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Abstract
Astrocytic necroptosis plays an essential role in the progression and regression of neurological disorders, which contributes 
to the neuroinflammation and disrupts neuronal regeneration and remyelination of severed axons. Electroacupuncture (EA), 
an effective therapeutic efficacy against spinal cord injury (SCI), has been proved to reduce neuronal cell apoptosis, inhibit 
inflammation, and prompt neural stem cell proliferation and differentiations. However, there have been few reports on 
whether EA regulate astrocytic necroptosis in SCI model. To investigate the effects of EA on astrocytic necroptosis and the 
mechanisms involved in the inhibition of astrocytic necroptosis after SCI in mice by EA, 8-week-old female C57BL/6 mice 
were subjected to SCI surgery and randomly divided into EA and SCI groups. Mice receiving sham surgery were included 
as sham group. “Jiaji” was selected as points for EA treatment, 10 min/day for 14 days. The in vitro data revealed that EA 
treatment significantly improved the nervous function and pathological changes after SCI. EA also reduced the number of 
GFAP/P-MLKL, GFAP/MLKL, GFAP/HMGB1, and Iba1/HMGB1 co-positive cells and inhibited the expressions of IL-6, 
IL-1β, and IL-33. The results indicate a significant reduction in inflammatory reaction and astrocytic necroptosis in mice 
with SCI by EA. Additionally, the expressions of RIP1, MLKL, and TLR4, which are associated with necroptosis, were 
found to be downregulated by EA. In this study, we confirmed that EA can inhibit neuroinflammation by reducing astrocytic 
necroptosis through downregulation of RIP1/MLKL/TLR4 pathway in mice with SCI.
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Introduction

Spinal cord injury (SCI) is a devastating disease with an esti-
mated incidence of 250,000 to 500,000 every year and a cat-
astrophic impact on patients’ quality of life [1]. SCI includes 

primary injury produced by the impact and secondary injury 
which occur after the immediate impact. Secondary injury 
is complex and includes disruption of the blood–spinal cord 
barrier, hemorrhage, edema, vasospasm, oxidative stress, 
ischemia, and reperfusion injury, which in turn could lead 
to neuronal and glial apoptosis and necrosis [2].

In the pathological process of SCI, cell necrosis is the 
core and most important step. Astrocyte death disrupts the 
protection of neurons by glial cells and is the primary source 
of the danger-associated molecular patterns (DAMPs) in the 
context of SCI [3–6]. High mobility group box1 (HMGB1) 
is one such DAMP that contributes to the inflammatory 
milieu, followed by neuroinflammation and disrupts neu-
ronal regeneration and remyelination of severed axons [7, 8].

Cell necrosis was once considered a passive form of 
cell death. Recent studies, however, have shown that a new 
type of cell death known as necroptosis, which mediated 
by specific death signals [9, 10]. Astrocytes are the most 

Hongdi Zhao and Xiaoqin Zong contributed equally to this work.

 *	 Cheng Yang 
	 yangcheng@cqmu.edu.cn

 *	 Siqin Huang 
	 huangsiqin@cqmu.edu.cn

1	 Chongqing Medical University, Chongqing 400016, China
2	 Affiliated Hospital of Chifeng University, Inner Mongolia 

Autonomous Region, Chifeng 024099, China
3	 Chongqing College of Traditional Chinese Medicine, 

Chongqing 402760, China

http://orcid.org/0000-0002-9027-4288
http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-023-03650-y&domain=pdf


3259Molecular Neurobiology (2024) 61:3258–3271	

1 3

numerous glial cells in the central nervous system (CNS) 
and the primary cells that undergo necroptosis after SCI 
[11]. Following the necroptosis of a large number of astro-
cytes, there is extensive infiltration of inflammatory cells 
and subsequent neuroinflammation [12], neuronal loss, 
axonal degeneration, and collapse of the myelin sheath 
[11]. Receptor-interacting protein kinase 1/3 (RIP1/3) and 
mixed-spectrum kinase structural domain-like proteins 
(MLKL) [13] are the predominant signaling pathways that 
regulate necroptosis. Toll-like receptor (TLR) signaling 
could lead to polyubiquitination of RIP and MLKL in the 
necroptotic complex [14]. Direct activation of necroptosis 
in both caspase-inactivated and caspase-deficient condi-
tions could be initiated by the interaction of the RHIM 
domains in TRIF and RIP; in fibroblasts, this pathway 
proceeds independent of RIP1 or its kinase activity; how-
ever, it remains dependent on MLKL downstream of RIP3 
kinase [15, 16]. Therefore, inhibiting the RIP1/MLKL/
TLR4 pathway to decrease necroptosis has been explored 
as a potential therapeutic strategy in the treatment of SCI.

Many previous researches have found that electroacu-
puncture (EA) could improve SCI and its complications 
[17–19]. It has been proved that EA delivered to “Jiaji” 
acupoints attenuates apoptosis by upregulating the expres-
sion of anti-apoptotic proteins, inhibiting endoplasmic 
reticulum stress factors [20], moderating M1/M2 polariza-
tion in macrophage [21], and regulating cellular autophagy 
by elevating LC3-IIb and decreasing P62 protein levels 
in cells to advance autophagic flow [22]. The underlying 
mechanisms of EA are highly complex [23], and there are 
few researches about EA on astrocytic necroptosis. Hence, 
the current study sought to examine the effects of EA at 
“Jiaji” on astrocytic necroptosis and explore the mecha-
nisms of EA inhibiting astrocytic necroptosis in SCI model 
mice.

Materials and Methods

Animals

Female C57BL/6 mice (8 weeks of age; from the Experi-
mental Animal Center of Chongqing Medical University) 
were housed in standard cages in a specific pathogen-free 
facility at 22–24 °C and relative humidity of 65–75% under 
a 12-h light/dark cycle, with free access to standard rodent 
chow and water. All experiments were approved by the 
Institutional Animal Care and Use Committer of Chong-
qing Medical University and carried out in strict accordance 
with “Guiding Opinions on the Treatment of Experimental 
Animals” (2006) from the Ministry of Science and Technol-
ogy of the People’s Republic of China.

Experimental Design

The overall study consisted of two parts. In part one, effects 
of EA treatment on hind limb motor function, neuroin-
flammation, and astrocytic necroptosis were examined in a 
mouse model of SCI. Briefly, mice were subjected to SCI 
and then randomized to receive EA treatment or not (n = 24/
group). Twenty-four mice receiving sham surgery were 
included as an additional control. Hind limb motor function 
was assessed using the Basso mouse scale (BMS) on days 
1, 7, and 14. Compound action potential amplitude (CAPA) 
and nerve conduction velocity (NCV) were measured by 
electrophysiology on day 14. Then mice were sacrificed to 
obtain spinal cord tissue for a variety of assays to assess the 
severity of injury, inflammatory infiltration, western blot, 
and transcriptome analysis of relevant molecules.

Part two of the study was designed to investigate the 
mechanisms of EA effects. Briefly, mice were subjected 
to SCI and then randomized to receive vehicle, EA treat-
ment, necrostatin-1 s (Nec-1), or EA + Nec-1 (n = 12/group). 
Twelve mice receiving sham surgery and vehicle injection 
were included as an additional control. Mice were sacri-
ficed to obtain spinal cord tissue for immunofluorescence 
and western blot.

Surgical Procedure

SCI was performed as described previously [24]. Briefly, 
mice were anesthetized with sodium pentobarbital (80 mg/
kg, intraperitoneal injection). A 1-cm longitudinal incision 
was made in the posterior midline to expose the spinous pro-
cess, lamina, and transverse processes at the T12-L2 levels. 
An aneurysm clip was used to compress the spinal cord for 
15 s with 20 × g pressure. The surgical site was irrigated with 
0.9% NaCl prior to closure using standard sutures. After 
surgery, the bladder was manually massaged twice a day 
to assist urination until the mice regained voluntary urina-
tion. Prophylactic penicillin was given at a dose of 100 mg/
kg, twice a day, until voluntary urination. Mice in the sham 
control group were subjected to the same procedure, includ-
ing removal of the vertebral plates, but the spinal cord was 
not compressed.

EA Treatment

EA was delivered to 4 sites (bilateral sides at T12 and L2, 
5 mm from the midline of the spine, known as Jiaji) [25]. 
Stainless steel needles (0.25 mm × 13 mm, Jiangsu Medical 
Instruments Inc., China) were inserted into the acupoints 
with a depth of 3–5 mm below the skin. Then, the needle 
handles were linked to the output terminals of an electronic 
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acupuncture instrument (SDZ-II, Suzhou Medical Products, 
Suzhou, China), which offered a pattern of parse-dense 
waves (60 Hz for 1.05 s and 2 Hz for 2.85 s, alternately). 
The current was adjusted to a level that induced a slight 
twitch in the hind limbs and was typically below 5 μA. Each 
daily session lasted for 10 min, and the treatment lasted for 
14 consecutive days.

Nec‑1 Treatment

Nec-1 (necrostatin-1, No.S8037, selleck) was dissolved in 
10% dimethyl sulfoxide (DMSO), and then 40% polyeth-
ylene glycol (PEG) and 50% normal saline were added to 
achieve a final concentration of 2.5 mg/ml. The treatment 
lasted for 30 consecutive days, at a daily dose of 1.8 mg/kg 
(intraperitoneal injection).

Hind Limb Motor Function

Motor function of the hind limbs was assessed using the 
Basso mouse scale (BMS) in an open field on days 1, 7, 
and 14 by two independent investigators who were blinded 
to group allocation. The scores of BMS range from 0 to 
9 points (0 points mean complete paralysis, and 9 points 
mean completely normal) and are based on observation of 
the frequency, range of motion, coordination, rear ankle joint 
activities, touch of the soles of the feet and insteps, position 
of the feet, stability of the trunk, and position of the tail as 
previously described [26]. Each session lasted for 5 min, and 
the scores by two investigators were averaged.

Electrophysiology

Mice were anesthetized with sodium pentobarbital (30 mg/
kg, intraperitoneal injection). An incision was made at the 
site of original incision on the right posterior lateral femur. 
Tissues were separated to expose the sciatic nerve. A stimu-
lating electrode was placed on the nerve trunk at 3 mm from 
the inferior edge of the pear-shaped muscle. A recording 
electrode was placed on the gastrocnemius muscle at 10 mm 
above the ipsilateral lateral ankle joint. A 4-mA current with 
1-Hz frequency was used for stimulation. CAP and NCV 
were measured with a BL-420N analysis system.

Tissue Preparation

Mice were deeply anesthetized and perfused transcardially 
with 0.01-M phosphate-buffered saline (PBS) followed by 
4% paraformaldehyde in 0.01-M PBS. A 1-cm segment of 
the spinal cord with the injury epicenter (L1) in the middle 
was harvested and fixed in 4% paraformaldehyde in 0.1-M 
PBS for 24 h at 4 ℃. The specimen was dehydrated using 
a graded ethanol series, permeabilized with xylene, and 

embedded in paraffin before preparation of tissue Sections 
(6 μm) for histological analysis.

Hematoxylin–Eosin Staining

Hematoxylin–eosin (HE) staining was conducted using a 
standard protocol. Stained sections were observed under a 
light microscope to examine pathology of spinal cord tissue, 
including tissue edema, tissue cavities, and inflammatory 
cell infiltration.

Immunofluorescence Assay

For immunofluorescence staining, the tissue sections were 
placed in a repair cassette filled with EDTA antigen repair 
buffer (PH 8.0) for antigen retrieval in a microwave oven; 
serum covered for 30 min and incubated overnight at 4 °C 
with a primary antibody as follows: GFAP antibody (ab7260; 
Abcam; 1:1000), Iba1 antibody (ab178846; Abcam; 1:1000), 
and the next day with HMGB1 antibody (10,829–1-AP; Pro-
teintech; 1:1000), MLKL antibody (21,066–1-AP; Protein-
tech; 1:1000), and P-MLKL antibody (ab196436; Abcam; 
1:1000). The nuclei were counterstained with 4′6-diamidino-
2-phenylindole (DAPI) and sealed with an anti-fluorescence 
quencher. Fluorescence microscopy was performed at 400 × , 
and 3–4 fields of view were randomly selected for each sec-
tion. Image-Pro Plus was used to analyze and calculate the 
proportion of cells co-expressing Iba1/HMGB1, GFAP/
HMGB1, GFAP/MLKL, and GFAP/P-MLKL.

Enzyme‑Linked Immunosoribent Assay

The serum concentration of IL-6, IL-1β, and IL-33 was 
measured using serial dilution with ELISA kits (AF2163-
A, AF2040-A, AF30395-A, Afantibody, China).

RNA‑Seq Analysis

Total RNA was extracted from the spinal cord samples using 
TRIzol reagents (Invitrogen), reverse transcribed into cDNA 
and amplified using PCR amplification prior to sequenc-
ing using the Illumina NovaSeq6000 gene sequencer. Raw 
sequencing data were filtered to yield high-quality sequenc-
ing data. HiSat2 was used to obtain mapped data (reads). 
Expression levels of genes and transcripts were analyzed 
using RSEM. Differentially expressed genes were defined 
as |log2FC|≥ 2 (as determined with DESeq2) and adjusted 
P < 0.05. The GO database (http://​www.​geneo​ntolo​gy.​org/) 
and KEGG database (http://​www.​genome.​jp/​kegg/) were 
used to analyze the function and the pathways of the dif-
ferentially expressed genes.

http://www.geneontology.org/
http://www.genome.jp/kegg/
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Western Blot Assay

Spinal cord specimen was homogenized and centrifuged 
to extract the total protein. Samples were subjected to 12% 
SDS-PAGE gel electrophoresis, transferred to a PVDF mem-
brane, and incubated with a primary antibody against RIP1 
(17,519–1-AP; Proteintech; 1:1000), RIP3 (17,563–1-AP; 
Proteintech; 1:1000), MLKL (21,066–1-AP; Proteintech; 
1:1000), P-MLKL (ab196436; Abcam; 1:1000), HMGB1 
(10,829–1-AP; Proteintech; 1:1000), TLR4 (19,811–1-AP; 
Proteintech; 1:1000), MyD88 (bs-1047R; Bioss; 1:1000), 
β-actin (bs-1047R; Bioss; 1:1000) antibodies, or GAPDH 
(ab181602; Abcam; 1:1000) overnight at 4℃ and then 
with an goat-anti-rabbit IgG H&L/HRP antibody (bs-
0295G-HRP; Bioss; 1:10,000) for 1 h. The bands were 
visualized using a chemiluminescence method, captured by 
IMAGE STUDIO imaging system, and analyzed by ImageJ. 
Results were standardized using the internal control. Protein 
concentration was determined using a BCA method.

Co‑immunoprecipitation Assay

Co-immunoprecipitation assay (CO-IP) was performed as 
previously described [25]. Briefly, 300–500 μl tissue lysate 
was incubated with 0.5–2 μg antibody against RIP1 (sc-
133102; Santa Cruz; 1:1000), K63 (ab179434; Abcam; 
1:1000), or GAPDH (ab181602; Abcam; 1:1000) for 3 h at 
4 °C. Fifty microliter Protein G agarose beads (Beyotime) 
was then added and incubated overnight. After washing, 
samples were boiled for 10 min in sample‐loading buffer 
and then subjected to SDS-PAGE (5–15%) and analyzed by 
western blot.

Statistical Analysis

Data are presented as mean ± standard deviation (SD) 
and analyzed using one-way ANOVA followed by the 
Tukey–Kramer test for post hoc pairwise comparisons. 
Motor function (BMS score) was analyzed with analysis of 
variance for repeated measures. P < 0.05 was considered sta-
tistically significant. All statistical analyses were performed 
using SPSS 22.0 (IBM, Armonk USA).

Results

Effects of EA on Behavioral and Pathological 
Changes

The baseline BMS score did not differ among the sham con-
trol, the SCI group, and the EA group (Fig. 1a–c). BMS 
score after the treatment was significantly higher in the EA 
versus the SCI group.

Representative electrophysiological recordings are 
shown in Fig. 1d. Both CAPA and NCV were significantly 
improved by EA treatment (Fig. 1e, P < 0.01 versus SCI 
group). Representative images of HE staining are shown in 
Fig. 1f. Damage to spinal cord tissue by SCI was prominent 
and included structural disorder, tissue cavities, and inflam-
matory infiltration. EA treatment attenuated these changes.

Effects of EA on Neuroinflammation

Iba1-positive microglia and GFAP-positive astrocyte in the 
sham control group were shuttle-shaped and in the branched 
resting state. In the SCI group, however, Iba1-positive cells 
and GFAP-positive cells were round in shape, contained 
large cytosomes and thick protrusions, and appeared to be 
a highly branched activation type. Iba1-positive microglia 
and GFAP-positive astrocyte in the EA group were mostly at 
the resting state (Fig. 2a and b). EA treatment decreased the 
number of Iba1/HMGB1 co-positive microglia and GFAP/
HMGB1 co-positive astrocyte (P < 0.05 versus the SCI 
group, Fig. 2c and d). In addition, EA treatment also reduced 
HMGB1 versus the SCI group (P < 0.01, Fig. 2e and f).

Serum concentrations of IL-6, IL-1β, and IL-33 were sig-
nificantly higher in the SCI group versus the sham control; 
these changes were attenuated by EA treatment (P < 0.05, 
Fig. 2g–i).

Effects of EA on Astrocytic Necroptosis

Representative immunofluorescent images of GFAP/MLKL 
and GFAP/P-MLKL colocalization are shown in Fig. 3a and 
b; representative western blot of MLKL and P-MLKL are 
shown in Fig. 3e. The number of GFAP/MLKL and GFAP/
P-MLKL co-positive cells and the expression of MLKL 
and P-MLKL were significantly higher in the SCI versus 
the sham control; EA treatment attenuated these changes 
(P < 0.05, Fig. 3c–d, Fig. 3f–g).

GO and KEGG Enrichment Analyses

The GO enrichment analysis showed that EA treatment sig-
nificantly altered the cellular component (CC), binding in 
molecular function (MF) and cellular process in biological 
process (BP) in the spinal cord (Fig. 4a and c). EA treatment 
also altered the cellular process, a sequence of biological 
tasks accomplished via one or more ordered assemblies of 
molecular functions (Fig. 4b and d). KEGG pathway enrich-
ment analysis showed the TLR signaling pathway expression 
was significantly affected in both the SCI group and the EA 
group (Fig. 4e and f). Western blot analysis confirmed an 
increased expression of TLR4 and MyD88 in the SCI group 
and attenuation of the changes by EA treatment (P < 0.05, 
Fig. 5a–c).
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The expression of RIP1, RIP3, MLKL, and P-MLKL was 
increased after SCI; these changes were attenuated by EA 
treatment (Fig. 5d–f and Fig. 3e–f). Co-IP analysis revealed 
a significantly increased expression of the K63-type poly-
ubiquitin chain by the EA treatment (Fig. 5g).

Inhibitory Effects of EA Versus Nec‑1 on Necroptosis

EA treatment significantly reduced astrocyte necroptosis, 
with a similar effect to that obtained with Nec-1 treatment. 
EA treatment and Nec-1 treatment or a combination of both 
could reduce the GFAP/P-MLKL co-positive cells (Fig. 6a). 
The expression of RIP1, RIP3, and P-MLKL detected by 
western blot was significantly lower in mice receiving EA 
or Nec-1 treatment and a further decrease in mice receiving 
a combination treatment with EA and Nec-1 than either EA 
or Nec-1 alone (P < 0.01, Fig. 6b–e).

Discussion

In our previous study, EA at “Jiaji” in a mouse model 
for SCI downregulated HMGB1, a critical component of 
DAMPs after necroptosis, and TLR4, a key factor in the 
TLR pathway [27]. This observation was associated with 
decreased inflammatory responses and improved neurologic 
function. The current study showed that EA could attenuate 
astrocytic necroptosis and neuroinflammation; such effects 
were associated with downregulation of the RIP1/MLKL/
TLR4 signaling pathway.

Astrocytes are critical in maintaining homeostasis in the 
CNS and play an integral nutritional, structural, and meta-
bolic role in the development and physiology of the CNS 
[28, 29]. A previous in vitro study showed when astrocytes 
lose their normal cellular function, and reactive astrocytes 
proliferate after SCI [30–32], thus forming a physical barrier 

Fig. 1   EA treatment improved the hindlimb function and attenuated 
pathological changes in SCI mice. a Hindlimb function was evalu-
ated in mice before SCI and at 1, 7, and 14  days after SCI. Main 
effect and 2-way interaction were assessed. b BMS score at 1, 7, and 
14 days after SCI (n = 8/group). c Electrophysiology on the 14th day 
after SCI and representative action potential. d, e Quantitative anal-
ysis of CAPA and NCV (n = 4/group). f Representative HE staining 

(scale bar = 20 μm). EA, electroacupuncture; SCI, spinal cord injury; 
BMS, Basso mouse scale; CAPA, compound action potential ampli-
tude; NCV, nerve conduction velocity; HE, hematoxylin–eosin. Black 
arrows indicate normal neurons; blue arrows indicate inflammatory 
cytokines; red arrows indicate tissue cavities. Data are mean ± SD. 
**P < 0.01 vs. sham group; #P < 0.05, ##P < 0.01 vs. SCI group
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Fig. 2   EA treatment decreased 
neuroinflammation in SCI 
mice. a Representative 
immunofluorescence stain-
ing of Iba1/HMGB1 (scale 
bar = 20 μm). b Representative 
immunofluorescence staining 
of GFAP/HMGB1. c Quantita-
tive analysis of relative Iba1/
HMGB1 by immunofluores-
cence. d Quantitative analysis 
of relative GFAP/HMGB1 by 
immunofluorescence. e, f West-
ern blot analysis of HMGB1. 
g, h, i Serum IL-6, IL-1β, and 
IL-33. EA, electroacupuncture; 
SCI, spinal cord injury; DAPI, 
4′6-diamidino-2-phenylindole; 
Iba-1, microglia; HMGB1, high 
mobility group box1; GFAP, 
glial fibrillary acidic protein. 
All data are mean ± SD (n = 6/
group). * P < 0.05, ** P < 0.01 
vs. sham group; # P < 0.05, ## 
P < 0.01 vs. SCI group
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Fig. 3   Necroptosis of astrocytes 
in the spinal cord. a Repre-
sentative immunofluorescence 
staining of GFAP/MLKL (scale 
bar = 20 μm). b Representative 
immunofluorescence stain-
ing of GFAP/P-MLKL (scale 
bar = 20 μm). c Quantitative 
analysis of relative GFAP/
MLKL by immunofluorescence. 
d Quantitative analysis of rela-
tive GFAP/P-MLKL by immu-
nofluorescence. e, f, g Western 
blot of MLKL and P-MLKL in 
the spinal cord. EA, electroa-
cupuncture; SCI, spinal cord 
injury; DAPI, 4′6-diamidino-
2-phenylindole; MLKL, mixed-
spectrum kinase structural 
domain-like proteins; P-MLKL, 
phosphorylation of MLKL; 
GFAP, glial fibrillary acidic 
protein. All data are mean ± SD 
(n = 6/group). ** P < 0.01 vs. 
sham group; # P < 0.05, ## 
P < 0.01 vs. SCI group
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around the injury site to prevent the ingrowth of regenerat-
ing axons [33]. In addition, necrotic glial cells trigger an 
inflammatory cascade and excessive stress on astroglial 

cells around the central area of SCI [34]. Necroptosis is a 
type of cell death mediated by a unique molecular pathway 
that does not overlap with conventional apoptosis [35]. The 

Fig. 4   RNA-Seq analysis and bioinformatics analysis. a Gene analy-
sis by GO annotations analysis between the SCI and sham control 
groups. b KEGG enrichment analysis gene analysis between the SCI 
and sham control groups. c GO annotations analysis between the 
EA and SCI groups. d KEGG enrichment analysis between the EA 
and SCI groups. e KEGG pathway enrichment analysis between the 
SCI and sham control groups. f KEGG pathway enrichment analy-
sis between the EA and SCI groups. n = 8/group. GO annotation 
analysis column chart: the upper horizontal axis indicates the GO 
term; the horizontal axis indicates the level of significance of enrich-

ment; and the vertical axis indicates the number of genes/transcripts 
on the comparison for that GO term, corresponding to the height of 
the column. By default, the top 10 enrichment results are displayed 
if P < 0.05. KEGG enrichment analysis column chart: the horizontal 
axis represents the pathway name, and the vertical axis represents the 
ratio of the rich factor (the ratio of the number of genes/transcripts 
enriched in the pathway (sample number) to the number of annotated 
genes/transcripts (background number). By default, the top 10 enrich-
ment results are displayed if P < 0.05
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mechanisms underlying necroptosis in response to differ-
ent stimuli, including tumor necrosis factor, T cell recep-
tors, interferons, and virus-associated molecules, are highly 
complex [36] and may involve the critical upstream mark-
ers RIP1 and RIP3 and executioners MLKL and P-MLKL 
[37]. RIP1/3 and MLKL are recruited and form a com-
plex (necrosomes) [38], a crucial mediator of downstream 
necroptosis. Necrosomes form an oligomeric, membrane-
associated channel-like structure that disrupts cell membrane 
integrity and lysis [39, 40], ultimately inducing necroptosis 
and causing the release of DAMPs [41], including HMGB1 
[42] and IL-33 [43], which in turn activate the immune sys-
tem and generate a series of inflammatory cascades [44]. 
In necroptosis, RIP1 and RIP3 interact and bind to form 
necrosomes through the shared RHIM structural domain 
to promote necroptosis [45]. The process of necroptosis is 
tightly controlled by the ubiquitination of RIP1 in necro-
some [38, 46]. Ubiquitination changes the conformation of 
proteins and enhances their adaptability to complex envi-
ronmental variations and participating in regulating various 
cellular processes, such as signal transduction and protein 
transport [47]. Ubiquitination at the Lys 377 site in the inter-
mediate domain promotes the degradation of RIP1. The 
attachment of K63 at Lys 377 activates the NF-κB pathway 
and pro-cell survival genes, promoting cell survival [48].

In the study, we found elevated expression levels of RIP1, 
RIP3, MLKL, and P-MLKL in the RIP signaling pathway 
upon SCI, and significant attenuation of SCI-induced 
changes by EA treatment. These findings suggested (1) 
astrocytes did undergo necroptosis, and (2) EA attenuated 
SCI-induced necroptosis in astrocytes. Co-IP assay indicated 
direct interaction between RIP1 and K63 polyubiquitin chain 
and increased interaction by EA treatment. Together with 
decreased expression of RIP1, these findings suggest that 
EA may promote the ubiquitination of K63-type and RIP1 
to inhibit the RIP pathway, ultimately inhibiting necroptosis.

RIP1 and RIP3 are implicated in regulating pattern recog-
nition receptor pathways, particularly the TLRs [35]. TLRs 
are membrane-associated receptors located on the cell surface 
(TLR1, TLR2, TLR4, TLR5, and TLR6) or in the endocytic 
compartment (TLR3, TLR7, TLR8, and TLR9) that recog-
nize characteristic molecules of pathogens [49]. The regula-
tory role of RIP in the TLRs pathway is most clearly defined 
in the TLR4 signaling pathway, which is also involved in the 
linkage of lysine at position 377 of RIP1 to polyubiquitin 
chains, mediating the interaction between RIP1 and RIP3 to 
produce necrosome and triggering the activation of MLKL 
[39]. In the current study, we found increased expression of 
TLR4 and MyD88 upon SCI and attenuation of SCI-induced 
changes by EA treatment, suggesting that the downregulation 

Fig. 5   Western blot analysis of the TLR4/MyD88 and RIP1/ RIP3 
signaling pathway. a, b, c TLR4/MyD88. d, e, f RIP1/RIP3. g RIP1/
K63 ubiquitination. EA, electroacupuncture; SCI, spinal cord injury; 
TLR4, toll-like receptor 4; MyD88, recombinant myeloid differen-

tiation factor 88; RIP1/3, receptor-interacting protein kinase 1/3. All 
data are mean ± SD (n = 6/group). * P < 0.05, ** P < 0.01 vs. sham 
group; # P < 0.05, ## P < 0.01 vs. SCI group
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Fig. 6   Effects of necrosta-
tin-1 s on RIP1/3 activation. a 
Representative immunofluo-
rescence staining of GFAP/P-
MLKL (scale bar = 20 μm). b, 
c, d, e Western blot analysis 
of RIP1, RIP3, and P-MLKL. 
EA, electroacupuncture; SCI, 
spinal cord injury; Nec-1 + EA, 
necrostatin-1 s combine with 
EA treatment. DAPI, 4′6-diami-
dino-2-phenylindole; GFAP, 
glial fibrillary acidic protein; 
MLKL, mixed-spectrum kinase 
structural domain-like proteins; 
P-MLKL, phosphorylation 
of MLKL; RIP1/3, receptor-
interacting protein kinase 1/3. 
All data are mean ± SD (n = 6/
group). *** P < 0.001 vs. sham 
group; ### P < 0.001 vs. SCI 
group; ^^^ P < 0.001 vs. Nec-1 
group; & P < 0.001 vs. EA 
group
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of TLR4/MyD88 signaling pathway expression may underlie 
the effects of EA on RIP ubiquitination and subsequently on 
astrocytic necroptosis.

Neuroinflammation is characterized by sustained microglia 
over-activation and is closely associated with necroptosis [50]. 
DAMPs are a group of nuclear and cytoplasmic proteins that 
initiate and amplify innate immune pathways [51]. HMGB1 is 
the main constitutively expressed natural DAMPs released upon 
necroptosis [52]. Blocking HMGB1 could attenuate neuroin-
flammation induced by microglia over-activation [53]. Astro-
cytic necroptosis also promotes neuroinflammation after injury 
[54]. In the current study, large numbers of HMGB1-Iba + and 
HMGB1-astrocytic+ were observed after SCI; EA treatment 

reduced the number of HMGB1-glial+ cells. SCI-induced ele-
vation of serum IL-6, IL-1β, and IL-33 was decreased by EA 
treatment in the current study, demonstrating that EA treatment 
reduced neuroinflammation and alleviated the infiltration of 
pro-inflammatory factors in the injury site which relates to limit 
necroptosis in astrocytes in the core tissue of SCI, ultimately 
promoting functional recovery of the spinal cord.

Our finding found the combination treatment with EA and 
Nec-1 (an inhibitor of necroptosis) could significantly reduce 
GFAP/P-MLKL co-positive cells and inhibit the expression 
of RIP1, RIP3, and P-MLKL in the SCI mice. It suggests the 
combination treatment is a better curative effect than monother-
apy, and the former would be an effective strategy for clinical 

Fig. 7   A schematic diagram of the mechanisms that likely underlie the effects of EA on astrocytic necroptosis and neuroinflammation
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treatment of SCI. In addition, the data also indicated the underly-
ing mechanisms of EA improving SCI is related with the inhibi-
tion of the cellular necroptosis. In the future research, further 
work is needed to use agonists to verify the effect of EA on 
necroptosis and crucial mediators, which will help us to identify 
deeply therapeutic targets for SCI.

Conclusions

EA promoted nervous function recovery and signal trans-
mission along neuronal axons in a mouse model for SCI, 
possibly via limiting the over-activation of microglia and 
mitigating astrocytic necroptosis and neuroinflammation 
by regulating the RIP1/MLKL/TLR4 signaling pathway (a 
schematic summary of the mechanisms is shown in Fig. 7).
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