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Abstract
Spinal cord ischemia/reperfusion injury (SCII) is a severe complication driven
by apoptosis and neuroinflammation. An increase in the expression of c-Fos, a
member of the AP-1 family, is known as a neuronal activation marker in SCII.
The AP-1 family is composed of Jun, Fos, and is associated with the regulation
of cytokines expression and apoptosis. Fra-1 is a member of the Fos family,
however, the contribution of Fra-1 to SCII is still unclear. In our study,
Fra-1 was highly upregulated especially in neurons and microglia and pro-
moted apoptosis by changing the expression of Bax/Bcl-2 after SCII. Fur-
thermore, we found that Fra-1 directly regulated the transcription
expression of S100A8. We demonstrated that knockdown of Fra-1 allevi-
ated S100A8 mediated neuronal apoptosis and inflammatory factor release,
thus improved motor function after SCII. Interestingly, we showed that
administration of TAK-242, the TLR4 inhibitor, to the ischemia/
reperfusion (I/R) injury induced rats suppressed the activation of the ERK
and NF-κB pathways, and further reduced Fra-1 expression. In conclusion,
we found that Fra-1-targeted S100A8 was expressed the upstream of Fra-1,
and the Fra-1/S100A8 interaction formed a feedback loop in the signaling
pathways activated by SCII.
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1 | INTRODUCTION

Spinal cord ischemia/reperfusion injury (SCII) is a severe
complication after spinal or thoracic surgery that often
triggers a variety of pathophysiological reactions, includ-
ing the release of excitatory amino acids, inflammatory
reactions and neuronal apoptosis [1, 2]. The reactions
caused by SCII can result in paralysis or paraplegia and
even threaten the life of patients [3]. Although various
studies on SCII have been reported, the mechanisms of

this injury are not sufficiently clear, and few effective pro-
tective measures are used in the clinic.

The AP-1 complex is a dimer consisting of Jun (c-Jun,
JunB and JunD) and Fos (c-Fos, FraB, Fra-1, and Fra-
2) family proteins and other bZIP transcription factors
[4]. AP-1 transcription factors are signal activated, and
they regulate apoptosis and stress responses [5,6]. Increas-
ing evidence has indicated that c-Fos and c-Jun can be
induced to high expression levels after ischemia injury
and that this upregulation moderates apoptosis [7, 8].
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Nevertheless, the role of Fra-1 after ischemic injury has
rarely been studied. Some reports have indicated that
Fra-1 controls cell proliferation, survival, and metastasis,
but the therapeutic effect of Fra-1 depends on the cancer
cell context [9]. In addition, Fra-1 has been shown to sup-
press apoptosis [10–12]. However, Fra-1 has also been
reported to promote apoptosis, indicating that the role of
Fra-1 in apoptosis might vary with the type of cell and
stimulation [13, 14]. Therefore, understanding the func-
tion of Fra-1 may help identify novel potential targets for
therapeutic intervention after SCII.

S100A8 has attracted long-standing interest as a ther-
apeutic target in myocardial ischemia [15, 16]. However,
the role of S100A8 after SCII has been unknown. In the
previous study, S100A8 has been found to be expressed
in microglia and neurons in the central nervous system
and is secreted by neuronal cells under hypoxic condi-
tions, which promotes activation of the Toll-like receptor
4(TLR4)/ nuclear factor-κB (NF-κB) pathway and pro-
duction of interleukin-1β (IL-1β), resulting in neuroin-
flammation and apoptosis [17]. Multiple lines of evidence
support the idea that S100A8, a known ligand of TLR4,
can induce downstream TLR4 genes [18–20]. Besides,
phosphorylated extracellular regulated protein kinases
(p-ERK) and phosphorylated NF-κB (p-NB-κB) in
TLR4 downstream pathways, act as important factors
contributing to inflammation and apoptosis [17, 21, 22],
especially after SCII [23, 24]. Moreover, extracellular
regulated protein kinases (ERK) and NF-κB signaling
regulates the abundance of Fra-1 via transcriptional
induction and posttranslational stabilization [25–28].

In this study, we first investigated Fra-1 and its target
gene S100A8, and we found that in conjunction, they
promoted apoptosis and neuroinflammation through the
TLR4/ERK and NF-κB pathways after SCII. Notably,
the feedback loop formed by Fra-1/S100A8 aggravates
the ischemic/reperfusion cascade reaction, so comprehen-
sive identification of the feedback loop can help us to
understand the pathophysiological process of SCII.

2 | MATERIALS AND METHODS

2.1 | Animals

Male Sprague–Dawley rats (200–250 g) were obtained
from the Animal Center of China Medical University,
Shenyang (China). All rats were housed for at least
1 week to allow their adaptation to the environment, and
they had free access to water and food. The rats were ran-
domly assigned to control and experimental groups.

2.2 | Drugs and reagents

Recombinant rat S100A8 (rS100A8, E. coli derived, with
purity >95%) was purchased from Med Chem Express

(China, cat. no. HY-P71275). TAK-242 (purity >98%)
was purchased from Absin (Shanghai, China, cat.
no. abs814050). The following antibodies were used for
Western Blotting: primary antibodies against Fra-1 (sc-
376148, 1:1000), TLR4 (sc-293072, 1:1000) and IL-1β
(sc-12742, 1:1000) were purchased from Santa Cruz Bio-
technology; primary antibodies against S100A8
(15792-1-AP, 1:1000), Bcl-2 (60178-1-Ig, 1:2000), Bax
(60267-1-Ig, 1:2000) and secondary antibodies goat
anti-mouse IgG (SA00001-1, 1:10000) and goat anti-rabbit
IgG (SA00001-2, 1:10000) were purchased from the PRO-
TEINTECH; primary antibodies to cleaved caspase-3
(9661, 1:1000), ERK1/2 (4695, 1:1000), p-ERK1/2 (4370,
1:1000), NF-κB (8242, 1:1000), and p-NF-κB (3033,
1:1000) were purchased from Cell Signaling Technology.
The following antibodies were used for Immunofluores-
cence are: a primary antibody against Fra-1 (sc-376148,
1:100) was purchased from Santa Cruz Biotechnology; a
primary antibody against cleaved caspase-3 (9661, 1:200)
was purchased from Cell Signaling Technology; primary
antibodies against NeuN (26975-1-AP, 1:200), GFAP
(16825-1-AP, 1:200), and Iba-1 (10904-1-AP, 1:200) were
purchased from PROTEINTECH; and secondary anti-
bodies donkey anti-rabbit IgG (H + L, GB22403, 1:200)
and goat anti-mouse IgG (H + L, GB21301, 1:200) were
purchased from Servicebio.

2.3 | Intrathecal administration

Intrathecal administration was operated as described pre-
viously [1]. In summary, after receiving anesthesia, each
rat was placed in the prone position with the back was
arched. A 25 μl microliter syringes needle (Gaoge Co,
Shanghai, China) was placed in the subarachnoid space
between segments L4-L6, and the drug was slowly
injected in 1 min. Successful puncture was evident when,
after the needle entered the subarachnoid space, the rat
tail laterally flicked. Ten microliters of 2 � 1010 vg/ml
synthetic adeno-associated virus (AAV) targeting Fra-1
and S100A8 along with the respective negative controls
(purchased from GeneChem Co., Ltd., China) was intra-
thecally injected into the rats. The sequences were as
follows:

AAV-sh-Fra-1 sequence (50-ACCGGCGAAAGAG-
TAGCAGCAGCACTCGAGTGCTGCTGCTACTCT
TTCGTTTT-30);

AAV-sh-S100A8 sequence (50-ACCGGCCACAAT-
TATTCTGGTATACTCGAGTATACCAGAATAATT
GTGGTTTT-30).

2.4 | Drug administration to animals

Recombinant S100A8 (rS100A8) protein was diluted
using normal saline. The TLR4 inhibitor, TAK-242 was
dissolved in 1% dimethyl sulfoxide (DMSO). The
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rS100A8 (10 μg in 10 μl) was intrathecally injected
before induction of spinal ischemia. Sham rats were
injected with 10 μl of normal saline. The process was per-
formed following a previously reported method [20, 29].
TAK-242 was intraperitoneally injected (3 mg/kg)
30 min before the injection of rS100A8 [20, 29, 30].
The rS100A8 and TAK-242 can permeate the blood–
brain barrier [20, 29, 30].

2.5 | Rat models

The SCII rat models were established as previously
described [31]. In summary, we anesthetized the rats with
pentobarbital sodium (50 mg/kg), and the rats were endo-
tracheally intubated and mechanically ventilated. Then,
through the cervicothoracic incision, between the left
common carotid artery and the left subclavian artery the
aortic arch was cross-clamped to establish the spinal cord
ischemia model. After 14 min, we released the occlusion
to start reperfusion. We performed the same procedure
without clamping for rats in the sham group.

2.6 | Tarlov score

Tarlov score was used to assess the motor function of the
hind limbs of rats [32]. The scores of motor function were
observed and recorded by two experimentals who were blind
to the grouping. The score was expressed as: 0—no move-
ment of lower limbs; 1—weak movement of lower limbs;
2—joint of lower limb can move, but unable to stand;
3—abnormal standing but unable to walk; 4—Normal.

2.7 | Motor functional assessment

The postoperative motor function of the rats was assessed
by toe footprint analysis [33, 34]. In summary, the rats
were allowed to walk into a dark compartment on a
gangway (100 cm � 12 cm � 10 cm). The rats did not
need to be pretrained or conditioned before completing
this task. The rat hind paws were dipped in two different
nontoxic dyes. A ruler was attached to the gangway, and
clear footprints were obtained with the imaging equip-
ment, which was placed under the transparent bottom.
The walking posture and toe hold of the rats were clearly
visible on the transparent surface. After the rats walked
across the gangway, the dyes on the toes were washed
off. Differences in foot posture between the SCII group
and the treatment group were analyzed.

2.8 | Cell culture and treatment

We purchased VSC4.1 motor neurons from Beina
Chuanglian Biotechnology Institute (BNCC, China).

They were cultured in an incubator (5% CO2; 37�C) in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS500-S,
AusGeneX, Australia) and 1% penicillin/streptomycin
(Solarbio, China) as previously described [35].

After placing 5 � 105 cells/well in a 6-well plate, short
interfering RNA (siRNA) against Fra-1 (si-Fra-1;
50 nmol/L) or the plasmid used for Fra-1 overexpression
(OE-Fra-1; 2 μg) was added to 200 μl of jet PRIMETM
Buffer, and mixed with 4 μl jet PRIMETM reagent and
then added to cell cultures. After 4–6 h, the culture solu-
tion was replaced with DMEM medium. After 48 h of
transfection, western blotting was performed to measure
the protein levels in the cells of each group. The Fra-1
OE vector (OE-Fra-1, EX-Rn24015-M90) and its nega-
tive control plasmid (EX-NEG-M90) were purchased
from GeneCopoeia (China).

The si-Fra-1-1 sequence (forward, 50-CCGACAA-
GUUGGAGGAUGATT-30, and reverse, 50-UCAUC-
CUCCAACUUGUCGGTT-30);

si-Fra-1-2 sequence (forward, 50- GGAUGGUGCA-
GCCUCAUUUTT-30, and reverse, 50-AAAUGAGGC-
UGCACCAUCCTT-30);

si-Fra-1-3 sequence (forward, 50-CGAAAGAGUAG-
CAGCAGCATT-30, and reverse, 50-UGCUGCUGCU
ACUCUUUCGTT-30) were purchased from GENERAL
BIOL (China).

2.9 | Oxygen–glucose deprivation/
reoxygenation (OGD/R) model

We established the OGD/R model as described previ-
ously [36]. VSC4.1 neurons were washed twice using
Hank’s balanced salt solution (HBSS), cultured in
glucose-free DMEM (Gibco) and then incubated in a
hypoxic chamber (94% N2, 5% CO2, and 1% O2; 37�C)
for 6 h. After two washes with HBSS, the cultured cells
were transferred to initial medium and incubated in an
incubator (5% CO2; 37�C) for 24 h to induce reoxygena-
tion. The control cells were cultured in normal medium
in the incubator (5% CO2; 37�C).

2.10 | Detection of cell viability

The vitality values of the OGD/R-induced cells were
detected and compared with those of the non-oxygen–
glucose deprived group. As in the previous study [37], the
cells were added into 96-well plates with 100 μl cell sus-
pension in each well, and the cell density was 5 � 103/
well. When the cell density reached 5 � 104/well, the
OGD/R model was established, and the 96-well plates
were removed from the hypoxia chamber at 0.5, 1, 2,
4, 6, and 8 h after oxygen and glucose deprivation. Then
10uL CCK-8 reagent (MedChemExpress, China) was
added to each well and incubated at 37�C for 2 h in dark.
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And the cells were detected at 12, 24, and 36 h after reox-
ygenation, and the same volume of CCK-8 reagent was
added to each well at the same incubation conditions. We
set up the blank control well, which contained no cells,
only medium and reagent. The absorbance of cells was
detected with a microplate reader (BioTek, USA) and the
wavelength was set at 450 nm.

2.11 | Quantitative real-time polymerase
chain reaction (qRT-PCR)

Total RNA from L4-L6 spinal cord specimens and cells
was obtained with TRIzol reagent (TaKaRa, Japan).
Then, cDNA was obtained by reverse transcription of the
total RNA using the PrimeScript RT reagent kit
(RR047A, Takara). Finally, qRT-PCR was performed
with a TB Green Premix Ex TaqII kit (RR820A, Takara)
on an ABI 7500 qRT-PCR instrument (Applied Biosys-
tems). Relative expression of Fra-1 and S100A8 mRNA
was normalized to that of GAPDH. The following primers
(Sangon Biotech, China) were used: Fra-1 (forward, 50-
CACAGACAGTCCAGCAGCAGAAG-30, and reverse,
50-GATAGGTCAGAGGTCGGGGATAGC-30), S100A8
(forward, 50-AGTGCCCTCAGTTTGTGCAG-30, and
reverse, 50-CGCCCACCCTTATCACCAAC-30).

2.12 | Western blotting

The protein of spinal cord tissues (L4-L6 segments) or
cells was lysed and extracted. Then, we used the BCA
protein assay kit (Beyotime, Biotechnology) to detect the
protein concentrations. Next, we used 8 � 15% SDS-
PAGE gels to separate the protein samples, which were
then transferred to PVDF membranes (Millipore, Temec-
ula, CA). After blocking with 5% skim milk (1 h), the
membranes were incubated with primary antibodies
(overnight; 4�C). Subsequently, after two washes with
Tris-buffered saline-Tween 20 (TBST) buffer，the mem-
branes incubated with secondary antibodies (1 h; 37�C).
Finally, we visualized the membranes using an ECL
Western HRP kit (17046, ZEN BIO, China), and the
band intensity was measured by an imaging system (Bio-
Rad). The expression of β-actin was the reference to the
expression levels of the proteins.

2.13 | Hematoxylin and eosin (H&E) staining

The L4-L6 segments of rat spinal cords were fixed in 4%
paraformaldehyde (G1101, Servicebio, China). After fix-
ation for 24 h, the samples were embedded in paraffin.
Then, the blocks were sliced into 4 μm slices, deparaffi-
nized, and rehydrated. Finally, the slices were stained
with H&E staining kit reagent (Servicebio G1005,
China). The stained sections were examined by two

experimenters who were blind to the grouping using an
optical microscope (Nikon, Japan). Normal neurons are
typically considered to contain a round or ovoid clear
nucleus [2]. The average number of normal neurons was
calculated with Image J software (download from the
NIH website).

2.14 | Double immunofluorescence (IF)

As previously described [2], for the in vivo experiment,
spinal cord slices were deparaffinized and rehydrated.
Then, we performed the antigen retrieval by immersing
the slices in heated sodium citrate. After blocking with
QuickBlock (P0260, Beyotime; 15 min; room tempera-
ture), the slices were incubated with primary antibodies
(overnight; 4�C). Then, the slices were incubated with
secondary antibodies (1 h; room temperature) in the
dark. For the experiment in vitro, the neurons were fixed
with 4% paraformaldehyde (20 min; 4�C). Then, the neu-
rons were blocked with QuickBlock (15 min; room tem-
perature). Similarly, the neurons were incubated with
primary antibodies (overnight; 4�C) and then with sec-
ondary antibodies (1 h; room temperature) in the dark.
We counterstained the nuclei with 4, 6-diamidino-2- phe-
nylindole (DAPI; G1012, Servicebio; 10 min; room tem-
perature). Finally, we captured the images with a
fluorescence microscope (Nikon, Japan), and we mea-
sured the integrated fluorescence densities by Image J
software.

2.15 | Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL)

Spinal cord slices were stained with TMR (red) TUNEL
apoptosis detection kit (G1502, Servicebio) following the
manufacturers’s instructions. We stained the nuclei with
DAPI (G1012, Servicebio; 10 min) in the dark. Finally,
we captured images by a fluorescence microscope
(Nikon, Japan).The apoptosis rate (the ratio of TUNEL-
positive cells to total nuclei) was calculated by two inves-
tigators who were blinded to the grouping using Image J
software.

2.16 | Chromatin immunoprecipitation
coupled with qPCR (ChIP-qPCR)

A total of 1 � 107 VSC4.1 cells obtained after OGD/R
induction were used to perform ChIP experiments as
described previously [38]. Briefly, the cells were cross-
linked with 1% formaldehyde. Then, the cells were lysed
to obtain the ultrasonically fragmented chromatin. Chro-
matin was immunoprecipitated using a ChIP-grade anti-
body against Fra-1 (5841, Cell Signaling Technology).
Then, the cross-links in the protein-DNA complexes were
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broken, and the DNA was purified. Finally, qRT-PCR was
performed with the obtained DNA products. The sequences
of the S100A8 primers were as follows: S100A8-1 (forward,
50-GCATGGCAGAAGGAGCAAGAG-30, and reverse,
50-GGAACTCAGACTCATCACGAAGAC-30); S100A8-2
(forward, 50-AACGGAGGACAGGGCTAAGAC-30, and
reverse, 50-CAGGGAAGACATTTACCAGACAGG-30);
and S100A8-3 (forward, 50-CATCCTTCTTCTGCTCCG
TCTTC-30, and reverse, 50-GCTCCACACTGTTCCACTT
CC-30).

2.17 | Statistical analysis

We used GraphPad Prism 8.0 software for data analysis.
The data at normal distribution are shown as the mean-
� SEM. Kruskal–Wallis test was used for comparison
among multiple groups of data that did not conform to
normal distribution. For the data conforming to a nor-
mal distribution, the comparison between two groups
was analyzed with the unpaired t-test and the one-way or
two-way ANOVA were used for differences among mul-
tiple groups followed by Tukey’s test. p values <0.05 were
considered to be statistically significant.

3 | RESULTS

3.1 | The expression of Fra-1 at different time
points after spinal I/R

To investigate the Fra-1 expression at different time points
after spinal I/R, the spinal cord ischemia model was estab-
lished and sampled at different time points after reperfusion
(Figure 1A). As shown in Figure 1B–D, the mRNA and pro-
tein levels of Fra-1 were measured, and the results showed
that the expression of Fra-1 increased over time and peaked
48 h after I/R. Considering that Fra-1 affects the apoptosis
response under some conditions [10–14], we measured the
protein expression of cleaved caspase-3 and found that Fra-1
and cleaved caspase-3 were positively correlated, as shown in
Figure 1C–F. These data indicated that Fra-1 may influence
the apoptosis response activated by I/R.

3.2 | Cellular distribution of Fra-1 expression
after spinal I/R

To identify cell types with upregulated Fra-1 expression after
I/R, according to the previous results, spinal cord ischemia

F I GURE 1 The expression of Fra-1 at
different time points after spinal ischemia/
reperfusion (I/R). (A) Schematic of the
experimental design shows the timeline for
grouping rats. At different time points
(6, 12, 24, 36, 48 and 72 h) after I/R
induction, the L4-L6 segments of spinal
cords were harvested from the rats. (B)
qRT-PCR-assisted detection of the relative
mRNA level of Fra-1 after I/R (n = 3 rats/
group). (C–E) Western blot-assisted
analysis of the protein expression levels of
Fra-1 and cleaved caspase-3 after I/R
(n = 3 rats/group). (F) Correlation analysis
of Fra-1 and cleaved caspase-3 protein
expression levels. All data represent the
mean � SEM. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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model was established and sampled 48 h after reperfusion
(Figure 2A). We performed IF assays with markers repre-
sented NeuN, Iba-1, and GFAP cell type. As shown in
Figure 2B–D, in the anterior horn of spinal cord, Fra-1 was
increased in both the NeuN-positive and Iba-1-positive cells,
and that the expression level of Fra-1was higher in neurons
48 h after I/R. The ventral horn of spinal cord injury is asso-
ciated with motor outcome [39]. Therefore, we speculated
that Fra-1 might affect motor function of rats after I/R. At
the same time, according to the results we observed Fra-1
was also highly expressed in microglia, which may be
involved in microglia-related inflammation induced by I/R.

3.3 | Fra-1 regulates apoptosis response in
OGD/R-stressed cells

In previous experiments, Fra-1 was found to be positively
correlated with cleaved caspase-3 and colocalize with
neurons in the ventral horn of spinal cord, and therefore,
the role of Fra-1 in neurons after SCII was further
assessed. Because OGD/R-induced neuronal injury can
mimic I/R injury in vitro [35], the OD values of VSC4.1
cells at 0.5, 1, 2, 4, 6, and 8 h after oxygen and glucose
deprivation were detected. Compared with the non-

oxygen–glucose deprived group, the cell activity at 0.5,
1, 2, 4, 6, and 8 h after oxygen and glucose deprivation
was significantly decreased, and the cell activity at 6 and
8 h after oxygen and glucose deprivation was the lowest
(Figure 3A). The OD values of VSC4.1 cells at 12, 24,
and 36 h after reoxygenation were detected. Compared
with cells at 6 h after oxygen and glucose deprivation,
the cell activity was significantly increased, and the activ-
ity was highest at 24 and 36 h after reoxygenation
(Figure 3B). The VSC4.1 neurons were used in vitro after
OGD/R and transfected with the synthetic si-Fra-1-1, si-
Fra-1-2, si-Fra-1-3, and the plasmid overexpressing Fra-1
(OE-Fra-1). The western blot results revealed that Fra-1
expression was significantly downregulated by si-Fra-1
and upregulated by OE-Fra-1, respectively, relative to its
expression in the OGD/R group (Figure 3C,D,G,I). The
Bcl-2 and Bax are involved in mitochondrial apoptosis
pathways [40]. Our results showed that, cleaved caspase-3
and Bax were significantly decreased, but Bcl-2 was
increased in VSC4.1 cells after OGD/R following knock-
down of Fra-1 (Figure 3E,F). In contrast, overexpression
of Fra-1 had the opposite effects (Figure 3G,I). As shown
in Figure 3H,J, quantitative results of cell IF assays
revealed that the expression levels of Fra-1 and cleaved
caspase-3 were notably increased after OGD/R compared

F I GURE 2 Cellular distribution of Fra-1
expression after spinal I/R (A) Schematic of the
experimental design shows the timeline for
grouping rats. Spinal cord ischemia model was
established. After 48 h of I/R, tissue samples
were collected. (B) In the ventral horn of the
spinal cord, the distribution and expression of
Fra-1 (red) were detected by double
immunofluorescence (IF) analysis with NeuN
(green, neuron marker), Iba-1 (green,
microglial marker) and GFAP (green, astrocyte
marker) 48 h after I/R (n = 3 rats/group). Scale
bar = 100 μm. (C) Quantified Fra-1
fluorescence intensity (INT/mm2) after I/R. (D)
Quantified Fra-1-positive double-labeled
neurons, microglia and astrocytes in the spinal
cord 48 h after I/R. All data represent the
mean � SEM. **p < 0.01, ***p < 0.001, and
****p < 0.0001.
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with that in the control group, but knocking down Fra-1
significantly reduced the expression of these proteins. So
the conclusion that can be drawn from the results is that

after OGD/R, Fra-1 upregulated Bax, downregulated
Bcl-2, activated caspase-3, and promoted neuronal apo-
ptosis with the mitochondrial pathway.

F I GURE 3 Fra-1 regulates apoptosis response in oxygen–glucose deprivation/reoxygenation (OGD/R)-stressed VSC4.1 neurons. (A,B) CCK-8-
assisted analysis of cell viability after OGD/R. (C,D) Western blot-assisted analysis of the relative protein levels of Fra-1 after transfection with si-
Fra-1-1, si-Fra-1-2, si-Fra-1-3 under OGD/R. (E,F) Western blot-assisted analysis of the relative protein levels of cleaved caspase-3, Bax and Bcl-2 in
VSC4.1 neurons after transfection with si-Fra-1 under OGD/R. (G,I) Western blot-assisted analysis of the relative protein levels in VSC4.1 neurons
after transfection with the plasmid used for Fra-1 overexpression (OE-Fra-1) under OGD/R. (H) Immunofluorescence (IF) assays of cleaved caspase-
3 and Fra-1 after OGD/R were performed. Scale bar = 100 μm. (J) Quantification of the cleaved caspase-3 and Fra-1 fluorescence intensity (INT/
mm2). All data represent the mean � SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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3.4 | Knockdown of Fra-1 alleviates spinal
I/R induced injury in vivo

To investigate the effect of Fra-1 after I/R, at 7 days
before the establishment of spinal cord ischemia model,
sh-Fa-1 were intrathecally injected, and samples were
collected 48 h after reperfusion (Figure 4A). H&E stain-
ing showed a reduction in normal neurons in the ventral
horn of the spinal cord after I/R. Whereas in I/R +
sh-Fra-1 group, the number of normal neurons increased
(Figure 4B,C). In addition, as observed in vitro neuronal
experiments, decreased cleaved caspase-3 and Bax but

increased Bcl-2 were detected in the spinal cord samples
taken from rats with injection of sh-Fra-1 after I/R as
shown by western blotting (Figure 4D,E). The motor
function of the hind limbs of the rats was determined by
Tarlov score and visualizing their paw patterns. Tarlov
score showed that the scores of the rats in I/R group and
NC group were significantly lower than those of sham
group. After administration of sh-Fra-1, Tarlov score was
significantly increased compared with the I/R group
(Figure 4F). Paw prints were observed in three rats from
each group of 10 rats in Tarlov score experiment. Com-
pared with those in the sham group, the rats subjected to

F I GURE 4 Knockdown of Fra-1 alleviates spinal I/R induced injury in vivo. (A) Schematic of the experimental design shows the timeline for
grouping rats. The rats were intrathecally injected sh-Fra-1 7 days before I/R induction. After 48 h of I/R, tissue samples were collected. (B,C) H&E
staining-assisted detection of the number of normal neurons in the ventral horn of the spinal cord (n = 3 rats/group). The black arrows indicate
normal neurons. Scale bar = 100 μm. (D,E) Western blot-assisted analysis of the relative levels of the Fra-1,cleaved caspase-3,Bax,Bcl-2 after I/R
(n = 5 rats/group). (F) Tarlov score analysis was used to evaluate neuromotor function in different groups of rats (n = 10 rats/group). Kruskal–Wallis
test was used for comparison among multiple groups of data. (G) Limb motor function of rats was determined by examining paw patterns and stride
length (n = 3 rats/group). (H) The stride length of the rats in different groups was analyzed. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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F I GURE 5 S100A8 is a direct target of Fra-1. (A) Schematic of the experimental design shows the timeline for grouping rats. At different time
points (6, 12, 24, 36, 48, and 72 h) after I/R induction, tissue samples were collected. (B,C) Western blot-assisted analysis and quantification of
S100A8 at different time points after I/R (n = 3 rats/group). (D) Correlation analysis of Fra-1 and S100A8 protein expression. (E) We selected three
putative Fra-1 binding sites of the S100A8 promoter (P1–P3). (F) ChIP-qPCR-assisted analysis of S100A8 promoter fragments containing the binding
site for Fra-1. (G) The rats were intrathecally injected sh-Fra-1 7 days before I/R induction. After 48 h of I/R, tissue samples were collected. (H,I)
Western blot-assisted analysis and quantification of S100A8 protein expression after intrathecal injection of sh-Fra-1 (n = 5 rats/group). (J) qRT-
PCR-assisted detection of the relative mRNA level of S100A8 in rat spinal cord samples (n = 5 rats/group). (K) Spinal cord ischemia model was
established. After 48 h of I/R, tissue samples were collected. (L) In the ventral horn of the spinal cord, the distribution and expression of S100A8 (red)
were detected by double immunofluorescence (IF) analysis with NeuN (green, neuron marker), Iba-1 (green, microglial marker) and GFAP (green,
astrocyte marker) after I/R (n = 3 rats/group). Scale bar = 100 μm. (M) Quantified S100A8-positive double-labeled neurons, microglia and astrocytes
in the spinal cord after I/R. All data represent the mean � SEM. **p < 0.01, ****p < 0.0001, ns, not significant.
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I/R were unable to stand on their lower limbs and walked
mainly by the fore limbs. After injection of sh-Fra-1, the
hind limb motor function of the I/R injured rats improved,
and the stride lengths were significantly increased
(Figure 4G,H).

3.5 | S100A8 is a direct target of Fra-1

To investigate the S100A8 expression after SCII, we
examined the samples taken at different time points after
establishing the ischemia/reperfusion model (Figure 5A).
As previously reported, the S100A8 protein level is signif-
icantly upregulated after post-traumatic brain injury [20].
RNA sequencing results by qRT-PCR showed S100A8
was increased 48 h after SCII [41]. Similarly, we found
that the S100A8 protein level was increased and peaked
36 and 48 h after I/R (Figure 5B,C). Moreover, Pearson’s
analysis showed that S100A8 protein expression was signifi-
cantly related to Fra-1 expression after I/R
(Figure 5D). Because Fra-1 can activate its target genes
by directly binding to respective promoters [9, 42], we
sought to determine whether S100A8 is a direct target
of Fra-1. We chose three putative Fra-1-binding sites
(P1-P3) in the S100A8 promoter on the basis of the
JASPAR database and then designed and synthesized
S100A8 primers (Figure 5E). The ChIP-qPCR results
showed that Fra-1 was highly enriched in the P3 area
of the S100A8 gene promoter (Figure 5F). These
results suggest that S100A8 is a direct target of Fra-1
in neurons under OGD/R. Moreover, intrathecal injec-
tion of sh-Fra-1 significantly decreased S100A8
mRNA and protein expressions in rat models subjected
to SCII (Figure 5H–J). Therefore, these results proved
that after SCII, Fra-1 upregulated S100A8 expression
at the transcriptional level.

To identify cell types with upregulated S100A8 expres-
sion after SCII, according to the previous results, we exam-
ined the samples taken 48 h after ischemia/reperfusion
(Figure 5K). In immunofluorescence detection, the
Neun, Iba-1 and GFAP were used for cell markers. As
shown in Figure 5L,M, in the anterior horn of spinal
cord, compared with GFAP-positive cells S100A8 was
higher in microglia 48 h after I/R. SCII-induced ele-
vated S100A8 may be involved in microglia-associated
inflammation.

3.6 | Fra-1/S100A8-mediated TLR4 signaling
promotes ERK1/2 and NF-κB pathways
activation and IL-1β production after spinal I/R

To determine the functional relevance of S100A8 after
I/R, sh-S100A8 was injected intrathecally 7 days before
the establishment of spinal cord ischemia model, and
samples were collected 48 h after reperfusion

(Figure 6A). The result showed that S100A8 was
increased after I/R, and decreased in the I/R + sh-
S100A8 group compared with I/R group by western blot
(Figure 6F,I). Accumulating evidence has previously
revealed that S100A8 can induce cell inflammation and
apoptosis via the TLR4/NF-κB and ERK1/2 pathways
[17, 19, 20]. Because p-NF-κB, p-ERK1/2, and IL-1β are
key players in spinal I/R-induced apoptosis and inflam-
mation [2, 23, 24], we sought to determine whether the
production or activation of these molecules is triggered
by S100A8 after SCII. Consistent with our hypothesis, the
results revealed that the protein levels of cleaved caspase-3,
TLR4, IL-1β, p-ERK/ERK and p-NF-κB/NF-κB were
increased after I/R as shown by western blot (Figure 6F,I,J).
In the I/R + sh-S100A8 group, these protein levels
decreased compared with I/R group (Figure 6F,I,J).
Hence, S100A8 promoted apoptosis and inflammation
by increasing TLR4 expression and activating the down-
stream ERK1/2 and NF-κB pathways.

In order to detect the regulation of S100A8 protein by
recombinant S100A8 (rS100A8), the rats were divided
into different groups. The rS100A8 was intrathecally
injected to rats, and tissue samples were collected 48 h
later (Figure 6B). The rS100A8 was intrathecally injected
to the rats before I/R induction. After 48 h of I/R, tissue
samples were collected (Figure 6C). The results of west-
ern blot revealed that, compared with that in the sham
group, S100A8 was significantly upregulated in the rats
treated with rS100A8 (Figure 6G,K). Compared with
that in I/R group, S100A8 was significantly intensified in
the rS100A8-treated rats after I/R induction (Figure 6G,K).
To further investigate whether Fra-1 promotes apoptosis
and inflammation by upregulating the target gene
S100A8, we examined the rats injected with sh-Fra-1
before ischemia and sampled at 48 h after reperfusion
(Figure 6D). And the rats in the other group were intrathe-
cally injected sh-Fra-1 7 days before administration of
rS100A8 and intrathecally injected rS100A8 before I/R
induction and tissue samples were collected after 48 h of
reperfusion (Figure 6E). As expected, compared with those
in the sham group rats, the protein expression levels of
cleaved caspase-3, TLR4, p-ERK/ERK, p-NF-κB/NF-κB,
and IL-1β were upregulated in the rS100A8-treated rats
(Figure 6H,L,M). In the I/R + sh-Fra-1 group, these pro-
tein levels deceased compared with those in the I/R group
rats (Figure 6H,L,M). Besides, the results of I/R + sh-Fra-1
group and I/R + sh-Fra-1 + rS100A8 group showed that
elevated level of S100A8 reversed the reduction in cleaved
caspase-3, TLR4, p-ERK/ERK, p-NF-κB/NF-κB, and IL-
1β protein levels caused by intrathecal injection with sh-
Fra-1 (Figure 6H,L,M). The immunofluorescence results
showed that IL-1β expression was significantly decreased in
the I/R + sh-Fra-1 and I/R + sh-S100A8 groups compared
with the I/R group (Figure 6N,O). Therefore, Fra-1 may
involve in promoting apoptosis and inflammation responses
after spinal I/R by regulating transcription of S100A8.
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3.7 | TAK-242 attenuates S100A8-induced
apoptosis and activation of ERK1/2 and NF-κB
pathways and IL-1β production after spinal I/R

To identify the association between TLR4 expression and
apoptosis or inflammation, the spinal samples taken 48 h

after intrathecal injection of rS00A8 were examined
(Figure 7A). And the rats in the other group were intra-
peritoneally injected TAK-242 30 min before administra-
tion of rS100A8 and intrathecally injected rS100A8
before I/R induction, and tissue samples were collected
after 48 h of reperfusion (Figure 7B). As shown in

F I GURE 6 Fra-1/S100A8-mediated TLR4 signaling promotes ERK1/2 and NF-κB pathways activation and IL-1β production after spinal I/R. (A)
Schematic of the experimental design shows the timeline for grouping rats. The rats were intrathecally injected sh-S100A8 7 days before I/R induction. After
48 h of I/R, tissue samples were collected. (B) The rats were intrathecally injected rS100A8, and tissue samples were collected 48 h later. (C) The rats were
intrathecally injected rS100A8 before I/R induction. After 48 h of I/R, tissue samples were collected. (D) The rats were intrathecally injected sh-Fra-1 7 days
before I/R induction. After 48 h of I/R, tissue samples were collected. (E) The rats were intrathecally injected sh-Fra-1 7 days before administration of
rS100A8 and intrathecally injected rS100A8 before I/R induction. After 48 h of I/R, tissue samples were collected. (F-M) Western blot-assisted analysis and
quantification of the protein levels of S100A8, cleaved caspase-3, TLR4, p-ERK/ERK, p-NF-κB/NF-κB and IL-1β (n = 5 rats/group). (N)
Immunofluorescence (IF) assays of IL-1β expression in different groups were performed (n = 3 rats/group). Scale bar =100 μm. (O) Quantification of the
IL-1β fluorescence intensity (INT/mm2). All data represent the mean � SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 7C,D, compared with the sham group, the num-
ber of TUNEL-positive cells in the ventral horn of the
spinal cord increased significantly in the rS100A8 and
I/R groups. The results of the I/R + rS100A8 + TAK-
242 group versus I/R groups showed that the number of
TUNEL-positive cells was significantly decreased
(Figure 7C,D). Besides, our results revealed that the pro-
tein levels of p-ERK/ERK, p-NF-κB/NF-κB and IL-1β
were significantly decreased in the I/R + rS100A8+
TAK-242 group compared with that in the I/R group rats
(Figure 7E,F). These results indicated that S100A8 pro-
moted apoptosis and inflammation by activating the
ERK1/2 and NF-κB pathways downstream of TLR4,
and TAK-242 inhibited apoptosis induced by S100A8.
IL-1β increased the expression of activated caspase-3 and
apoptosis within infarcted forebrain area [43]. Taken
together, the results from these in vivo and in vitro ana-
lyses led us to hypothesize that microglia was activated
by S100A8 secreted from neurons, promoted the

production of IL-1β in turn aggravated neuronal apopto-
sis under spinal I/R. Besides, Fra-1-induced apoptosis
and inflammation after SCII were mediated by S100A8
and that the mechanism of action depended on TLR4
pathway activation.

3.8 | Activated TLR4/NF-κB and ERK1/2
pathways promote Fra-1 expression after I/R

It has been reported that under lipopolysaccharide (LPS)
stimulation in alveolar macrophages, both the NF-κB
and ERK1/2 signaling pathways promote transcriptional
activation of Fra-1 [28]. We conducted further experiments
with rats treated with rS100A8 and TAK-242 to elucidate
whether the TLR4/ERK and NF-κB pathways promote the
expression of Fra-1 after SCII. Interestingly, we found that
Fra-1 was increased in the rS100A8-treated rats compared
with its expression in the sham group rats (Figure 7E,F).

F I GURE 7 TAK-242 attenuates
S100A8-induced apoptosis and activation
of ERK1/2 and NF-κB pathways and IL-
1β production, and activated TLR4/NF-κB
and ERK1/2 pathways promote Fra-1
expression after I/R. (A) Schematic of the
experimental design shows the timeline for
grouping rats. The rats were intrathecally
injected rS100A8, and tissue samples were
collected 48 h later. (B) The rats were
intraperitoneally injected TAK-242 30 min
before administration of rS100A8 and
intrathecally injected rS100A8 before I/R
induction. After 48 h of I/R, tissue samples
were collected. (C) TUNEL staining of the
ventral horn of the spinal cord showing
apoptotic cells (n = 3 rats/group). Scale
bar = 100 μm. (D) Quantification of
TUNEL-positive cells after I/R. (E,F)
Western blot-assisted analysis and
quantification of the protein levels of p-
ERK/ERK, p-NF-κB/NF-κB, IL-1β, and
Fra-1 (n = 5 rats/group). All data represent
the mean � SEM. **p < 0.01,
***p < 0.001, and ****p < 0.0001.
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TAK-242 was administered to I/R-injured rats before they
were injected rS100A8 (Figure 7B), and Fra-1 expression
was found to be decreased in the I/R + rS100A8 + TAK-
242 group compared with the I/R group (Figure 7E,F).

These findings from our study raised the intriguing
possibility that activated TLR4 mediated ERK and
NF-κB pathways activation, which in turn amplified
Fra-1 and S100A8 expression to accelerate the apopto-
sis rate and inflammation signaling cascades after SCII
(Figure 8).

4 | DISCCUSSION

Neuronal apoptosis and inflammation are the key causes
of motor dysfunction after SCII. Here, we not only firstly
demonstrate a crucial role for Fra-1 in rats after SCII but
also confirm, for the first time, that Fra-1 is highly
expressed in neurons and microglia and promotes apo-
ptosis and inflammatory responses by directly regulating
S100A8 transcription. In addition, further evidence show
that upregulated S100A8 induces activation of the TLR4
pathways, phosphorylation of ERK1/2 and NF-κB and
production of IL-1β. Moreover, the activated ERK1/2
and NF-κB pathways in turn enhanced Fra-1 expression.
Together, these data are the first to reveal a mechanism
by which feedback regulation is established through the
Fra-1 signaling pathway after SCII.

The Jun(c-Jun, JunB and JunD) family and Fos (c-
Fos, FraB, Fra-1, and Fra-2) family proteins constitute
the AP-1 transcription complex [4]. The transcription fac-
tors in the AP-1 family participate in the regulation of
various signaling pathway, especially the pathways
involved in stress and apoptosis responses [5, 6]. The
c-jun from Jun family is highly expressed after cerebral
ischemia injury and plays a role in initiating apoptosis,
but JunD from Jun family alleviates cerebral ischemia/
reperfusion injury by inhibiting IL-1β production [8, 44].
In various types of cells and stimuli, Fos family members
perform different functions, although they have similar
structures [45]. Previous studies have shown that c-Fos, a
member of the Fos family, promotes apoptosis by regu-
lating miR-27a expression after myocardial I/R injury
[7]. Fra-1 is a member of the Fos family, with members
that dimerize with Jun family members [4], but the func-
tion of Fra-1 after I/R has been unclear. Results from dif-
ferent studies have shown that Fra-1 has antiapoptotic or
proapoptotic functions under different conditions
[10–14]. For example, Fra-1 potentially promotes neuro-
nal apoptosis in rats after traumatic brain injury [46].
Bcl-2 and Bax are important signaling molecules that reg-
ulate apoptosis in mitochondrial apoptosis pathway [47].
Bcl-2 has anti-apoptotic effect, while Bax has pro-
apoptotic effect. The imbalance between Bcl-2 and Bax
may lead to apoptosis [48]. In our study, we similarly
found that after SCII, Fra-1 was primarily upregulated in
neurons and promoted neuronal apoptosis by changing

the Bax/Bcl-2 (pro-/anti-apoptotic) expression. So we
demonstrate that Fra-1 promotes neuronal apoptosis
through the mitochondrial pathway after spinal cord
ischemia/reperfusion injury.

In a previous study, after bleomycin-induced acute
lung injury, Fra-1 deletion in mice was shown to decrease
the expression levels and activity of certain genes, such as
S100A8, indicating a potential role for Fra-1 in cytokine
and chemokine signaling [49]. This finding agrees with
our results of a ChIP-qPCR assay showing that S100A8
is a direct target of Fra-1. Furthermore, knocking down
Fra-1 leads to decreased levels of S100A8 expression in
spinal cord tissues obtained from I/R-injured rats.
S100A8, a Ca2+ regulatory protein, can be actively
secreted or passively released by specific cells. For exam-
ple, S100A8 is specifically released by activated phago-
cytes during the interaction between phagocytes and
activated endothelial cells in the context of inflammation
[50]. Besides, it has been found that S100A8 is expressed
in microglia and neurons in the central nervous system.
And S100A8 can be secreted by neurons under hypoxia
condition, which promotes activation of the TLR4/ NF-
κB pathway in microglia and generates IL-1β, leading to
neuroinflammation and apoptosis [17]. Indeed, increased
S100A8 has been previously shown to be an important
factor in the pathogenesis produced by peripheral blood
neutrophils after myocardial infarction or stroke [15, 16],
and S100A8 acts as an endogenous ligand of TLR4 [18,
19]. Specifically, after traumatic brain injury, S100A8
mediates TLR4 pathway activation to induce inflamma-
tion [20]. However, S100A8 is rarely studied in spinal
cord ischemia/reperfusion injury. In our study, we find
that Fra-1 promotes transcriptional upregulation of
S100A8 in neurons after OGD/R. Activated NF-κB and
ERK1/2 are signaling pathways downstream of TLR4
and participate in apoptosis and inflammatory responses
after ischemic injury [23, 24, 51]. The production of
proinflammatory cytokines, primarily IL-1β, is caused by
activation of NF-κB and ERK signaling [52]. Herein, we
describe multiple lines of evidence showing that S100A8
is highly expressed in the spinal cords of rats after I/R
and that knocking down S100A8 expression reduces
cleaved caspase-3, p-ERK/ERK, p-NF-κB/NF-κB, and
IL-1β expression. Besides, we show that upregulation of
S100A8 by rS100A8 increases p-ERK/ERK, p-NF-κB/
NF-κB, and IL-1β expression, subsequently promoting
apoptosis and inflammation. TAK-242 can disrupt the
interaction between TLR4 and the ligand, thereby inhi-
biting TLR4 signal transduction and its downstream sig-
nal activation [53, 54]. A previous study reported that
TAK-242 treatment alleviated S100A8-induced neurolog-
ical deficits and brain edema [20] also NF-κB phosphory-
lation and proinflammatory cytokine production [29]. In
the study about hypoxic–ischemic brain injury, NF-κB
signaling can regulate microglia-mediated neuroinflam-
mation [55]. Consistent with previous results, our study
shows that as TAK-242 inhibits S100A8 binding to
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TLR4, the activation of ERK1/2 and NF-κB pathways
and the production of IL-1β are prevented. Study has
shown that IL-1β activates caspase-3-mediated neuronal
apoptosis under hypoxia-ischemia [43]. Herein, IL-1β
produced by the S100A8/TLR4 pathway in turn leads to
secondary neuronal injury, that is, exacerbates neuronal
apoptosis and promotes inflammatory responses.

Feedback regulation of transcription factors plays an
essential role in the regulation of perturbations or dis-
eases [56, 57]. Previous studies have indicated that the
ERK and NF-κB pathways can regulate Fra-1 expression
[26–28]. Besides, based on the conclusion that Fra-1 was
also elevated in microglia after SCII, we further studied
the role of Fra-1 in the inflammatory response associated
with activated microglia following I/R injury. In our
study, we confirm that Fra-1 shows targeted binding with
S100A8. Surprisingly, in turn, treatment with rS100A8
was shown to increase Fra-1 expression. Inhibition of
S100A8 induced TLR4 pathway activation by TAK-242
decreased ERK and NF-κB phosphorylation and Fra-1
expression.

However, there are some limitations in this study.
Our study only analyzed cells and rat samples, not

clinical data. In future studies, we will add the collection
and analysis of clinical samples to make the conclusions
of this study more evidence-based. Our results suggest
that Fra-1 may be involved in regulation of the signaling
pathway at the transcriptional level and thus may acti-
vate apoptosis and promote inflammation after SCII.
But our study only provided data on the changes in pro-
tein expression of the feedback loop formed by Fra-1/
S100A8 in the condition of SCII, and specific data of the
mechanism on the interaction between neurons and
microglia were not very sufficient. We need to further
investigate the ischemia mechanism of Fra-1 in more
detail.

5 | CONCLUSIONS

In conclusion, our data demonstrate that elevation of
Fra-1 expression promotes apoptotic and inflammatory
responses after SCII by activating the TLR4/NF-κB and
ERK1/2 pathways through enhanced S100A8 transcrip-
tional activity. In addition, S100A8 controls Fra-1
expression via the TLR4 pathway. TAK-242, however,

F I GURE 8 Schematic illustration of a proposed working model wherein Fra-1-mediated S100A8/TLR4/NF-κB and ERK signaling and the
generated feedback loop in the regulation of apoptosis and neuroinflammation during spinal I/R. I/R stress promotes Fra-1 expression mainly in
neurons of spinal cord. Fra-1, as the transcription factor, translocates into the nucleus and binds S100A8 gene to activate S100A8 transcription. Upon
recognition of S100A8 that possibly secreted by neurons following spinal I/R insult, microglia initiate the TLR4 signaling that activates NF-κB and
ERK pathways. NF-κB pathway induces the production of the inflammatory cytokine IL-1β. The NF-κB and ERK pathways, in turn, promotes
Fra-1 expression. TAK-242, as a TLR4 receptor inhibitor, inhibits the responses activated by S100A8 binding with the TLR4 receptor, which rescues
NF-κB and ERK activity as well as the interactions of microglia with neuron. Therefore, Fra-1, through S100A8/TLR4 pathway, forms a feedback
loop to promote sustained activation of microglia and induces microglia-mediated neuroinflammation and apoptosis after spinal I/R.
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inhibits TLR4/NF-κB and ERK1/2 pathways activation
triggered by S100A8 to attenuate apoptosis and neuroin-
flammation after SCII. Our findings provide novel
insights into SCII, showing a feedback loop through
which apoptosis and inflammation is regulated by Fra-1.
On the basis of these findings, the specific function and
mechanism of action of Fra-1 need to be further studied
because additional findings may lead to new ideas for spi-
nal I/R therapy in the clinic.
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