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High mobility group box 1 mediates inflammatory 
response of astrocytes via cyclooxygenase 2/
prostaglandin E2 signaling following spinal cord injury

Hong-Hua Song1, 2, #, Tian-Cheng Song1, #, Ting Yang1, Chun-Shuai Sun1, Bing-Qiang He1, 
Hui Li1, Ying-Jie Wang1, Yu Li3, Hao Wu4, Yu-Ming Hu5, Yong-Jun Wang1, * 

Abstract  
High mobility group box 1 (HMGB1) interacts with pattern-recognition receptors of immune cells to activate the inflammatory response. 
Astrocytes play a positive role in the inflammatory response of the central nervous system by expressing a broad range of pattern-
recognition receptors. However, the underlying relationship between HMGB1 and the inflammatory reaction of astrocytes remains 
unclear. In this study, we established rat models of spinal cord injury via laminectomy at the T8–10 level, and the injured spinal cord was 
subjected to transcriptome sequencing. Our results showed that the HMGB1/Toll-like receptor 4 (TLR4) axis was involved in the activation 
of astrocyte inflammatory response through regulation of cyclooxygenase 2 (COX2)/prostaglandin E2 (PGE2) signaling. Both TLR4 and 
COX2 were distributed in astrocytes and showed elevated protein levels following spinal cord injury. Stimulation of primary astrocytes with 
recombinant HMGB1 showed that COX2 and microsomal PGE synthase (mPGES)-1, rather than COX1, mPGES-2, or cytosolic PGE synthase, 
were significantly upregulated. Accordingly, PGE2 production in astrocytes was remarkably increased in response to recombinant HMGB1 
challenges. Pharmacologic blockade of TLR2/4 attenuated HMGB1-mediated activation of the COX2/PGE2 pathway. Interestingly, HMGB1 did 
not impact the production of tumor necrosis factor-α or interleukin-1β in astrocytes. Our results suggest that HMGB1 mediates the astrocyte 
inflammatory response through regulating the COX2/PGE2 signaling pathway. The study was approved by the Laboratory Animal Ethics 
Committee of Nantong University, China (approval No. 20181204-001) on December 4, 2018.
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Introduction 
Spinal cord injury (SCI) is a serious public health problem 
worldwide and often leads to neurological complications or 
even paraplegia and quadriplegia (Soden et al., 2000; Binder, 
2013; Lee et al., 2014; Wahman et al., 2019; Telemacque et 

al., 2020; Zheng et al., 2020). The complex pathophysiology 
of SCI is attributed to primary injury along with sequential 
secondary damage (David and Kroner, 2011; Wilson et al., 
2013; Anwar et al., 2016). The inflammatory response is an 
important part of the pathological series of events that is 
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triggered by activation of immune cells including microglia, 
astrocytes, and infiltrating leukocytes (Hausmann, 2003; 
David and Kroner, 2011; Ransohoff and Brown, 2012; Anwar 
et al., 2016). Accumulative evidence indicates that acute 
inflammation is an adaptive and homeostatic response 
of the body to injury, with a controversial neurotoxic or 
neuroprotective role, depending on the extent of the response 
and cell subsets involved (Lai and Todd, 2008; Pinteaux et al., 
2009; Okada, 2016). The excessive inflammation induced by 
SCI exacerbates the detrimental microenvironment, leading to 
axonal and neuronal deficits (Anwar et al., 2016). Therefore, 
controlling excessive activation of inflammation is a potential 
strategy for clinical treatment of SCI.

Following SCI, damage-associated molecular pattern 
molecules, such as high mobility group box 1 (HMGB1), 
adenosine triphosphate, and heat shock proteins, are 
passively released by necrotic cells or actively secreted 
by immune cells. They interact with pattern-recognition 
receptors (PRRs) of immune cells to activate inflammatory 
responses (Bloom et al., 2020). Microglia and infiltrating 
myeloid cells are considered central players of innate 
immune responses in the injured spinal cord because of their 
expression of a wide range of PRRs including the Toll-like 
receptors (TLRs), nucleotide-binding oligomerization domain 
proteins, and scavenger receptors (Gadani et al., 2015; 
Vénéreau et al., 2015). However, mounting evidence suggests 
that astrocytes also play an active role in neuroinflammation 
associated with traumatic central nervous system (CNS) 
injury by expressing a similar PRR profile to microglia 
(Farina et al., 2007; Colombo and Farina, 2016; Liddelow 
and Barres, 2017). For example, astrocytes upregulate the 
interleukin (IL)-17 receptor and recruit nuclear factor-κB 
activator 1 to form a signaling complex, which facilitates 
the production of pro-inflammatory cytokines, chemokines, 
and metalloproteinases during neuroinflammation (Qian 
et al., 2007). Macrophage migration inhibitory factor has 
been documented to facilitate inflammation of glial cells 
by interacting with the CD74 receptor (Zhou et al., 2018). 
Given that astrocytes are subjected to various inflammatory 
stimuli in the microenvironment, many inflammation-
related signaling pathways will thus be activated to affect 
the neuropathology of the injured CNS. The extent of 
neuroinflammation contributed by astrocytes relies on the 
severity, location, and timing of the CNS damage (Colombo 
and Farina, 2016). 

HMGB1 is a ubiquitous and abundant nuclear protein that 
participates in nucleosome formation and regulation of gene 
transcription (Chen et al., 2011). HMGB1 is also characterized 
as a potent proinflammatory cytokine that mediates the 
progression of multiple inflammatory diseases (Lotze and 
Tracey, 2005; Harris et al., 2012). Once released from 
necrotic or inflammatory cells, HMGB1 interacts with surface 
receptors, including TLR4, TLR2, and the receptor for advanced 
glycation end products (RAGE), of monocyte/macrophages to 
induce tumor necrosis factor-α (TNF-α) and IL-1β production 
(Ulloa and Messmer, 2006; Andersson and Tracey, 2011; 
Tsung et al., 2014; Paudel et al., 2019a). In traumatic and 
ischemic SCI models, HMGB1 is rapidly induced to trigger 
inflammation by ligation to RAGE and TLRs of infiltrating 
macrophages or resident microglia (Chen et al., 2011; Kigerl et 
al., 2018), thereby contributing to the induction of neuronal 
apoptosis (Kawabata et al., 2010). Therefore, HMGB1 is 
assumed to be a pivotal regulator of post-SCI inflammation 
and a potential therapeutic target after SCI (Kim et al., 2006). 
A variety of signaling pathways relevant to small GTPases, 
mitogen-activated protein kinases, and nuclear factor-κB are 
activated in response to HMGB1 stimulation in various cell 
types (Dumitriu et al., 2005). However, the contribution of 
HMGB1-mediated astrocyte inflammation and the underlying 
mechanism remain unclear.

Cyclooxygenase (COX) 2 is a key enzyme in arachidonic acid 
metabolism that mediates prostanoid production (Font-
Nieves et al., 2012). Distinct with the constitutive tissue 
expression of COX1, COX2 is strongly induced by pro-
inflammatory challenges in the CNS under pathological 
conditions (Gopez et al., 2005; Zhang et al., 2019). COX2 
has been shown to be involved in neuronal death and 
neuroinflammatory responses of the CNS, and inhibition of 
COX2 provides beneficial effects against damage (Gopez et 
al., 2005; Candelario-Jalil and Fiebich, 2008). Interestingly, 
astrocytes are a primary source of COX2 production 
following CNS injury, suggesting a potential cell target for 
COX2-mediated inflammation (Font-Nieves et al., 2012; 
Zhang et al., 2019). HMGB1 can efficiently induce COX2 
expression in vascular smooth muscle cells and synovial 
fibroblasts (Jaulmes et al., 2006; Leclerc et al., 2013). It 
is postulated that HMGB1 activates COX2 expression in 
astrocytes, which might mediate the pathology of the injured 
spinal cord. In this study, we performed transcriptome 
sequencing with a rat SCI model to gain insight into the 
potential relationship between extracellular expression of 
HMGB1 and the inflammatory response in astrocytes. Then, 
we further investigated the mechanism of HMGB1-mediated 
prostaglandin E2 (PGE2) production in astrocytes in vitro. 
 
Materials and Methods
Establishment of a rat SCI model
All animal experiments were performed in accordance with 
the US National Institutes of Health (NIH) Guide for the 
Care and Use of Laboratory Animals (National Research 
Council, 1996, USA) and approved by the Laboratory Animal 
Ethics Committee of Nantong University, China (Approval 
No. 20181204-001) on December 4, 2018. A total of 60 
adult, clean, male Sprague-Dawley rats, weighing 180–220 
g and aged 2 months, were provided by the Experimental 
Animal Center of Nantong University (License Nos. SCXK 
(Su) 2014-0001 and SYXK (Su) 2012-0031). Based on the 
post-operative time, rats were randomly divided into four 
groups, 0, 1, 4, and 7 days, and housed in individual cages in 
a temperature- and light/dark cycle-controlled environment. 
All experiments were designed and reported according to the 
Animal Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines.

The SCI surgery performed on animals was previously 
described (Su et al., 2017). In brief, after deep anesthesia with 
an intraperitoneal injection of 10% chloral hydrate (3 mg/kg;  
Richjoint, Shanghai, China), the spinal cord of the rat was 
exposed by laminectomy at vertebral level T8–10. Contusion 
injury was performed at the exposed spinal segment using 
the Infinite Horizons Impactor (Precision Systems, Kentucky, 
IL, USA) with a force of 150 kilodynes. The impact rod was 
removed immediately. After the operation, the muscle and 
skin incision were sutured and disinfected. Antibiotics were 
applied intraperitoneally to avoid post-operative infection. At 
the indicated time point (i.e., 0, 1, 4, and 7 days post injury), 
1-cm-length segments centered at the injury epicenter were 
collected for transcriptome analysis, western blot assays, and 
immunofluorescence staining.

Transcriptome sequencing 
Twenty-four injured spinal cord segments (1 cm in length) 
were collected at 0, 1, 4, and 7 days (n = 6 rats per group) 
after injury. Transcriptome sequencing was performed as 
described previously (Zhou et al., 2018). In brief, total RNA 
was extracted using the mirVana miRNA Isolation Kit (Ambion, 
Austin, TX, USA) according to the manufacturer’s instructions. 
The poly(A) mRNA was then isolated by beads with oligo (dT), 
followed by fragmentation with the fragmentation buffer. The 
short fragments were used as templates to synthesize first-
strand cDNA by random hexamer primers prior to synthesis 
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of the second-strand cDNA using a buffer mixture containing 
DNA polymerase I, dNTPs, and RNase H. These short 
fragments were purified with QiaQuick extraction kits (Qiagen, 
Duesseldorf, Germany) and end repaired by the addition of 
poly(A), followed by a connection with sequencing adaptors. 
Libraries were sequenced using an Illumina HiSeq2000 
sequencer (Illumina, San Diego, CA, USA). Clean reads were 
aligned to the reference genomes or sequences of genes 
using the SOAP program. Less than five mismatches were 
allowed in the performed alignment. The sequencing quality 
was assessed by the proportions of the clean reads mapped 
back to the genome and genes. Gene coverage was defined 
by the percentage of a gene covered by the reads. Calculation 
of gene expression was performed by the reads per kb per 
million mapped reads method (Mortazavi et al., 2008).

Bioinformatic analysis
By comparison with the control (0 days), differentially 
expressed genes (DEGs) at different time points were 
designated according to the criteria of greater or less than a 
two-fold change. Functions of genes were annotated by Blastx 
against the NCBI or AGRIS database with an E-value threshold 
of 1 × 10–5. To create heatmaps, DEGs were clustered using 
the Jensen-Shannon Divergence method. Gene Ontology 
(GO) classification of DEGs was based on WEGO (http://wego.
genomics.org.cn) via the GO id annotated by Perl (https://
www.perl.org/) and the R program (https://www.r-project.
org/). Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis was performed using the KEGG 
Automatic Annotation Server (KAAS) online (https://www.
genome.jp/tools/kaas/). The gene regulatory network was 
constructed using Ingenuity Pathway Analysis (IPA) software 
(Ingenuity Systems, Redwood City, CA, USA) on the basis of 
DEGs to predict their regulatory relationships. 

Western blot assay
Protein was extracted with tissue lysis buffer (Beyotime, 
Shanghai, China) from spinal segments (n = 6) of 1 cm in 
length centered on the injury epicenter at 0, 1, 4, and 7 
days post-surgery. Alternatively, protein was extracted from 
primary astrocytes treated with different concentrations of 
recombinant HMGB1 (rHMGB1; 0, 1, 10, 100, 1000, 2000  
ng/mL) using cell lysis buffer (Beyotime). Proteins were 
quantified and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then were electro-
transferred to polyvinylidene difluoride membranes (Bio-
Rad, Hercules, CA, USA). The membranes were blocked with 
5% non-fat milk in Tris-buffered saline for 2 hours, followed 
by incubation with an appropriate primary antibody at 4°C 
overnight. The following primary antibodies were used: rabbit 
anti-HMGB1 (1:200; Cat# 11515; Cayman, Ann Arbor, MI, USA), 
human anti-TLR4 (1:100; Cat# AF1478; R&D, Minneapolis, MN, 
USA), rabbit anti-COX1 (1:1000; Cat# 4841S; CST, Danvers, MA, 
USA), rabbit anti-cytosolic PGE synthase (cPGES; 1:2000; Cat# 
ab92503; Abcam, Cambridge, UK), rabbit anti-COX2 (1:2000; 
Cat# 160126; Cayman), rabbit anti-microsomal PGE synthase-1 
(mPGES-1; 1:200; Cat# 160140; Cayman), rabbit anti-mPGES-2 
(1:200; Cat# 160145; Cayman), and mouse anti-β-actin (1:5000; 
Cat#:66009-1; Proteintech, Rosemont, IL, USA). The binding 
antibodies were then detected by horseradish peroxidase-
labeled goat anti-rabbit IgG (1:1000; Cat# A0208; Beyotime), 
horseradish peroxidase-labeled goat anti-mouse IgG (1:1000; 
Cat# A0216; Beyotime), or horseradish peroxidase-labeled 
goat anti-human IgG (1:1000; Cat# A0201; Beyotime) prior to 
chemiluminescence enhancement (Beyotime). Protein bands 
were analyzed using PDQuest 7.2.0 software (Bio-Rad). β-Actin 
was used as an internal control. Assays were performed three 
times using triplicate wells. 

Tissue immunofluorescence
The injured cord segments were harvested, post-fixed, and 

sectioned at 10 μm. Sections were co-incubated with mouse 
anti-glial fibrillary acidic protein (GFAP) polyclonal antibody 
(1:500; Cat# G3893; Sigma, St. Louis, MO, USA) and human 
anti-TLR4 polyclonal antibody (1:40; Cat# AF1478; R&D) or 
rabbit anti-COX2 polyclonal antibody (1:200; Cat# 160126; 
Cayman) at 4°C for 24 hours. The sections were further 
reacted with Alexa Fluor®488-conjugated donkey anti-mouse 
IgG (1:500; Cat# ab150109; Abcam), Cy3-conjugated goat anti-
rabbit IgG (1:1000; Cat# AP187C; Sigma), or Cy3-conjugated 
goat anti-human IgG (1:100; Cat# C2571; Sigma), followed 
by observation under a fluorescence microscope (Leica, 
Heidelberg, Germany).

Astrocyte culture
Spinal cords from 10 clean neonatal (1-day old) Sprague-
Dawley rats supplied by the Experimental Animal Center of 
Nantong University were cut into small pieces and digested 
with 0.25% trypsin for 10 minutes at 37°C. The digestion was 
neutralized with Dulbecco’s modified Eagle medium complete 
medium containing 10% fetal bovine serum and 1% penicillin/
streptomycin. After centrifugation at 1200 r/minute for 5 
minutes, the cells were resuspended and seeded onto poly-L-
lysine pre-coated dishes. The culture was kept at 37°C in a 5% 
CO2, 95% O2 humidified incubator. The medium was changed 
at 72 hours after initial seeding and then every other day 
until the cells reached confluence. The cells were purified by 
shaking at 200 r/min overnight to remove microglia, followed 
by purity determination using GFAP antibody and Hoechst 
33342 (1:4000, Cat#: B2261; Sigma). Primary astrocytes 
isolated from the spinal cord were passaged no more than 
three times prior to use.

Measurement of PGE2 in vitro
Primary astrocytes were stimulated with 500 ng/mL of 
rHMGB1 (Cat# 1690-HMB; R&D) in the presence or absence 
of 10 nM atractylenolide I (TLR4 antagonist; Cat# A2737; 
Sigma) or 10 nM C29 (TLR2 inhibitor; Cat# 363600-92-4, MCE, 
Monmouth Junction, NJ, USA) dissolved in 0.1% dimethyl 
sulfoxide for 24 hours. The culture supernatants were then 
collected, and the cells were subjected to lysis with a buffer 
(Beyotime). The lysates were centrifuged at 10,000 × g for 
15 minutes. The PGE2 concentration in cell supernatants and 
lysates was measured using a PGE2 high-sensitivity enzyme-
linked immunosorbent assay (ELISA) kit (Arbor Assays, Ann 
Arbor, MI, USA) according to the manufacturer’s instructions. 

TNF-α and IL-1β assay in vitro
Primary astrocytes were stimulated with 0–1000 ng/mL of 
rHMGB1 for 24 hours. The cell supernatants and lysates were 
collected as described above. Protein levels of TNF-α and IL-
1β were measured using appropriate ELISA kits (MultiSciences, 
Hangzhou,  China)  according to the manufacturer ’s 
instructions.

Statistical analysis
SPSS 20.0 software (IBM, Armonk, NY, USA) was used to 
analyze the experimental data. The results are presented 
as the mean ± standard error of the mean (SEM). Statistical 
significance of differences among groups was analyzed using 
one-way analysis of variance followed by Tukey’s post-hoc test. 
A level of P < 0.05 was considered statistically significant. 

Results
Transcriptome profiles of SCI reveal HMGB1 involvement in 
COX2 signaling
To reveal the potential regulatory mechanism of HMGB1 
in the inflammatory response of astrocytes, we analyzed 
the gene expression profiles of the rat spinal cord following 
injury at 0, 1, 4, and 7 days by transcriptome sequencing. 
A total of 1618 DEGs with a greater or less than twofold 
change were identified (Figure 1A and Additional Table 
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1). GO analysis revealed that these DEGs were significantly 
enriched in T  cel l  immune response,  immune cel l 
differentiation, prostaglandin secretion, inflammatory cell 
aggregation, and chemokine activation (Additional Figure 1). 
KEGG analysis identified that signaling pathways relevant to 
TLRs, cytokine-cytokine receptor interaction, and arachidonic 
acid metabolism were included in the top 30 significant 
functional enrichment results (Additional Figure 1). We 
further integrated these DEGs at different time points to 
narrow the scope of bioinformatic analysis and characterized 
204 functional genes, among which 97 DEGs were involved in 
the inflammatory response and cell chemotaxis (Figure 1B). 
These 97 DEGs displayed dynamic alteration following SCI, as 
presented by the heat map (Figure 2). HMGB1 is known as 
a key pro-inflammatory factor that evokes an inflammatory 
response through binding with TLR2/4 or RAGE (Park et al., 
2004; Paudel et al., 2019b). To understand HMGB1-mediated 
intracellular signaling in astrocytes, we performed IPA based 
on inflammation-related DEGs integrated at 1, 4, and 7 days 
following SCI. A reconstructed gene network was created, 
identifying that COXs (also known as Ptges), TLR4, and 
myeloid differentiation factor 88 were exclusively highlighted 
as the prominent amplifiers of inflammatory signaling with 
a core regulator for HMGB1 (Figure 3). The transcriptome 
profile analysis of SCI indicated that the pro-inflammatory 
factor HMGB1 may be involved in the activation of COX 
enzymes via TLR4. 

Expression changes of HMGB1, TLR4, COX2, and PGE2 
synthase following SCI
To validate the involvement of the HMGB1/TLR4 axis in 
the regulation of COX expression in the astrocytes, we first 
detected the temporal changes in HMGB1, TLR4, COX1, 
and COX2, as well as the isoforms of PGE2 synthase in the 
injured spinal cord segments at 0, 1, 4, and 7 days following 
SCI. Western blot analysis revealed that HMGB1 and TLR4 
expression levels were significantly upregulated and peaked 
at 4 and 7 days, respectively (Figure 4A–C). Meanwhile, 
COX2 and mPGES-1, but not COX1, mPGES-2, or cPGES, were 
inducibly expressed following SCI with a peak level at 1 day 
(Figure 4D–H). 
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Figure 1｜Analysis of mRNA expression profiles detected by transcriptome 
sequencing following spinal cord injury. 
(A) Bar graph of the number of upregulated and downregulated genes in the 
injured spinal cord at 0, 1, 4, and 7 days post-injury as compared with those 
at control (0 days). (B) Overlap of differentially expressed genes at 1, 4, and 7 
days post spinal cord injury. 

Figure 2 ｜ Heatmap and cluster dendrogram of integrated differentially 
expressed genes involved in inflammatory responses at 0, 1, 4, and 7 days 
following spinal cord injury. 
The color scale shown at the top illustrates the relative expression level of 
the indicated mRNA across all samples. Red denotes expression > 0, and blue 
denotes expression < 0.

Subsequently, immunofluorescence staining was used to 
clarify that COX2 upregulation was astrocyte-related and a 
response to HMGB1 stimulation. As shown in Figure 5, both 
TLR4 and COX2 colocalized with GFAP-positive cells in the 
injured spinal cord, indicating a potential correlation of the 
HMGB1/TLR4 axis and COX2 expression in astrocytes. 

The HMGB1/TLR4 signaling axis facilitates COX2 expression 
and PGE2 production in primary cultured astrocytes
Next, we sought to confirm the regulatory relationship 
between HMGB1 and COX2 in astrocytes. Primary cultured 
astrocytes with a purity of over 90% were stimulated with 0, 
1, 10, 100, 1000, or 2000 ng/mL of rHMGB1 (Figure 6A). After 
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exposure to rHMGB1 for 24 hours, the protein levels of COX1, 
COX2, and the isoforms of PGE2 synthase were detected by 
western blots. As shown in Figure 6B–G, rHMGB1 significantly 
induced COX2 and mPGES-1 expression without affecting 
COX1, mPGES-2, or cPGES expression, which was consistent 
with the in vivo results. 
To ascertain whether HMGB1-mediated COX2 elevation is TLR-
dependent, astrocytes were treated with 10 nM atractylenolide 
I or 10 nM C29 for 24 hours in the presence of 500 ng/mL of 
rHMGB1. The COX2 protein level was determined, and the 
results showed that the addition of atractylenolide I or C29 
efficiently attenuated rHMGB1-induced activation of COX2 
(Figure 7A and B). An ELISA was subsequently performed to 
detect PGE2 production in astrocytes. As shown in Figure 7C 
and D, rHMGB1 could facilitate PGE2 production in astrocytes, 
and application of 10 nM atractylenolide I or 10 nM C29 
accordingly abrogated the stimulatory effects of rHMGB1. The 
results indicate that HMGB1 activates the COX2/mPGES1/PGE2 
cascade in astrocytes via TLR2/4.

HMGB1 fails to activate the classical inflammatory signaling 
pathway in primary astrocytes 
HMGB1, a key proinflammatory cytokine following SCI, has 

been demonstrated to participate in promoting the release 
of TNF-α and IL-1β from microglia/macrophages through 
interaction with TLR2/4 or RAGE (Park et al., 2004; Kigerl et 
al., 2018). Whether similar effects are shared by astrocytes 
that express TLR2/4 remains unknown. To address such a 
possibility, primary astrocytes were incubated with 0–1000 
ng/mL rHMGB1 for 24 hours, and the protein levels of TNF-α 
and IL-1β in the supernatant and lysates were subsequently 
determined by ELISA. The results demonstrated that HMGB1 
did not impact TNF-α and IL-1β production in astrocytes 
(Figure 8). The data indicate that HMGB1 exclusively mediates 
astrocyte inflammation through activation of COX2/PGE2 
signaling. 

Discussion
Acute traumatic injury to the spinal cord usually initiates 
a cascade of secondary pathophysiological  changes 
characterized by tissue edema, hemorrhage, influx of 
inflammatory cells, axonal degeneration and oligodendrocyte 
death, leading to a further loss of tissue and function (Rouanet 
et al., 2017). Multiple cell events and molecular mechanisms 
including regulation of non-coding RNAs contribute to such 
pathological processes (Ning et al., 2014; Zhang et al., 2020). 
A variety of strategies are being developed to avert specific 
secondary insults, among which early interventions aimed at 
the excessive inflammatory response have been shown to be 
beneficial for preventing deterioration of the injured cord. 
However, many animal experiments and clinical trials have 
shown that it is difficult to obtain satisfactory outcomes in 
reducing CNS inflammation by pharmacological intervention 
of immune cells (Gorio et al., 2005; Singh et al., 2012; Kigerl 
et al., 2018; Orr and Gensel, 2018). For example, depletion 
of microglia or macrophages at the lesion site of cord tissue 
with clodronate liposomes could not completely attenuate 
axonal degeneration (Horn et al., 2008). Neutralization of 
TNF-α and IL-6 is insufficient to improve the inflammatory 
microenvironment of the injured spinal cord (Mukaino et al., 
2010; Esposito and Cuzzocrea, 2011). These results suggest 
that a plethora of inflammatory cytokines derived from 
multiple cell types contributes to the excessive inflammation 
following SCI.

Astrocytes, the main CNS-resident glial cells that normally 
maintain homeostasis of the CNS, are rapidly activated by 
a variety of insults to form the reactive phenotype involved 
in scar formation and inflammatory modulation (Brambilla 
et al., 2005; Carpentier et al., 2005; Sofroniew, 2015; 
Liddelow and Barres, 2017). Reactive astrocytes express a 
wide range of PRRs including TLRs, which exhibit responses 
to the innate immune system by releasing inflammatory 

Figure 3 ｜ A reconstructed gene network was created using the Ingenuity 
Pathway Analysis software on the basis of integrated differentially 
expressed genes involved in inflammatory responses. 
The different circles represent gene weights, while the arrows indicate 
interaction relationships. HMGB1: High mobility group box 1; MYD88: myeloid 
differentiation factor 88; Ptges: prostaglandin E synthase; TLR4: Toll-like 
receptor 4.
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Figure 4 ｜ Protein expression changes in HMGB1, TLR4, COXs, and PGESs in the injured spinal cord of rats following spinal cord injury.
(A) Western blot analysis of HMGB1, TLR4, COX1, COX2, mPGES-1, mPGES-2, and cPGES following spinal cord contusion at 0, 1, 4, and 7 days. β-Actin was used 
as an internal control. (B–H) Quantification data of relative expression of HMGB1 (B), TLR4 (C), COX1 (D), COX2 (E), mPGES-1 (F), mPGES-2 (G), and cPGES (H). 
Relative expression is expressed as the optical density ratio to β-actin. Experiments were performed in triplicate. Data are expressed as the mean ± SEM (n = 
6). *P < 0.05 (one-way analysis of variance followed by Tukey’s post hoc test). COX: Cyclooxygenase; cPGES: cytosolic prostaglandin E synthase; HMGB1: high 
mobility group box 1; mPGES: microsomal prostaglandin E synthase; TLR4: Toll-like receptor 4.
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Figure 5 ｜ Co-localization of TLR4 and COX2 with astrocytes in the injured spinal cord of rats following SCI. 
(A) Illustration of section sites showing immunofluorescence. The rectangle indicates the observed field. (B) Immunofluorescence analysis of TLR4 (red, stained 
by Cy3) co-localization with GFAP-positive cells (green, stained by fluorescein isothiocyanate) in the injured spinal segments following SCI at 0 and 4 days. (C) 
Immunofluorescence analysis of COX2 (red, stained by Cy3) co-localization with GFAP-positive cells (green, stained by fluorescein isothiocyanate) in injured 
spinal segments following SCI at 0 and 4 days. The rectangle indicates the magnified region. Scale bars: 50 μm. COX2: Cyclooxygenase 2; GFAP: glial fibrillary 
acidic protein; SCI: spinal cord injury; TLR4: Toll-like receptor 4.
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Figure 6 ｜ Effects of rHMGB1 on the expression of PGE2 synthesis-related proteins in astrocytes.  
(A) Purified primary astrocytes stained with GFAP (green, stained by fluorescein isothiocyanate) and Hoechst 33342 (blue). (B) Western blot analysis of COX1, 
COX2, mPGES-1, mPGES-2, and cPGES in astrocytes following incubation with different concentrations of rHMGB1 for 24 hours. β-Actin was used as an internal 
control. (C–G) Quantification data of relative expression of COX1 (C), COX2 (D), mPGES-1 (E), mPGES-2 (F), and cPGES (G). The relative expression is expressed 
as the optical density ratio to β-actin. Experiments were performed in triplicate. Data are expressed as the mean ± SEM. *P < 0.05 (one-way analysis of variance 
followed by Tukey’s post hoc test). COX: Cyclooxygenase; cPGES: cytosolic prostaglandin E synthase; GFAP: glial fibrillary acidic protein; mPGES: microsomal 
prostaglandin E synthase; PGE2: prostaglandin E2; rHMGB1: recombinant high mobility group box 1; TLR4: Toll-like receptor 4.
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Figure 7 ｜ Effects of TLR2/4 inhibitors on HMGB1-induced COX2 activation and PGE2 production in astrocytes. 
Primary cultured astrocytes were stimulated with 500 ng/mL rHMGB1 in the presence of 10 nM AO-I (TLR4 antagonist) or 10 nM C29 (TLR2 inhibitor) for 24 
hours. The vehicle (0.1% dimethyl sulfoxide) was used as a control. (A) The COX2 protein level was determined by a western blot assay. (B) Quantification data 
of COX2 as shown in A. (C, D) PGE2 production in the lysate (C) and supernatant (D) was determined by an enzyme-linked immunosorbent assay. Experiments 
were performed in triplicate. Data are expressed as the mean ± SEM. *P < 0.05 (one-way analysis of variance followed by Tukey’s pos hoc test). AO-I: 
Atractylenolide I; COX2: cyclooxygenase 2; HMGB1: high mobility group box 1; PGE2: prostaglandin E2; rHMGB1: recombinant high mobility group box 1; TLR: 
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Figure 8 ｜ HMGB1 fails to promote TNF-α and IL-1β production in astrocytes. 
An enzyme-linked immunosorbent assay was used to determine TNF-α (A, B) and IL-1β (C, D) production in the supernatants and lysates of astrocytes following 
treatment with 0, 1, 10, 100, or 1000 ng/mL rHMGB1 for 24 hours. Experiments were performed in triplicate. Data are expressed as the mean ± SEM and 
analyzed by one-way analysis of variance followed by Tukey’s post hoc test. HMGB1: High mobility group box 1; IL-1β: interleukin-1β; rHMGB1: recombinant 
high mobility group box 1; TNF-α: tumor necrosis factor-α.
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cytokines and chemokines that exacerbate SCI (Jack et al., 
2005; Gorina et al., 2011; Sofroniew, 2015). Following SCI, the 
release of HMGB1 has been found to activate inflammatory 
responses of microglia/macrophages, monocytes, dendritic 
cells, and endothelial cells by inducing robust production 
of TNF-α, IL-1β, and IL-6. Pharmacological inhibition or 
genetic interference of HMGB1 can attenuate inflammation 
and improve functional recovery after SCI (Bi et al., 2017; 
Nakajo et al., 2019; Sun et al., 2019). In the present study, we 
demonstrated that HMGB1 failed to induce TNF-α and IL-1β 
production in spinal astrocytes and instead facilitated COX2 
activation and proinflammatory PGE2 production, suggesting 
a novel regulatory mechanism of HMGB1 on astrocyte 
inflammation.

Classically, the HMGB1/TLR2/4 axis initiates inflammatory 
responses by regulating downstream myeloid differentiation 
factor 88, IL-1-receptor-associated kinases 1/4, TNF receptor-
associated factor 6, and receptor-interacting protein, leading 
to activation of the inflammasome and the production of 
inflammatory cytokines such as TNF-α and IL-1β (Paudel et al., 
2019a). Among these effectors, receptor-interacting protein 
has been shown to be specifically expressed in inflammatory 
cells and oligodendrocytes, but not in astrocytes of the CNS 
(Daston and Ratner, 1994). Therefore, it is reasonable that 
the HMGB1/TLR4 axis of astrocytes inefficiently triggers 
TNF-α- and IL-1β-related pathways in microglia/macrophages. 
Whether an enforced expression of receptor-interacting 
protein in astrocytes can restore HMGB1-mediated production 
of TNF-α and IL-1β deserves further study. The HMGB1/
TLRs axis has also been shown to mediate the inflammatory 
process by inducing COX2 activation and PGE2 production 
in vascular smooth muscle cells and synovial fibroblasts 
(Jaulmes et al., 2006; Leclerc et al., 2013). In the present 
study, we demonstrated that HMGB1/TLR4 promoted PGE2 
production in astrocytes, suggesting a conserved mechanism 
of HMGB1 in activation of the COX2/PGE2 signaling pathway. 
We previously found that PGE2 production in astrocytes 
induced by migration inhibitory factor contributed to fine-
tuning of the inflammatory microenvironment of the injured 
spinal cord (Zhang et al., 2019). COX2-derived PGE2 also 
participates in excitotoxic and ischemic neuronal cell death 
by engaging neuronal PGE2 type 1 receptors (Shimamura 
et al., 2013). Therefore, HMGB1-induced release of COX2-
derived PGE2 might play a similar role after SCI. As a variety 
of inflammatory mediators are induced following SCI, clinical 
efforts to administer anti-inflammation therapy are usually 
unsuccessful. The application of a COX2 inhibitor and/or 
neutralizing antibody of HMGB1 after acute SCI may provide 
an alternative for neurological recovery. 

In conclusion, the HMGB1 protein level was significantly 
elevated following SCI, which in turn activated the COX2/
PGE2 inflammatory signaling pathway of astrocytes, rather 
than promoting TNF-α and IL-1β production, to mediate 
neuropathological progression. These findings provide new 
insight into the immune response mechanism of astrocytes 
after SCI.
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Corrigendum: A novel tissue engineered nerve graft constructed with 
autologous vein and nerve microtissue repairs a long-segment sciatic 
nerve defect
https://doi.org/10.4103/1673-5374.303538
In the article titled “A novel tissue engineered nerve graft constructed 
with autologous vein and nerve microtissue repairs a long-segment 
sciatic nerve defect”, published on pages 143–149, Issue 1, Volume 16 
of Neural Regeneration Research (Wang et al., 2021), there was an error 
in the placement of immunofluorescence images in Figure 2A and there 
was also an error regarding scale bars in Figure 2 legend. The correct 
Figure 2A and legend are shown as follows: 

The online version of the original article can be found under https://doi.
org/10.4103/1673-5374.286977. 

Reference
Wang J, Zhu YQ, Wang Y, Xu HG, Xu WJ, Wang YX, Cheng XQ, Quan Q, Hu 

YQ, Lu CF, Zhao YX, Jiang W, Liu C, Xiao L, Lu W, Zhu C, Wang AY (2021) 
A novel tissue engineered nerve graft constructed with autologous 
vein and nerve microtissue repairs a long-segment sciatic nerve defect. 
Neural Regen Res 16(1):143-149. 

Corrigendum

Figure 2 ｜ Preparation and detection of nerve microtissue.
(A) The cells proliferating from the microtissues were stained with S100 and DAPI, which 
confirmed that they were Schwann cells. The optical microscope images show enlarged 
views of the area in the black rectangle. With increasing time in culture, the proliferation 
of cells around the nerve microtissue increased gradually, and the morphology was still 
long and narrow. Scale bars: 500 μm in the microtissue column, 200 μm in the optical 
microscope column, 100 μm in the left two immunofluorescence columns, and 50 μm 
in the right immunofluorescence column. (B) The enzyme-linked immunosorbent assay 
results showed that nerve microtissues can secrete large amounts of NGF, VEGF and 
GDNF (n = 3 independently repeated assay for each group). Data are expressed as the 
mean ± SD. **P < 0.01 (one-way analysis of variance followed by Tukey’s post hoc test). 
DAPI: 4′,6-Diamidino2-phenylindole; GDNF: glial cell line-derived neurotrophic factor; 
NF200: neurofilament 200; NGF: nerve growth factor; n.s.: not significant; VEGF: vascular 
endothelial growth factor.
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Additional Figure 1 GO (left) and KEGG (right) analysis for inflammation-related differentially expressed
genes in injured spinal cord at 1 (A), 4 (B), and 7 (C) days following spinal cord injury.
GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.
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