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Abstract 

Background  Microglial cells play an important role in the immune system in the brain. Activated microglial cells are 
not only injurious but also neuroprotective. We confirmed marked lectin-like oxidized low-density lipoprotein recep‑
tor-1 (LOX-1) expression in microglial cells in pathological lesions in the neonatal hypoxic-ischemic encephalopathy 
(nHIE) model brain. LOX-1 is known to be an activator of cytokines and chemokines through intracellular pathways. 
Here, we investigated a novel role of LOX-1 and the molecular mechanism of LOX-1 gene transcription microglial cells 
under hypoxic and ischemic conditions.

Methods  We isolated primary rat microglial cells from 3-day-old rat brains and confirmed that the isolated cells 
showed more than 98% Iba-1 positivity with immunocytochemistry. We treated primary rat microglial cells with 
oxygen glucose deprivation (OGD) as an in vitro model of nHIE. Then, we evaluated the expression levels of LOX-1, 
cytokines and chemokines in cells treated with or without siRNA and inhibitors compared with those of cells that did 
not receive OGD-treatment. To confirm transcription factor binding to the OLR-1 gene promoter under the OGD con‑
ditions, we performed a luciferase reporter assay and chromatin immunoprecipitation assay. In addition, we analyzed 
reactive oxygen species and cell viability.

Results  We found that defects in oxygen and nutrition induced LOX-1 expression and led to the production of 
inflammatory mediators, such as the cytokines IL-1β, IL-6 and TNF-α; the chemokines CCL2, CCL5 and CCL3; and reac‑
tive oxygen/nitrogen species. Then, the LOX-1 signal transduction pathway was blocked by inhibitors, LOX-1 siRNA, 
the p38-MAPK inhibitor SB203580 and the NF-κB inhibitor BAY11-7082 suppressed the production of inflammatory 
mediators. We found that NF-κB and HIF-1α bind to the promoter region of the OLR-1 gene. Based on the results 
of the luciferase reporter assay, NF-κB has strong transcriptional activity. Moreover, we demonstrated that LOX-1 in 
microglial cells was autonomously overexpressed by positive feedback of the intracellular LOX-1 pathway.

Conclusion  The hypoxic/ischemic conditions of microglial cells induced LOX-1 expression and activated the immune 
system. LOX-1 and its related molecules or chemicals may be major therapeutic candidates.
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Background
Microglial cells are the resident immune cells of the 
central nervous system (CNS) and have diverse func-
tions that are both beneficial and harmful [1–3]. It has 
been reported that pathological conditions in CNS dis-
ease model animals deteriorate when microglial cells 
are depleted or do not function properly, as well as that 
microglial cells help model animals recover from illness 
[4, 5]. However, the other studies have reported that 
blocking microglial activities improves that disease phe-
notype [6, 7]. The function of activated microglial cells 
is not only injurious but also neuroprotective because 
activated microglial cells can release anti-inflammatory 
cytokines and trophic factors [1–3]. Activated microglial 
cells are classified into two major phenotypes, the M1 
phenotype (inflammatory phenotype) and the M2 phe-
notype (anti-inflammatory phenotype) [8–10]. Several 
studies have focused on these microglial phenotypes in 
a variety of CNS diseases [11–14]. Microglial cells may 
contribute to the pathology of the premature brain. In 
the premature brain, perinatal inflammation mediated by 
microglia contributes significantly to neurodevelopmen-
tal injuries including white matter injury [15–19]. Perive-
ntricular leukomalacia, which is the most common cause 
of cerebral palsy, is caused by hypoxia ischemia affect-
ing premature brain and characterized by white matter 
necrotic lesions, microglial activation, NF-κB induction 
and neuronal death [20].

Neonatal hypoxic-ischemic encephalopathy (nHIE) is 
a major cause of perinatal brain damage that is thought 
to occur via multiple events such as placental abruption, 
umbilical cord prolapses, or maternal/fetal infection, 
ultimately inducing an inadequate supply of oxygen and 
blood to the brain [21, 22]. The incidence of nHIE is 1–8 
per 1000 live births in developed countries and is much 
higher in undeveloped countries [23]. Despite many ani-
mal experiments and clinical trials, the pathophysiol-
ogy is still not clear and an effective therapy has yet to 
be established [24, 25]. We have reported that lectin-like 
oxidized low-density lipoprotein receptor-1 (LOX-1), 
the gene named oxidized low-density lipoprotein recep-
tor 1 (OLR1), was upregulated in the nHIE rat brain and 
administration of an anti-LOX-1 neutralizing antibody 
improved brain pathology [26]. LOX-1 is a scavenger 
receptor for modified proteins, especially oxidized low-
density lipoprotein (oxLDL) [27]. LOX-1 is expressed on 
endothelial cells, smooth muscle cells and macrophages 
and is related to the development of atherosclerosis and 
other cardiovascular diseases. In addition, LOX-1 acts 
physiologically as an inducer of apoptosis, reactive oxy-
gen species and proinflammatory cytokines [28–30]. We 
also found that LOX-1 was expressed in microglial cells, 
the resident brain macrophages, in the nHIE rat model 

[31]. In addition to other CNS diseases, it is generally 
recognized that inflammation induced by the peripheral 
and central immune systems is one of the major patho-
logical factors in nHIE [32–34]. Although microglial cells 
are thought to be related to the pathology of nHIE, much 
remains unknown regarding the role of microglial cells 
in nHIE and the therapeutic strategy targeting micro-
glial cells. In addition, Olr1 transcription is regulated by 
NF-κB, HIF-1α and OCT-1 [35–37]. It is well known that 
hypoxic conditions accelerate HIF-1-dependent tran-
scription. Moreover, it is reported that inflammatory 
reactions directly affect redox-sensitive transcription 
factors of NF-κB or Oct-1 and indirectly modulate activ-
ity or stability of HIF-1 or the inhibitors of NF-κB [38]. 
However, the relationship of those transcription factors 
and LOX-1 has been never known.

We hypothesized that LOX-1 mediates the inflamma-
tory activation of microglial cells under hypoxic/ischemic 
conditions, which induces neuronal death. In the present 
study, we investigated the alteration in LOX-1 expression 
in microglia, which is controlled by specific transcription 
factors and the influence of LOX-1 on detrimental pro-
cesses under hypoxic/ischemic conditions using primary 
rat microglial cell cultures. Furthermore, we explored 
the signaling pathways related to LOX-1 in microglia to 
establish a new treatment strategy for nHIE.

Methods
Primary microglial cell isolation from newborn rat brains
We obtained primary microglial cells according to a 
previously described technique [39, 40]. Briefly, mixed 
glial cultures were prepared from newborn to 3-day-
old Sprague–Dawley rat brains containing the cortex, 
hippocampus and striatum (CLEA Japan Inc., Tokyo, 
Japan) and cultured until confluent. The cells were cul-
tured in high-glucose Dulbecco’s modified Eagle medium 
(DMEM high glucose, WAKO, Osaka, Japan) containing 
10% fetal bovine serum (FBS) and penicillin/streptomy-
cin at 37 °C in a 10% CO2 incubator. After approximately 
2  weeks, microglial cells were harvested by the shaking 
method and replated on 6-well plates at 2 × 106  cells/
well, 96-well plates at 1 × 105  cells/well or 8-well cham-
ber slides at 2 × 105 cells/well. The microglial cell cultures 
consisted of > 98% microglial cells (stained with anti-Iba1 
antibody (WAKO)) (Additional file 4: Fig. S1). All animal 
experiments were performed with the permission of the 
Animal Experiment Ethics Committee of the National 
Center of Neurology and Psychiatry.

Oxygen glucose deprivation and LOX‑1 knockdown 
treatments
We performed oxygen glucose deprivation (OGD) treat-
ment as an in vitro model of hypoxia/ischemia [41, 42]. 
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The harvested microglial cells were cultured in high-
glucose DMEM containing 10% FBS for 24 h. Then, the 
culture medium was replaced with glucose-free DMEM 
without FBS. Primary microglial cells were treated with 
OGD and LOX-1 knockdown.

Regarding OGD treatment, cultured microglial cells 
were treated with a BIONIX-2 hypoxic cell culture kit 
(Sugiyamagen, Tokyo, Japan). The concentration of oxy-
gen was maintained at almost 0%. For the controls, the 
culture medium was replaced with high-glucose DMEM 
without FBS and microglial cells were cultured under 
normal oxygen concentrations. After OGD treatment 
for 6 h, the microglial cells were washed with PBS. Then, 
total RNA or proteins were extracted for analysis and the 
culture supernatant was collected for cytokine measure-
ment. For immunocytochemistry, the cells in chamber 
slides were washed with PBS and then fixed with 4% par-
aformaldehyde (PFA).

For LOX-1 knockdown, the expression of LOX-1 in 
primary microglial cells was silenced using the small 
interfering RNA (siRNA) Silencer Select rat Olr1 (gene 
name of LOX-1) (Thermo Fisher Scientific, Waltham, 
MA) with Lipofectamine RNAiMAX transfection rea-
gent (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. We used Silencer Select negative 
control No.1 siRNA that did not target any rat genes as a 
negative control. The diluted siRNA (12.5 pmol/ml) and 
transfection reagent (3.75 μl/ml) added to the microglial 
cell culture. The cells were incubated with the siRNA for 
24 h and then were subjected to the OGD experiments.

Inhibitors of p38‑MAPK and NF‑κB
To investigate whether OGD affected LOX-1 pathway, we 
used two inhibitors of p38-MAPK and NF-κB. SB203580 
and BAY11-7082 are frequently used in in  vitro study. 
SB203580 (199-16551; Wako Pure Chemical Industries, 
Osaka, Japan), a p38-MAPK inhibitor, was added to cul-
tured microglial cells at a concentration of 20  μmol/L 
for 60  min before OGD treatment [43]. BAY11-7082 
(19542-67-7; Wako Pure Chemical Industries), an NF-κB 
inhibitor, was added to the isolated microglial cells at 
a concentration of 10  μmol/L for 30  min before OGD 
treatment [44].

RNA extraction and real‑time quantitative PCR
Total RNA was extracted from rat brains and cultured 
microglial cells using the RNeasy Plus Mini kit (Qiagen, 
Venlo, Netherlands) according to the manufacturer’s pro-
tocols. Then, the total RNA concentration was measured 
using a Nanodrop (Thermo Fisher Scientific). For RT-
PCR, cDNA was prepared from total RNA using a high-
capacity cDNA Reverse Transcription kit (Thermo Fisher 
Scientific). RT-PCR was performed using LightCycler 480 

SYBR Green I master mix (Roche, Basel, Switzerland) on 
a LightCycler 480 System II (Roche). The experiments 
were performed in triplicate. The mRNA levels were nor-
malized relative to the endogenous reference gene act-b 
(β-actin). The results are described as the fold change of 
the Ct value relative to the control groups. We used the 
primer sequences of Olr1: forward 5′-TGA​CCC​TGC​
CAT​GCC​ATG​CT-3′ and reverse 5′-TGG​GGA​TGG​TGG​
AGG​CCC​TG-3′, and β-actin: forward 5′-TAA​GGC​CAA​
CCG​TGA​AAA​GA-3′ and reverse 5′-GAG​GCA​TAC​AGG​
GAC​AAC​ACA-3′.

Transcriptome analysis
Whole transcriptome microarray analysis was performed 
using a Rat Clariom S assay (Thermo Fisher Scientific) 
according to the manufacturer’s instructions. Analysis 
and normalization of the raw data were conducted using 
Transcriptome Analysis Console (TAC) 4.0 (Thermo 
Fisher Scientific). Differentially expressed genes (DEGs) 
were defined as genes with an FDR < 0.01 and a more 
than twofold change. Gene ontology (GO) and KEGG 
pathway analyses were conducted using GSEA software 
(http://​softw​are.​broad​insti​tute.​org/​gsea/​index.​jsp).

Protein extraction and immunoblotting
Total proteins were extracted using RIPA buffer (Nacalai 
Tesque, Kyoto, Japan) according to the manufacturer’s 
instructions. Separate cytoplasmic and nuclear protein 
fractions were extracted using NE-PE nuclear and cyto-
plasmic extraction reagents (Thermo Fisher Scientific). 
Then, the protein concentrations were measured using a 
Pierce BCA protein assay kit (Thermo Fisher Scientific).

Twenty micrograms of the extracted proteins were 
loaded in each lane of TruPAG Precast Gels 4–12% 
(Sigma-Aldrich Corporate, St. Louis, MO) for electro-
phoresis. After transfer to a polyvinylidine difluoride 
membrane, each immunoreacted band was detected 
using Amersham ECL prime Western blotting detection 
reagent (GE Healthcare, Boston, MA) according to the 
manufacturer’s instructions. We used primary antibod-
ies against LOX-1 (AF1798; R&D Systems, Minneapolis, 
MN), NF-κB p65 (PA5-16545; Thermo Fisher Scientific), 
phospho-p38 MAPK (4511; Cell Signaling Technology 
Inc., Danvers, MA), p-38 MAPK (8690; Cell Signaling 
Technology Inc.), phosphor-ERK 1/2 (4370; Cell Signal-
ing Technology Inc.) and ERK 1/2 (4695; Cell Signaling 
Technology Inc.), as previously described [26].

As a reference, β-actin (A5316; Sigma-Aldrich Corpo-
rate) and PCNA (2586; Cell Signaling Technology Inc.) 
were detected using a specific antibody. The expression 
levels of the detected bands were measured and calcu-
lated by ImageQuant TL (GE Healthcare).

http://software.broadinstitute.org/gsea/index.jsp


Page 4 of 13Aoki et al. Cell Communication and Signaling          (2023) 21:126 

Immunocytochemistry
The microglial cells on chamber slides or in 96-well plates 
were washed with PBS and fixed with 4% PFA for 30 min. 
Then, the cells were incubated with the same primary 
antibodies used in immunoblotting analyses. Then, the 
cells were incubated with Alexa Flour-conjugated sec-
ondary antibodies (Thermo Fisher Scientific) for 1 h and 
mounted with Hoechst 33342 (Thermo Fisher Scientific). 
The fluorescent samples were observed with confocal 
laser scanning microscopy (LSM780; Zeiss, Oberkochen, 
Germany) or fluorescence microscopy (IX71; Olympus, 
Tokyo, Japan).

Cytokine measurement
The microglial cell culture medium was collected and 
centrifuged for 20  min at 1000× g. Then, cytokine/
chemokine concentrations in the supernatants were 
measured using a BioPlex ProTM Rat Cytokine 23-Plex 
Assay (Bio-Rad, Hercules, CA).

Reactive oxygen species (ROS) detection
After the OGD experiments, microglial cells were sub-
jected to OGD treatment and treated with 4.5% glucose 
containing original medium as controls. Then, cellular 
ROS levels were detected using CellRox Green Reagent 
(C10444: Thermo Fisher Scientific). Briefly, the microglial 
cells were stained with 5 μM CellRox Green Reagent by 
adding the probe to the complete media and incubating 
at 37 °C for 30 min. Fifty micromolar of N-acetyl cysteine 
(NAC), an antioxidant was added to some of the OGD-
treated wells. Then, the cells were washed with PBS and 
fixed with 4% PFA. Finally, the microglial nuclei were 
stained with Hoechst 33342 (Roche). The cells were 
observed with a microscope (IX71: Olympus, Tokyo, 
Japan), and the mean fluorescent intensities per cell were 
analyzed using an In Cell Analyzer 2000 (GE Healthcare).

Luciferase reporter assay
To construct the pGL3-WT luciferase reporter vector, 
the 2372-nt fragment (− 2336 to + 36) of human OLR1 
gene containing the binding sites for NF-κB, OCT-1 and 
HIF-1α was amplified by PCR using the following KpnI/
MluI site-linked primers: forward 5′-ATC​TGG​GTA​CCT​
CAG​TGT​GAT​ATC​GTT​TCA​G-3′ and reverse 5′-TAG​
CTA​GAT​CTT​CTC​TCC​GAG​AGG​AGG​GAG​C-3′, and 
was cloned into the pGL3-Basic firefly luciferase reporter 
vector (Promega, Madison, WI). Site-directed mutagen-
esis of the putative NF-kB target site (GGG​AGT​CTC), 
OCT-1 target site (ACG​CGT​) and HIF-1α target site 
(A/GCGTC) with the pGL3- WT vector as the template 
was performed using the MutanBEST kit (D401; Takara) 
according to the manufacturer’s instructions, and the 
result was called the PGL3-Mutant. The primer sets for 

the luciferase assay showed in Additional file 1: Table S1. 
All plasmid DNAs were extracted and purified with a 
Plasmid Midi Kit (Qiagen) and sequenced with the 3130 
GeneAnalyser (Thermo Fisher Scientific).

The pGL3-WT and pGL3-Mutant luciferase reporter 
vectors were transfected into HEK293T cells using Lipo-
fectamine 2000 Transfection Reagent (11668027; Thermo 
Fisher Scientific). Cells transfected with the pGL3-empty 
vector were used as controls. Cells were lysed 24 h post-
transfection in passive lysis buffer (Promega). Firefly and 
Renilla luciferase signals were measured by the Dual-
Luciferase Reporter Assay System (Promega) on a Centro 
Microplate Luminometer LB960 (Berthold Technologies, 
Baden Württemberg, Germany). Three biological repli-
cates were performed for each sample in luciferase assays. 
Normalized reporter activity was expressed as the firefly 
luciferase value divided by the Renilla luciferase value 
(RLA), which was then normalized to the control vector 
activity.

Chromatin immunoprecipitation assay
We identified the binding sites for NF-kB, Oct-1 and 
HIF-1α in the promoter region of the human OLR1 gene 
from the UCSC Genome Browser (http://​genome.​ucsc.​
edu). To identify whether the transcription factors NF-κB 
and HIF-1α control the expression of LOX-1 in microglia, 
we performed a chromatin immunoprecipitation assay 
using the ChIP Kit-One Step (ab117138; Abcam, Cam-
bridge, UK) with the HMC3 human microglial cell line 
(CRL-3304; American Type Culture Collection, Manas-
sas, VA). According to the manufacturer’s instructions, 
we collected OGD-treated microglial cells, fixed them 
with 1% formaldehyde and fragmented them with soni-
cation. We used antibodies against NF-κB (PA5-16545; 
Thermo Fisher Scientific) and HIF-1α (AF1935; R&D Sys-
tems) and primer sets for NF-κB and HIF-1α (Additional 
file 3: Table S2).

Cell viability
After the OGD experiments, the microglial cells sub-
jected to OGD treatment were treated with 4.5% glu-
cose at the same glucose concentrations as the CTLs. 
Then, the cells were incubated for 2  h with CellTiter 
96 AQueous One Solution Cell Proliferation Assay 
(Promega, Madison, WA) at 37  °C according to the 
manufacturer’s instructions. This reagent contains a 
novel tetrazolium compound [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt; MTS]. The quantity of 
formazan product as measured by absorbance at 490 nm 
is directly proportional to the number of living cells 
in cultures. After 2  h of incubation, the absorbance at 
490 nm was measured using a 96-well plate reader.

http://genome.ucsc.edu
http://genome.ucsc.edu
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Statistical analysis
All data are described as the means ± SEMs. Data were 
analyzed by one-way ANOVA followed by Tukey’s 
post hoc test or an unpaired t-test. Statistical analy-
sis was performed using IBM SPSS version 22 (IBM, 
Armonk, NY). P < 0.05 was considered to be statistically 
significant.

Results
LOX‑1, cytokine and chemokine expression and ROS 
induction in OGD‑treated microglial cells
First, we confirmed that the cultured cells in all experi-
ments were more than 98% Iba-1 positive (Additional 
file 4: Fig. S1). Many OGD-treated microglial cells had 
LOX-1 signals in the cytoplasm, although the untreated 
microglial cells had no LOX-1 signals (Fig. 1A, B).

Immunoblotting experiments showed that the expres-
sion of LOX-1 was increased in OGD-treated microglial 
cells compared with control cells (Fig. 1C, D). RT-PCR 
showed that the mRNA levels of LOX-1 were similar to 
those of the protein levels (Additional file  5: Fig.  S2). 
Thus, the expression of LOX-1 in microglial cells was 
upregulated under hypoxic and ischemic conditions. 
OGD treatment also markedly induced the expression 
levels of the cytokines IL-1β, IL-6 and TNF-α and the 
chemokines CCL2, CCL5 and CCL3 (Fig.  2). In addi-
tion, the ROS level of OGD-treated microglial cells sig-
nificantly increased (Additional file 6: Fig. S3).

LOX‑1 knockdown shifted OGD‑treated microglial cells 
to an anti‑inflammatory phenotype
To investigate the relationship between LOX-1 and 
microglial activation, we analyzed whether microglial 
cells were activated under hypoxic and ischemic condi-
tions and whether their activation was changed with 
LOX-1 siRNA administration. LOX-1 siRNA efficiently 
knocked down LOX-1 expression in microglial cells, 
and we confirmed that the expression of LOX-1 (Olr1) 
induced by OGD was suppressed by LOX-1 siRNA to 
the same level as that of the control (Additional file  5: 
Fig.  S2). The production of the cytokines IL-1β, IL-6 
and TNF-α was increased after OGD and suppressed by 
LOX-1 siRNA administration (Fig.  2A). Moreover, the 
production of the chemokines CCL2, CCL5 and CCL3 
was increased after OGD and suppressed by LOX-1 
siRNA administration (Fig.  2B). The expression level 
of IL-4, an anti-inflammatory cytokine, was not signifi-
cantly changed (Additional file 7: Fig. S4). However, Nos2 
(iNOS) expression in OGD-treated microglial cells was 
increased compared with that of the control and was sup-
pressed by LOX-1 siRNA (Additional file 8: Fig. S5). The 
ROS level in OGD-treated microglial cells was decreased 
to that of untreated microglial cells by LOX-1 siRNA 
treatment (Additional file  6: Fig.  S3). These data clearly 
indicate that hypoxic/ischemic conditions induce the 
expression levels of inflammatory cytokines/chemokines, 
iNOS and ROS in microglial cells through the upregu-
lation of LOX-1, and the downregulation of LOX-1 

Fig. 1  OGD-treated microglial cells express LOX-1. Untreated microglial cells (control; CTL) did not exhibit LOX-1 expression (A). OGD-treated 
microglial cells (OGD) exhibited LOX-1 expression in the cytoplasm (B). Immunoblot analysis shows LOX-1 overexpression in OGD-treated microglial 
cells (C, D). Immunocytochemistry, blue: Hoechst 33342 (A, B), red; LOX-1 (B). *P < 0.05. Scale bar = 10 µm
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recovered the expression levels of these inflammatory 
mediators.

To further investigate the role of LOX-1 in microglial 
cells, we performed transcriptome analysis to compare 
the expression patterns in control (CTL)-treated, OGD-
treated and OGD-treated LOX-1 siRNA-treated micro-
glial cells. The heatmap indicates that LOX-1 knockdown 
shifted OGD-treated microglia to the M2 phenotype 
(Additional file 9: Fig. S6).

LOX‑1 inhibition altered the NF‑κB distribution pattern 
and the phosphorylation of p38‑MAPK
NF-κB p65 expression was examined in the cytoplasm 
of primary microglial cells (Fig.  3). After OGD induc-
tion, NF-κB p65 expression was mainly in the nucleus. 
However, LOX-1 knockdown in OGD-treated micro-
glial cells recovered NF-κB p65 expression in the cyto-
plasm. As the intracellular signaling pathway of LOX-1 is 

known, we investigated p38-MAPK and ERK 1/2 activity 
and phosphorylation. OGD insult induced phosphoryla-
tion of p38-MAPK and ERK 1/2 (Fig.  4). LOX-1 siRNA 
treatment in OGD-treated microglial cells recovered the 
p38-MAPK phosphorylation level but not the ERK 1/2 
phosphorylation level. These results indicated that p38-
MAPK activation by OGD was dependent of the LOX-1 
pathway.

Effects of p38‑MAPK and NF‑κB inhibitors in OGD‑treated 
microglial cells
SB203580 (SB), a p38-MAPK inhibitor, and BAY11-
7082 (BAY), an NF-κB inhibitor, did not alter the 
LOX-1 expression pattern or levels in the cultured cells 
(Fig.  5). However, both SB and BAY markedly reduced 
the expression levels of the cytokines IL-1β, IL-6 and 
TNF-α and the chemokines CCL2, CCL5 and CCL3 
(Fig. 6). These data indicate that NF-κB and p38-MAPK 

Fig. 2  LOX-1 siRNA inhibits OGD-induced cytokine and chemokine production. The cytokines IL-1β, IL-6 and TNF-α (A) and the chemokines CCL2, 
CCL5 and CCL3 (B) were significantly increased. LOX-1 siRNA downregulates the expression of these molecules. **P < 0.01
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Fig. 3  LOX-1 inhibition alters the distribution of NF-κB p65 from the cytoplasm to the nucleus. OGD-treated microglial cells show NF-κB p65 in the 
nucleus, but LOX-1 siRNA induces cytoplasmic expression of NF-κB p65 (A). Western blots exhibit significantly increased NF-κB p65 expression levels 
in the nuclear fraction of OGD-treated microglial cells but no significant difference in NF-κB p65 expression in the cytoplasmic fraction (B). Hoechst; 
Hoechst 33342, *P < 0.05. Scale bar = 10 µm

Fig. 4  LOX-1 suppression induces different expression patterns of p38-MAPK and ERK phosphorylation in OGD-treated microglial cells. The 
expression of phospho-p38-MAPK and the ratio of phospho/total p38-MAPK were significantly increased in OGD-treated microglial cells but 
were reduced to the control level by LOX-1 siRNA (A). However, the expression of phospho-ERK and the ratio of phospho/total ERK were relatively 
increased in OGD-treated microglial cells but were not significantly reduced to the control level by LOX-1 siRNA (B). *P < 0.05
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are transcription factors associated with cytokines and 
chemokines. Furthermore, LOX-1 is one of the OGD-
induced cytokine/chemokine pathways in microglial 
cells, and NF-κB and p-38 MAPK are important compo-
nents of these pathways.

NF-κB expression was analyzed, and both inhibi-
tors suppressed NF-κB p65 nuclear expression (Fig.  7). 
Furthermore, the ratio of phospho-p38-MAPK to total 
p38-MAPK (phospho/total p38-MAPK) was increased 
in OGD-treated microglia (Additional file  10: Fig.  S7). 
SB reduced the ratio to the baseline level, but BAY did 
not have this effect. NF-κB may be downstream of p-38 
MAPK.

Furthermore, we found that innate immune signal-
ing pathways were significantly upregulated after OGD 
induction and that these upregulations were altered by 
LOX-1 siRNA, as determined by the gene set analysis. 
These findings suggested that the genes in the innate 
immune pathways may be downstream of LOX-1, and 
the upregulation of LOX-1 leads to microglial activation 
through these genes.

Microglial cell viability
Cell viability were measured in in  vitro experiments. 
Cell viability was not significantly changed after OGD 

compared with that of the control group (Additional 
file 11: Fig. S8).

NF‑κB and HIF‑1 alpha induce OLR‑1 promoter activity 
under the OGD conditions
To investigate whether a transcriptional binding site 
is present in the promoter of the OLR-1 gene, a 2.3-kb 
upstream region of the promoter was cloned into the 
pGL3-luciferase reporter vector. This region contains 
three predicted putative transcription factor-binding 
sites, NF-κB, OCT-1 and HIF-1α. We used HMC-3 cells 
(a human microglial cell line) to conduct this promoter 
assay. As shown in Fig.  8, the region between − 1576 
and − 1682  bp yielded the most substantial change in 
luciferase activity. Whereas NF-κB and HIF-1α are both 
transcriptional activators, NF-κB has strong transcrip-
tional activity. However, OCT-1 is a transcriptional 
repressor but can be upregulated in the oxLDL-mediated 
LOX-1 pathway [36, 37]. However, OCT-1 may have min-
imum activity of OLR-1 gene transcription.

Using the chromatin immunoprecipitation (ChIP) 
assay, we found that NF-κB and HIF-1α bind to the 
promoter region of the OLR-1 gene (Additional file  12: 
Fig. S9).

Discussion
In the present study, we found that LOX-1 was induced 
in microglial cells under oxygen and nutrient deprivation 
and mediated the inflammatory activation of microglial 
cells, which led to the production of inflammatory media-
tors such as cytokines, chemokines, and reactive oxygen/
nitrogen species. Blocking the LOX-1 signal transduc-
tion pathway suppressed the production of inflammatory 
mediators. The OGD method is widely used to analyze 
the pathology of neurons, astrocytes, or myocytes as 
models of hypoxic and ischemic conditions [45–48]. 
We demonstrated that OGD-induced stress increased 
microglial cell expression of inflammatory cytokines 
(IL-1β, IL-6 and TNFα) and chemokines (CCL2, CCL5 
and CCL3) (Fig. 2, Additional file 6: Fig. S3). Transcrip-
tome analysis showed that OGD-induced microglial cells 
expressed inflammatory gene transcripts. In addition, 
the expression of LOX-1 was induced in OGD-treated 
microglial cells, which was similar to the phenomenon 
of microglial cells in the nHIE rat model [31]. However, 
LOX-1 knockdown in OGD-treated microglial cells led 
to the suppression of inflammatory mediators, which 
was consistent with the change observed in the nHIE 
rat model brain treated with an anti-LOX-1 neutralizing 
antibody [26]. Therefore, our OGD microglial cell model 
is a useful method to develop or screen drugs for HIE and 
inflammatory conditions in the brain and to analyze the 
LOX-1 signal transduction pathway as a treatment target. 

Fig. 5  p38-MAPK and NF-κB inhibitors do not change LOX-1 
expression levels in OGD-treated microglial cells. OGD-treated 
microglial cells expressed LOX-1 protein (red) in the cytoplasm 
(A). The same photographs of untreated microglial cells and 
OGD-treated microglial cells are shown in Fig. 1A, B. LOX-1 expression 
is not influenced by the p38-MAPK or NF-κB inhibitors SB or BAY, 
respectively. The relative LOX-1 expression level was the same as that 
shown by immunocytochemistry (B). SB; SB203580, BAY; BAY11-7082, 
Scale bar = 10 µm. *P < 0.05
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This finding also indicates that microglial cells have an 
LOX-1-inducible immune system, which acts under 
hypoxic/ischemic conditions.

LOX-1 expression is induced by external stimuli, such 
as ox-LDL, apoptotic cells, and cytokines [30, 49]. A 
study reported that conditioned medium derived from 
necrotic neuronal cultures induced LOX-1 expression in 
microglial cells [50]. HSP60 has also been identified as 
a molecule that induces LOX-1 expression, and HSP60 
acts on LOX-1 expressing microglial cells to induce the 
production of inflammatory mediators [50]. However, we 
demonstrated that the expression of LOX-1 was induced 
in primary rat microglial cells after OGD treatment with-
out any external stimulus. In addition, the upregulation 
of LOX-1 in OGD-treated microglial cells continued 
despite the suppression of inflammatory cytokines and 
chemokines with p38-MAPK or NF-κB inhibitors. This 

finding means that the induction of LOX-1 in micro-
glial cells is not related to inflammatory cytokines or 
chemokines. Based on these results, we can speculate 
that the expression of LOX-1 is induced by not only 
external stimuli but also endogenous factors in microglial 
cells under hypoxic and ischemic conditions [51, 52].

Based on the results of the human OLR1 promoter 
sequence and transcription factor-binding site prediction, 
we confirmed that HIF-1α and NF-κB can directly con-
trol LOX-1 expression. Under conditions of oxygen and 
nutrient deficiency, HIF-1α may first act on the immune 
system via microglial cells. However, NF-κB mainly acts 
as a transcription factor of the OLR-1 gene. In addition, 
we can speculate that NF-κB induced by the cellular 
LOX-1 pathway leads to cytokine production. Our results 
revealed that NF-κB expression was induced by OGD 
insult and was localized in the nucleus (Fig. 3). This may 

Fig. 6  The production of cytokines and chemokines in OGD-treated microglial cells is downregulated by p38-MAPK and NF-κB inhibitors. The 
production of the cytokines IL-1β, IL-6 and TNF-α (A) and the chemokines CCL2, CCL5 and CCL3 (B), which are increased by OGD treatment, are 
suppressed by SB and BAY to the same levels as those of the control. SB; SB203580, BAY; BAY11-7082, **P < 0.01
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demonstrate that LOX-1 is overexpressed in microglial 
cells by positive feedback of the LOX-1 pathway.

Our previous study demonstrated that nHIE model 
rats expressed LOX-1 and were cured by an anti-LOX-1 
neutralizing antibody [26]. In this study, we showed that 
LOX-1 siRNA downregulated 60–80% of LOX-1 mRNA 
expression and protein expression to the baseline level 
(Additional file  5: Fig.  S2). Namely, defects in the brain 
circulatory system lead to LOX-1 expression, and sup-
pression of LOX-1 can markedly alleviate this pathology. 
Thus, LOX-1 is considered a major candidate for nHIE 

therapy. It is known to be an important role in the activity 
of p38-MAPK and NF-κB in the LOX-1 intracellular sign-
aling pathway [30]. Therefore, we investigated the activa-
tion of the both key molecules under the OGD condition. 
OGD insult induced P38-MAPK activation but did not 
influence ERK1/2 activation; however, both molecules 
are components of the cellular LOX-1 pathway (Fig.  4). 
Moreover, inhibitors of P38-MAPK and NF-κB reduced 
cytokine and chemokine expression to levels similar to 
those of LOX-1 siRNA (Fig.  6). However, the inhibitors 
may affect the other cellular signaling pathways.

Fig. 7  p38-MAPK and NF-κB inhibitors alter the distribution pattern of NF-κB p65 from the cytoplasm to the nucleus. NF-κB p65 is located in the 
nucleus in OGD-treated microglial cells but in the cytoplasm in other microglial cells (A). The same photographs of untreated microglial cells and 
OGD-treated microglial cells are shown in Fig. 3A. Western blots exhibit significantly increased NF-κB p65 expression levels in the nuclear fraction of 
OGD-treated microglial cells but no significant differences in NF-κB p65 expression levels in the cytoplasmic fraction (B). Hoechst; Hoechst 33,342, 
Scale bar = 10 µm. *P < 0.05

Fig. 8  A luciferase reporter assay revealed the NF-κB binding site of − 1628 to − 1621 of the OLR-1 promoter region. The OLR-1 transcription 
activity is less affected by the binding sites of OCT-1 and HIF-1α. #P < 0.05 compared with the mock; , not significant compared with the SV40 
promoter. , TATA box; , NF-κB binding site; , OCT-1 binding site; , HIF-1α binding site; , mutation position
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As we previously described, activated microglial 
cells produce inflammatory cytokines and chemokines 
and reactive oxygen/nitrogen species under hypoxic 
and ischemic conditions. Inflammatory cytokines and 
chemokines activate immune cells, including microglial 
cells, and induce migration of these immune cells and 
destruction of the blood–brain barrier [53]. Therefore, 
these cytokines and chemokines may indirectly cause 
neuronal injuries. In contrast, neurons express TNFα 
receptors and TNFα can directly induce apoptosis via 
caspase-8 activation or necrosis RIP1 and RIP3 activa-
tion in neurons [53, 54]. Neurons also express IL-1β 
receptors, and hypoxic microglia-derived IL-1β induces 
neuronal apoptosis via these receptors [55]. Therefore, in 
addition to indirect neuronal injury, some cytokines can 
directly cause neuronal injury. In this study, the produc-
tion of these cytokines was related to the expression of 
LOX-1 in hypoxic and ischemic-injured microglial cells, 
which means that the upregulation of LOX-1 in activated 
microglial cells is indirectly or directly related to neu-
ronal injuries.

Recently, it has been shown that microglial cells con-
tribute to the pathophysiology of various neurodegen-
erative diseases, epilepsy, neurodevelopmental diseases, 
autoimmune encephalitis, neurologic pain and brain 
trauma [56]. Hypoxic and ischemic brain injuries are 
caused by many circulatory dysfunctions, extrinsic acci-
dents and various pathological conditions. nHIE is a 
major perinatal disease and results in lifelong neurologi-
cal and mental deficiency. A completely curative therapy 
is needed. LOX-1 and its related molecules or chemicals 
are major candidates for nHIE therapy.

Conclusion
We investigated the alteration in LOX-1 expression in 
microglia and the influence of LOX-1 on detrimental 
processes under hypoxic/ischemic conditions using pri-
mary rat microglial cell cultures. We performed oxy-
gen–glucose deprivation (OGD) treatment as an in vitro 
model of hypoxia/ischemia and LOX-1 knockdown using 
siRNA and treated the cells with the inhibitors of p38-
MAPK or NF-κB. OGD-treated microglial cells induced 
LOX-1, cytokine and chemokine expression and ROS 
production. This finding indicates that hypoxic/ischemic 
conditions of microglial cells induced LOX-1 expression 
and activated the immune system through NF-κB acti-
vation. Moreover, LOX-1 reduction with LOX-1 siRNA 
shifted microglial cells to an anti-inflammatory pheno-
type and reduced the expression levels of cytokines and 
chemokines to levels similar to those of P38-MAPK or 
NF-κB inhibitors. Here, we revealed one of the LOX-1 
signaling pathways in microglia and suggest a possible a 
new treatment strategy for nHIE.
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treatment, LOX-1 gene expression levels were downregulated by approxi‑
mately 75% in microglial cells without siRNA treatment. LOX-1 protein 
expression was reduced to the same level as that in the control. *P < 0.05.

Additional file 6: Figure S3. LOX-1 siRNA suppresses ROS production 
in OGD-treated microglial cells. OGD-treated microglial cells exhibit 
significant oxidative stress, showing positivity for CellRox Green Reagent. 
The relative intensity per cell of OGD-treated microglial cells was 
approximately 20 times that of the control. NAC; N-acetyl cysteine. Scale 
bar = 20 μm. **P < 0.01.

Additional file 7: Figure S4. LOX-1 siRNA suppresses IL-4 in OGD-treated 
microglial cells. OGD-treated microglial cells exhibit significant IL-4 con‑
centration. *P < 0.05.

Additional file 8: Figure S5. OGD induces Nos2 expression. LOX-1 siRNA 
suppresses Nos2 expression in OGD-treated microglial cells. **P < 0.01.
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Additional file 12: Figure S9. The chromatin immunoprecipitation assay 
demonstrated that the both transcription factors of NF-κB and HIF-1α 
bind to the OLR-1 gene promoter region under the OGD conditions. M; 
100-bp ladder marker, 1; I-κBa promoter region as a control, 2; VEGFA 
promoter region as a control, 3; ③ of NF-κB binding site, 4; ④ of HIF-1α 
binding site, 5; ⑤ of HIF-1α binding site, 6; ⑥ of NF-κB binding site, D; 
distilled water.
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