-CM treated HT22 neurons (A). The protein expression of cleaved-PARP and Bax in HT22 neurons were measured by western blot (B). The data
represent the means± SD (n= 3). *P<0.05 compared with the control group. #P<0.05 compared with within groups.
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via ERK signaling pathway. In vascular smooth muscle cells, ox-LDL
mediated ROS production and promoted LOX-1 expression via JNK
signaling pathway [35,36]. MAPKs signaling pathway is regarded as the
major inflammatory pathway for microglia activation, however its
contribution to necrotic neurons-induced microglial activation re-
mained unclear. A recent study revealed that necrotic neurons modu-
lated the M1/M2 polarization of macrophages and microglia through
the MyD88 pathway [26]. In this study, we found that MAPKs activa-
tion in microglia appeared as early as 30min following Necrotic-CM
stimulation, which was much earlier than the maximum expression of
LOX-1. Utilizing the specific inhibitors of p38, ERK, and JNK, we con-
firmed that Necrotic-CM stimulated LOX-1 expression and microglial
inflammatory activation through the MAPK signaling pathway (Figs. 3
and 4).

The contribution of LOX-1 in immune cells has been discovered
previously. For example, ox-LDL stimulated foam cell formation and
macrophage apoptosis by LOX-1 [37]. However, the biological function
of LOX-1 in microglial activation and neuroinflammation has not been
well understood. In this study, we found that LOX-1 knockdown sig-
nificantly inhibited the expression of several pro-inflammatory factors
in Necrotic-CM-treated microglia (Fig. 5).

Research has shown that the LOX-1/p38 MAPK pathway con-
tributed to the ox-LDL-induced injury in HUVECs [38]. Both JNK and
p38 MAPK were involved in the LOX-1 dependent endoplasmic re-
ticulum stress pathway, which resulted in cardiomyocyte apoptosis
[39]. In this study, we inhibited LOX-1 expression by siRNA and found a
significant decrease of p-JNK, p-ERK, and p-P38 expression in Necrotic-
CM treated microglia. In combine with the results of LOX-1 over-
expression, we confirmed that LOX-1 probably by recognizing DAMPs
facilitates MAPKs signaling transduction and thus promotes microglia
activation (Figs. 5 and 6).

NF-κB is an important transcription factor regulating apoptosis and
inflammation [40]. The LOX-1 and NF-κB correlation has been observed
before. Ox-LDL-induced inflammation in macrophages increased LOX-1
expression via NF-κB signaling pathway [41]. LOX-1 mediated NF-κB
activation in endothelial cells stimulated with ox-HDL [42]. In our
present results, the supernatants of necrotic neurons triggered the
phosphorylation and nuclear importation of NF-κB p65 in microglia
(Figs. 3 and 7). LOX-1 knockdown significantly inhibited the Necrotic-
CM-induced NF-κB activation, accompanied by the decreased expres-
sion of NF-κB target genes (Fig. 7). The above evidence suggested that a
LOX-1/MAPKs/NF-κB positive feedback loop participates in the ne-
crotic neurons-induced microglial activation.

Inflammatory factors produced by activation of microglia can da-
mage neurons and exacerbate brain damage to form a vicious cycle of
neuroinflammation and neuronal injury [43]. For example, TNF-α sti-
mulates neurons to release large amounts of HMGB1, which then pro-
motes microglia M1 polarization featured with neurotoxic and pro-in-
flammatory functions [44,45]. Endogenous HSP60 is predominantly
expressed in neurons and released during brain injury, which mediates
microglial IL-1β production [46,47]. In line with this, we found that
inhibition of LOX-1 reduced the release of inflammatory factors from
Necrotic-CM-treated microglia, and reduced the subsequent apoptosis
in neurons (Fig. 8).

In summary, our present data suggested both LPS, a kind of exo-
genous PAMPs, and necrotic neurons, probably by releasing en-
dogenous DAMPs, can stimulate LOX-1 expression and microglial acti-
vation via the MAPK/NF-κB signaling pathway. Microglial LOX-1
elevates MAPK/NF-κB activation, aggravates microglial inflammatory
activation, and amplifies the secondary neuronal apoptosis in response
to the soluble danger signal(s) derived from necrotic neurons. Our re-
sults implied that a positive LOX-1/MPAKs/NF-κB feedback loop might
promote the necrotic neurons induced microglia inflammation, and
thus drive the vicious cycle of neuroinflammation and neuronal injury.
It is important to note that although our study focused on the pro-in-
flammatory function of LOX-1, there must be many other important

receptors and proinflammatory pathways that trigger the overall hy-
perinflammatory response in CNS [48]. Further studies are required to
provide more direct evidence for the recognition and biological func-
tion of LOX-1/DAMPs, and to extensively explore the potential under-
lying molecular mechanisms of this vicious cycle. The related findings
might facilitate to further elucidate the pathological mechanism of
neuroinflammation and thus provide potential therapeutic targets for
the related neurological diseases.
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