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Lithium promotes recovery after spinal cord injury
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Abstract  
Lithium is associated with oxidative stress and apoptosis, but the mechanism by which lithium protects against spinal cord injury remains 
poorly understood. In this study, we found that intraperitoneal administration of lithium chloride (LiCl) in a rat model of spinal cord injury 
alleviated pathological spinal cord injury and inhibited expression of tumor necrosis factor α, interleukin-6, and interleukin 1 β. Lithium 
inhibited pyroptosis and reduced inflammation by inhibiting Caspase-1 expression, reducing the oxidative stress response, and inhibiting 
activation of the Nod-like receptor protein 3 inflammasome. We also investigated the neuroprotective effects of lithium intervention on 
oxygen/glucose-deprived PC12 cells. We found that lithium reduced inflammation, oxidative damage, apoptosis, and necrosis and up-
regulated nuclear factor E2-related factor 2 (Nrf2) and heme oxygenase-1 in PC12 cells. All-trans retinoic acid, an Nrf2 inhibitor, reversed the 
effects of lithium. These results suggest that lithium exerts anti-inflammatory, anti-oxidant, and anti-pyroptotic effects through the Nrf2/heme 
oxygenase-1 pathway to promote recovery after spinal cord injury. This study was approved by the Animal Ethics Committee of Xi’an Jiaotong 
University (approval No. 2018-2053) on October 23, 2018.
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Introduction 
Many treatment methods are available for spinal cord injury 
(SCI) in adult patients, such as cell transplantation and 
methylprednisolone (Assinck et al., 2017; Gazdic et al., 2018). 
However, the effects of these treatments on SCI repair remain 
controversial, and they may have some side effects. SCI involves 
not only the primary physical damage to the spinal cord, but 
also secondary damage characterized by further neuronal 
and glial cell injury (Dixon, 2017). The cascade of secondary 
damage results in serious functional deficits on the injured side 
(Mortezaee et al., 2018). Pyroptosis is a specific and recently 
described form of programmed cell death (de Rivero Vaccari et 
al., 2014; Tsuchiya, 2020). The concept of the inflammasome 
was first outlined by Xue et al. (2015). NOD-like receptor 
is a receptor protein (Martinon et al., 2009). The NLRP3 
inflammasome is the most widely studied inflammasome. It is 

activated by recognition of damage- or pathogen-associated 
molecular patterns (Zhaolin et al., 2019). Once inflammatory 
receptors are activated, they recruit ASC and pro-Caspase-1 to 
the inflammasome, inducing cleavage of pro-Caspase-1 into 
activated Caspase-1. Activated Caspase-1 cleaves Gasdermin-d 
(GSDMD) directly, releasing the active N-terminal subunit, 
which in turn cleaves the pro-IL-1β and pro-IL-18 to produce 
the corresponding cell inflammatory factors IL-1β and IL-18. 
Ultimately, this cascade induces inflammatory cell death, or 
pyroptosis (Wu et al., 2020). Pyroptosis is mainly mediated by 
Caspase-1 and GSDMD, accompanied by the production of 
various pro-inflammatory mediators such as interleukin (IL)-1β 
and IL-18 (Broz and Dixit, 2016). The destruction of nerve cells 
that occurs during the primary SCI activates the inflammasome 
pathway, further promoting pyroptosis and resulting in the 
release of inflammatory factors that cause a secondary 
inflammatory reaction (Kaushal et al., 2015).
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Along with the inflammatory response, anabatic oxidative 
stress also plays a role in the secondary damage that occurs 
after SCI (Wang et al., 2009a). After SCI, many oxygen radicals 
are produced, which enhances the oxidative stress response 
at the site of the lesion (Smith et al., 2012; Li et al., 2014a, 
b), followed by pathological changes including myelin loss, 
ongoing pyroptosis along with apoptosis, and interrupted 
axonal tracts. Glutathione peroxidase (GSH-Px), superoxide 
dismutase (SOD), catalase (CAT), total antioxidative capacity 
(T-AOC), malondialdehyde (MDA), and lipid peroxide (LPO) are 
the main oxidative stress response factors that are activated 
by SCI. GSH-Px catalyzes H2O2 decomposition, reflecting the 
body’s ability to scavenge oxygen free radicals (Kalayci et al., 
2005). SOD is the main free radical scavenger in cells and 
reduces the damage caused by oxygen free radicals (Gökce 
et al., 2016). CAT promotes the decomposition of H2O2 into 
molecular oxygen and water to prevent cell peroxidation 
(Jalali et al., 2016). T-AOC levels correlate with the body’s 
overall ability to scavenge free radicals. MDA activity directly 
reflects the level of oxygen free radicals in the body and 
indirectly reflects the degree of damage caused to tissues 
or cells by free radicals (Yuksel et al., 2016). LPO indirectly 
reflects the content of natural anti-oxidants in tissues and the 
activity of anti-oxidant enzymes. Among all of the signaling 
pathways that are associated with anti-oxidant activity, we are 
especially interested in the nuclear factor E2-related factor 
2/heme oxygenase-1 (Nrf2/HO-1) pathway (Ma, 2013). Nrf2 
is generally bound to the cytoplasmic retention factor Kelch-
like ECH-associated protein 1 (Keap1), which is degraded in 
response to nerve damage and elevated levels of reactive 
oxygen species (ROS). 

Briefly, Nrf2 translocates to the nucleus, where it promotes 
the transcription of genes containing an anti-oxidant response 
element, such as those encoding the Nrf2/HO-1 downstream 
effector molecules GSH and SOD, thereby activating the 
Nrf2/HO-1 pathway (Zhai et al., 2013; Xu et al., 2014a; 
Dwivedi et al., 2016). Its core role as an anti-oxidant has 
been confirmed by a large number of studies (Ji et al., 2017). 
Hence, activating the Nrf2/HO-1 pathway can inhibit oxidative 
stress and subsequent pyroptosis-related signaling cascades. 
Furthermore, we hypothesize that suppression of pyroptosis 
and oxidative stress could be potent strategy for therapeutic 
intervention for SCI in the future.

Lithium is a first-line drug used for bipolar disorder that plays 
a neuroprotective role in multiple neurological diseases, such 
as Parkinson’s disease (Guttuso, 2019; Gu et al., 2020; Haupt 
et al., 2021), Huntington’s disease (Serafini et al., 2016), and 
amyotrophic lateral sclerosis (Pasquali et al., 2009). Although 
one clinical trial showed no significant improvement in 
patients with SCI treated with lithium (Yang et al., 2012), this 
study focused on chronic SCI instead of evaluating earlier 
stages in SCI when therapy is more effective. The acute phase 
of SCI is critical period for repair, and inflammation is the 
key to the acute phase, because it determines the extent of 
recovery from SCI (Ahuja et al., 2017; Anjum et al., 2020). 

Several lines of evidence suggest that lithium works through 
a variety of complex mechanisms, including neuroprotection, 
induction of neurotrophic factor secretion, neurogenesis, 
and inhibition of inflammation (Rowe and Chuang, 2004; 
Rybakowski et al., 2018). Recently, increasing attention has 
been paid to inhibiting inflammation after lithium treatment. 
Many animal studies have shown that lithium has great 
potential for the treatment of acute-phase SCI (Yick et al., 
2004; Zakeri et al., 2014; Liu et al., 2017; Tong et al., 2018; 
Abdanipour et al., 2019). 

Although more studies are needed to clarify the full benefits 
of lithium treatment, this therapeutic option has great 
potential for the treatment of SCI. One study has identified 
a connection between lithium treatment and oxidative 

stress (Xiang et al., 2020). There is also some evidence of 
a connection between pyroptosis and lithium treatment. 
However, it remains unknown whether there is a connection 
between lithium treatment and pyroptosis in SCI and, to date, 
no study has investigated the effects of lithium on the Nrf2/
HO-1 pathway after SCI. In this study, we investigated the 
effects of, as well as the underlying mechanism of, lithium 
treatment on acute-phase SCI in rats in terms of oxidative 
stress, pyroptosis, and the Nrf2/HO-1 pathway. 
 
Materials and Methods   
Animals
It is difficult to control the level of estrogen (e.g., as a 
hormone related to pregnancy, during birth), and female 
hormone levels have a substantial influence on many 
experimental results (Pabon et al., 2014; Brotfain et al., 
2016; Sircar, 2019). A total of 108 healthy adult male specific 
pathogen-free Sprague-Dawley rats, weighing 220–250 g, 
aged 2 months, were used in this study. These animals were 
provided by the Experimental Animal Center of Xi’an Jiaotong 
University of China (license No. SCXK (Shaan) 2007-001). This 
study was performed after the animals had been allowed 
to acclimatize to the housing facility conditions for 1 week 
(temperature 20–24°C, humidity 50–70%, 12/12-hour light/
dark cycle). All experiments were approved by the Animal 
Care and Use Committee of Xi’an Jiaotong University (approval 
No. 2018-2053) on October 23, 2018. All experiments were 
designed and reported according to the Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines. The 
rats were randomly divided into three groups: lithium (SCI + 
lithium), SCI, and sham (n = 36 rats in each group).

Preparation of the spinal cord injury model  
A rat model of SCI was established according to a modified 
Allen’s method (Allen, 1911). First, rats were anesthetized 
by intraperitoneal injection of 3% pentobarbital sodium 
(1.5 mL/kg; Sigma-Aldrich, St. Louis, MO, USA), after which 
T10 laminectomy was performed to expose the dura mater. 
Then, the spine was fixed, and the NYU weight-drop device 
(New York University, New York, NY, USA) was used to strike 
the exposed dura mater (the 10-g weight was allowed to fall 
freely from a height of 2.5 cm above the exposed dura mater) 
to induce the tail swinging reflex and flaccid paralysis [Basso, 
Beattie, Bresnahan (BBB) Locomotor Rating Scale score less 
than 2 points]. After surgery, artificial bladder massage was 
performed twice a day to encourage urination until the rats 
resumed spontaneous micturition. All procedures were 
performed by the same individual. Rats in the sham group 
were subjected to laminectomy without SCI induction.

Drug treatment
At 1 day after surgery, the rats in the lithium group were 
injected intraperitoneally with 10 mL of phosphate buffered 
solution (PBS) containing 85 mg/kg lithium chloride (LiCl; 
Sigma-Aldrich Co., Gillingham, Dorset, UK) once a day. The 
sham and SCI groups received 10 mL of PBS.

PC12 cell culture and treatment 
PC12 cells (RRID: CVCL_0481; American Type Culture 
Collection, Manassas, VA, USA) were identified by short 
tandem repeat (STR). They were cultured in Dulbecco’s 
modified Eagle medium (Gibco, Gaithersburg, MD, USA) 
containing 5% fetal bovine serum (Gemini Bio-Products, 
West Sacramento, CA, USA), 10% horse serum (Gemini Bio-
Products), and 1% penicillin and streptomycin (Sigma-Aldrich) 
in a constant-temperature incubator (HASUC, Shanghai, China) 
set at and at 37°C in a 5% CO2 atmosphere. The cells were 
randomly divided into four groups: control, OGD, lithium (OGD 
+ lithium), and all-trans retinoic acid (ATRA) (OGD + lithium 
+ ATRA). For the OGD group, the medium was replaced with 
glucose-free Dulbecco’s modified Eagle medium, and the 
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cells were incubated in an atmosphere containing 5% CO2, 
0.02% O2, and 94.98% N2 at 37°C for 6 hours. The cells were 
pretreated with LiCl (5 nM) and ATRA [an Nrf2 inhibitor (Wang 
et al., 2007); 10 μM, Sigma-Aldrich] for 3 hours before OGD.

Motor function evaluation 
Six rats in each group were assessed at 1, 3, 5, 7, 14, 21, 
and 28 days after SCI for functional recovery using the 
BBB Locomotor Rating Scale (Basso et al., 1995). The BBB 
score range was 0–21 points. Locomotor ability was scored 
independently by two assessors (JL and JXL) who were blinded 
to the grouping but familiar with the scoring criteria. The 
scores recorded by the two observers were averaged. The rats 
were subjected to the inclined plate test (using an inclined 
plane with a rubberized surface on which the greatest angle 
that the rats could maintain for 5 seconds without sliding 
was recorded) 30 minutes after BBB scoring. Each of the 
two observers (JL and JXL) assessed the motor function of 
each rat twice, and the results were averaged across the two 
observers. 

Tissue processing 
At 7 days after surgery, six rats randomly selected from 
each group were sacrificed under deep anesthesia with 3% 
pentobarbital sodium. Spinal cord tissue at T10 level was 
removed, post-fixed in 4% paraformaldehyde, cryoprotected 
in 30% sucrose, embedded in OCT, and then sectioned using a 
constant-temperature frozen slicer (Thermo Fisher Scientific, 
Waltham, MA, USA). Sections (6-μm-thick) from the middle 
of soma were selected for analysis. Sections preserved at 
–80°C were used for hematoxylin-eosin (HE) staining, Nissl 
staining, and immunofluorescence and immunohistochemical 
analyses. Seven days after surgery, another six rats from each 
group were subjected to cardiac perfusion, after which the 
spinal cord tissue at the contusion epicenter was collected 
and stored at –80°C for later western blotting, enzyme-linked 
immunosorbent assay (ELISA), and peroxide activity detection.

Histological staining
HE and Nissl staining
Standard HE and Nissl staining of frozen sections were 
performed to observe the morphology and structure of nerve 
cells in the spinal cord tissue. For HE staining, sections were 
submerged in hematoxylin for 5 minutes, washed with water, 
and then treated with a solution of 1% HCl in ethanol for 30 
seconds. Then the sections were stained with eosin for 6 
minutes, followed by dehydration with an ethanol gradient 
(85%, 90%, and 100%). For Nissl staining, sections were 
submerged in a 1% toluidine blue solution (Sigma-Aldrich) for 
15 minutes. Nissl differentiation was then performed for 4–8 
seconds until most of the stain was eliminated. Finally, the 
sections were dehydrated in an ethanol series and cleared 
with xylene. Image Pro Plus 6 software (Media Cybernetics, 
Rockville, MD, USA) was used to analyze HE and Nissl staining. 
The ratio of the area of cavity space to the area of the lesion 
center was calculated for HE staining, and the number of 
positively stained cells was calculated for Nissl staining.

Immunohistochemical staining
Immunohistochemical staining was used to detect Caspase-1 
and IL-1β expression in spinal cord tissue to evaluate pyroptosis 
and inflammation, respectively. Frozen sections were fixed in 
4°C acetone, inactivated in 3% hydrogen peroxide, incubated 
with 0.3% Triton X-100 for 20 minutes, and blocked with 10% 
goat serum for 30 minutes. Then the sections were incubated 
at 4°C overnight with rat anti-Caspase-1 monoclonal antibody 
(1:100, BioLegend, San Diego, CA, USA; Cat# 645102, 
RRID:AB_2068900) and rat anti-IL-1β monoclonal antibody 
(1:100, Leinco Technologies, Fenton, MO, USA; Cat# I-672, 
RRID:AB_2830793). Next, the sections were washed with PBS, 
incubated at room temperature with horseradish peroxidase-
conjugated rabbit anti-rat IgG (1:1000, Biorbyt, St. Louis, MO, 

USA; Cat# orb21598, RRID:AB_10921028) for 1 hour, and 
stained with a diaminobenzidine solution (Abcam, Berlin, 
Germany) for 10 minutes. The number of positive cells was 
calculated using Image Pro Plus 6 software.

Immunofluorescence staining 
Nrf2 and HO-1 in spinal cord tissue and cells were detected 
by immunofluorescence to evaluate immunopositivity for 
components of the Nrf2/HO-1 axis. After fixation, infiltration, 
and sealing, the sections were incubated at 4°C overnight with 
a rat anti-Nrf2 monoclonal antibody (1:100, Abnova, Taipei, 
China; Cat# H00004780-M03, RRID:AB_581870) and a rat 
anti-HO-1 monoclonal antibody (1:1000, Abcam; Cat# 1922-1, 
RRID:AB_764541). After incubation at room temperature with 
Alexa Fluor 488 conjugated-rabbit anti-rat IgG (1:50, Imgenex, 
Bhubaneswar, India; Cat# 20214AF488, RRID:AB_10597709) 
for 1 hour, the slices were counterstained with 4′,6-diamidino-
2-phenylindole (Vector Laboratories, Burlingame, CA, USA) 
for 10 minutes. A fluorescence microscope (IX71; Olympus, 
Tokyo, Japan) was used to image the stained cells and tissues. 
ImageJ software (version 1.8.0; National Institutes of Health, 
Bethesda, MD, USA) was used to analyze the fluorescence 
results. The number of positive cells was calculated.

ELISA
The concentrations of IL-6, IL-1β, and tumor necrosis factor-
alpha (TNF-α) in spinal cord tissue and cells were detected using 
an ELISA assay kit (Boster Biological Technology, Wuhan, Hunan 
Province, China) to evaluate the inflammation. All procedures 
were carried out in strict accordance with the manufacturer’s 
instructions. A standard curve was generated using a microplate 
reader (Thermo Scientific, Waltham, MA, USA). Each value 
represents the mean of triplicate measurements.

Determination of the activity of oxidizing substances
The levels of GSH-Px, SOD, MDA, CAT, T-AOC, and LPO in spinal 
cord tissue and the levels of GSH-P, SOD, MDA, CAT, T-AOC, 
and lactate dehydrogenase (LDH) in cells were detected using 
a biological assay kit (Shanghai Ke Shun, Shanghai, China). A 
fluorescence probe-DHE (Shanghai BestBio, Shanghai, China) 
was used to measure the content of reactive oxygen species 
(ROS). All procedures were performed strictly according to the 
manufacturer’s instructions. ROS production was quantified 
using a FLUOstar OPTIMA fluorimeter (Thermo Scientific) set 
to excitation and emission wavelengths of 485 and 520 nm, 
respectively. The mean fluorescence intensity of ROS was 
calculated and analyzed using ImageJ, and the results were 
normalized to the sham group.

Western blot assay
IL-6, IL-1β and TNF-α expression levels were measured to 
evaluate the inflammatory response in spinal cord tissue 
and cells. NLRP3, apoptosis-associated speck-like protein 
containing a CARD (ASC), pro-Caspase-1, Caspase-1, GSDMD, 
and IL-18 levels were measured to evaluate pyroptosis. 
Nrf2 and HO-1 levels were measured to assess the Nrf2/
HO-1 signaling axis. First, 100 mg of spinal cord tissue was 
washed with PBS, fully lysed with radioimmunoprecipitation 
assay buffer (Beyotime, Shanghai, China) containing 
phenylmethylsulfonyl fluoride for 30 minutes, incubated on 
ice, and immediately centrifuged at 4°C. The supernatants 
were then collected, and the protein concentrations 
was determined using the bicinchoninic acid method 
(Abdulrahman et al., 2018) with the PierceTM BCA Protein 
Assay Kit (Thermo Fisher Scientific). The samples were 
loaded onto a polyacrylamide gel and electrophoresed. Next, 
the proteins were transferred to polyvinylidene fluoride 
membranes and blocked in 5% non-fat milk for 2 hours. 
Subsequently, the membranes were incubated overnight at 4°C 
with rat monoclonal primary antibodies against IL-6 (1:1000, 
Acris Antibodies GmbH, Herford, Germany; Cat# SM1695PX, 
RRID:AB_1004115), IL-1β (1:100, Miltenyi Biotec, Bergisch 
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Gladbach, Germany; Cat# 130-125-220, RRID:AB_2889697), 
TNF-α (1 :100,  Mi l teny i  B iotec ;  Cat#  130-102-386, 
RRID:AB_2661141), NLRP3 (1:1000, MyBioSource, San Diego, 
CA, USA; Cat# MBS604215, RRID:AB_10911109), ASC (1:2000, 
Gabriel Núñez, University of Michigan, Ann Arbor, MI, USA; 
Cat# GN-ASC, RRID:AB_2750645), pro-Caspase-1 (1:1000, 
ProSci, San Diego, CA, USA; Cat# 48-495, RRID:AB_1945485), 
C a s p a s e - 1  ( 1 : 1 0 0 0 ,  A c r i s  A nt i b o d i e s  G m b H ;  C at # 
AP06610PU-N, RRID:AB_1611115), GSDMD (1:100, Thermo 
Fisher Scientific; Cat# A305-736A-M, RRID:AB_2782894), 
and IL-18 (1:100, DSHB, Iowa City, IA, USA; Cat# CPTC-IL18-2, 
RRID:AB_1553716), followed by incubation with horseradish 
peroxidase-conjugated rabbit anti-rat IgG (1:1000, Biorbyt, 
Cat# orb21564, RRID:AB_10932535) at 20°C for 1 hour, and 
finally stained with a diaminobenzidine solution. A Bio-Image 
(Bio-Rad Laboratories, Hercules, CA, USA) gel imaging system 
was used to collect images. The optical density was measured 
using ImageJ software. Glyceraldehyde-3-phosphate 
dehydrogenase (1:1000, LSBio (LifeSpan), Seattle, WA, USA; 
Cat# LS-C94067-150, RRID:AB_1932766) and β-actin (1:1000, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA; Cat# sc-47778 
HRP, RRID:AB_2714189) were used as internal references.

Flow cytometry
The cells in each group were collected, washed once with 
PBS, and then centrifuged. The supernatant was discarded, 
and the cells were washed one more time with PBS. Then 
the cells were stained with Annexin V, propidium iodide, and 
fluorescein isothiocyanate isomer (Sigma-Aldrich) in the dark 
for 30 minutes. Pyroptosis was assessed by flow cytometry 
(Guava easyCyteTM 8, Millipore, Burlington, VT, USA).

Statistical analysis
All data are expressed as mean ± standard deviation (SD). 
Statistical analyses and graphs were generated using GraphPad 
Prism 8 (GraphPad, La Jolla, CA, USA). One-way analysis of 
variance followed by the least significant difference test was 
performed to analyze differences among groups. P < 0.05 was 
considered statistically significant. 

Results
Lithium alleviates motor dysfunction and pathological 
damage in rats with SCI
To investigate whether lithium can improve motor function 
in rats with SCI, we determined BBB scores and performed 
inclined plate tests at 1, 3, 5, 7, 14, and 28 days after surgery 
in SCI rats. As shown in Figure 1, while the rats in the sham 
group had no dyskinesia, those in the other two groups had 
severe dyskinesia that gradually resolved over the duration 
of the experiment. In addition, the BBB scores in the lithium 
group were significantly higher than those in the SCI group 
from the 5th day after surgery (P < 0.05; Figure 1A). Similar 
results were obtained with the inclined plated test (Figure 1B). 
Taken together, these results show that lithium can improve 
mobility in SCI rats.

HE staining of tissue samples from the sham group showed 
intact structures and clear boundaries between gray and white 
matter, no neuronal apoptosis in spinal cord tissue, normal 
nerve cell morphology in the spinal cord, and clearly visible 
nuclei. In the SCI group, the boundaries between gray and 
white matter were obscured, and broad areas of hemorrhage 
were obvious. In addition, the nerve cells in spinal cord were 
constricted, and their numbers were greatly reduced. The 
level of neuronal damage in the lithium group was milder than 
that in the SCI group, but more severe than that in the sham 
group (Figure 1C). The ratio of the area of cavity space to the 
area of the lesion center in the lithium group was lower than 
that in the SCI group (P < 0.05; Figure 1D).

Figure 1 ｜ Lithium promotes recovery of motor function and tissue repair in 
rats with spinal cord injury (SCI). 
Sham group: No spinal cord injury or treatment; SCI group: spinal cord injury only; 
LiCl group: lithium treatment after spinal cord injury. (A) Basso, Beattie, Breshman 
(BBB) Locomotor Rating Scale scores. (B) Inclined plane test. (C) Representative 
hematoxylin-eosin staining of spinal cord sections 7 days after surgery. The neuronal 
damage in the LiCl group was more severe than that in the sham group, but less 
severe than that in the SCI group. Black arrows indicate ruptured cells. Scale bars: 
500 μm (upper), 100 μm (lower). (D) Quantification of the ratio of the area of cavity 
space to the area of the lesion center 7 days after surgery. (E) Representative images 
of Nissl staining of spinal cord sections 7 days after surgery. The number of neurons 
in the injured area was lower in the LiCl group than in the sham group, but higher 
than in the SCI group. Black arrows indicate neurons with irregular morphology. 
Scale bars: 100 μm. (F) The number of Nissl-positive cells per 0.05 mm2 7 days after 
surgery. Data are shown as mean ± SD (n = 6). *P < 0.05, vs. sham group; #P < 0.05, 
vs. SCI group (one-way analysis of variance followed by the least significant difference 
test). LiCl: Lithium chloride; SCI: spinal cord injury. 

Lithium alleviates spinal cord inflammation in rats after SCI 
The levels of IL-6, IL-1β, and TNF-α expression in rat spinal 
cord tissue after SCI were detected by enzyme-linked 
immunosorbent assay to evaluate inflammation (Figure 2A–
C). TNF-α was expressed at significantly higher levels in the 
SCI group than in the sham group. Lithium administration 
significantly reduced TNF-α expression compared with the 
SCI group (P < 0.05). The levels of IL-6 and IL-1β exhibited 
similar trends, as they were significantly lower in the lithium 
group compared with the SCI group (Figure 2A–C). As shown 
in Figure 2D, immunohistochemical staining showed that 
the number of IL-1β-positive cells in the SCI group was 
significantly higher than that in the sham group (P < 0.05). 
After lithium treatment, the positive staining in the spinal 
cord tissue was significantly weaker than that in the SCI group 
(P < 0.05; Figure 2E). Consistent with this, western blotting 
revealed that TNF-α, IL-6, and IL-1β protein expression was 
significantly higher in the spinal cord tissue of SCI rats than in 
the sham group (P < 0.05; Figure 2F and G). Treatment with 
lithium reduced the expression levels of these inflammatory 
factors compared with the SCI group (P < 0.05). These results 
strongly suggest that lithium treatment mitigates SCI by 
activating anti-inflammatory pathways.
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In the sham group, Nissl staining showed that the spinal 
cord was filled with intact and granular-like neurons. In the 
SCI group, however, there was a markedly lower number 
of neurons in the injured tissue area, and the neurons had 
irregular morphology, indicating neuronal loss through 
necrosis and apoptosis after SCI (Figure 1E). The number of 
Nissl bodies was significantly greater in the lithium group than 
in the SCI group at 7 days after surgery (P < 0.05; Figure 1F).
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Figure 2 ｜ Lithium suppresses activation of inflammatory cytokines in the spinal cord of rats with SCI. 
Sham group: No spinal cord injury or treatment; SCI group: spinal cord injury only; LiCl group: lithium treatment after spinal cord injury. (A–C) TNF-α (A), IL-1β (B), and IL-6 
(C) expression in the spinal cord were detected by enzyme-linked immunosorbent assay. (D) Representative immunohistochemical staining for IL-1β 7 days after surgery. 
The number of IL-1β-positive cells was higher in the LiCl group than in the sham group, but lower than in the SCI group. Black arrows indicate IL-1β-positive cells. Scale 
bars: 50 μm. (E) Quantification of IL-1β-positive cells 7 days after surgery. (F, G) TNF-α, IL-1β, and IL-6 expression. Data are shown as mean ± SD (n = 6). *P < 0.05, vs. 
sham group; #P < 0.05, vs. SCI group (one-way analysis of variance followed by the least significant difference test). IL-1β: Interleukin-1β; IL-6: interleukin-6; LiCl: lithium 
chloride; SCI: spinal cord injury; TNF-α: tumor necrosis factor-alpha.
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Figure 3 ｜ Lithium reduces oxidative damage in the spinal cord of rats with SCI.  
Sham group: No spinal cord injury or treatment; SCI group: spinal cord injury only; LiCl group: lithium treatment after spinal cord injury. (A–F) Effect of lithium on CAT (A), 
GSH-Px (B), LPO (C), SOD (D), MDA (E), and T-AOC (F) levels in the spinal cord. (G) Representative dihydroethidium (DHE) fluorescence staining and histogram images of 
reactive oxygen species in injured spinal cord. The fluorescence intensity was higher in the LiCl group than in the sham group, but lower than in the SCI group. White arrows 
indicate cells with ROS-positive (red) cell nuclei (blue). Scale bars: 50 μm. Data are shown as mean ± SD (n = 6). *P < 0.05, vs. sham group; #P < 0.05, vs. SCI group (one-
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Lithium suppresses oxidative damage in the spinal cord of 
rats with SCI
CAT, GSH-Px, LPO, SOD, MDA, and T-AOC are markers of oxidative 
changes that occur with injury. In the SCI group, CAT, GSH-Px, 
SOD, and T-AOC levels were decreased, and LPO and MDA levels 
were significantly increased, compared with the sham group (P < 
0.05). In the lithium group, LPO and MDA levels were decreased, 
and CAT, GSH-Px, SOD, and T-AOC levels were significantly 

increased compared with the SCI group (all P < 0.05; Figure 3A–
F). Additionally, there was a marked increase in DHE fluorescence 
intensity (indicating ROS) after SCI. Lithium treatment resulted 
in significantly decreased mean ROS fluorescence intensity 
compared with the sham group (P < 0.05; Figure 3G). These 
results indicate that, in addition to promoting the expression of 
anti-inflammatory factors, lithium also protects the spinal cord 
against injury through an anti-oxidant mechanism.

Lithium inhibits pyroptosis in the spinal cord of rats with SCI
Pyroptosis plays a special role in the pathogenesis of SCI. 
Increased Caspase-1 expression and activation are crucial to 
the progress of pyroptosis after induction of SCI (Dai et al., 
2019). Therefore, we performed immunohistochemical staining 
of spinal cord tissue for Caspase-1 7 days after SCI. Only a 
small number of Caspase-1-positive cells were observed in the 
sham group, while more Caspase-1-positive were observed 
in the SCI group. The number of Caspase-1-positive cells was 

significantly lower in the lithium group than in the SCI group (P 
< 0.05; Figure 4A and B), suggesting that lithium significantly 
suppressed the activation of Caspase-1 in SCI. Western blotting 
showed that NLRP3, ASC, Pro-caspase-1, Caspase-1, GSDMD, 
and IL-18 were expressed at significantly higher levels in the 
SCI group than in the sham group, while treatment with lithium 
significantly decreased expression of these proteins (P < 0.05; 
Figure 4C and D). Taken together, these results suggest that 
lithium inhibited pyroptosis after SCI in rats.
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Figure 5 ｜ Lithium up-regulates the Nrf2/HO-1 signaling pathway in the spinal cord of rats with SCI. 
Sham group: no spinal cord injury or treatment; SCI group: spinal cord injury only; LiCl group: lithium treatment after spinal cord injury. (A, B) Nrf2 and HO-1 expression 
in the spinal cord 7 days after surgery. Data are shown as mean ± SD (n= 6). *P < 0.05, vs. sham group; #P < 0.05, vs. SCI group (one-way analysis of variance followed by 
least significant difference test). (C) Representative immunofluorescence images of Nrf2/HO-1 at 7 days after surgery. There were more nuclear Nrf2- and cytoplasmic HO-
1-positive cells in the LiCl group than in the SCI group, and in the SCI group than in the sham group. White arrows indicate neurons that were positive for Nrf2 staining (red, 
Alexa Fluor 647), HO-1 staining (green, Alexa Fluor 488), nuclear staining (blue, DAPI). Scale bars: 50 μm. Data are shown as mean ± SD (n = 6). *P < 0.05, vs. sham group; 
#P < 0.05, vs. SCI group (one-way analysis of variance followed by least significant difference test). DAPI: 4’,6-Diamidino-2-phenylindole; HO-1: heme oxygenase-1; LiCl: 
lithium chloride; Nrf2: nuclear factor E2-related factor 2; SCI: spinal cord injury.
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Figure 4 ｜ Lithium inhibits pyroptosis in the spinal 
cord of rats with SCI. 
Sham group: no spinal cord injury or treatment; SCI 
group: spinal cord injury only; LiCl group: lithium 
treatment after spinal cord injury. (A) Representative 
images of immunohistochemistry staining for 
Caspase-1 7 days after surgery. The number of 
Caspase-1–positive cells was higher in the LiCl group 
than in the sham group, but lower than in the SCI 
group. Black arrows indicate Caspase-1–positive 
neurons. Scale bars: 50 μm. (B) Quantitation of 
Caspase-1–positive cells per 1 mm2 7 days after 
injury. (C) NLRP3, ASC, pro-Caspase-1, Caspase-1, 
GSDMD, and IL-18 expression in the spinal cord. 
(D) Quantification of NLRP3, ASC, pro-Caspase-1, 
Caspase-1, GSDMD, and IL-18 expression in the 
spinal cord. Data are shown as mean ± SD (n = 6). 
*P < 0.05, vs. sham group; #P < 0.05, vs. SCI group 
(one-way analysis of variance followed by the least 
significant difference test). ASC: Apoptosi-associated 
speck-like protein; GSDMD: gasdermin-d; IL-18: 
interleukin-18; LiCl: lithium chloride; NLRP3: NOD-
like receptors 3; SCI: spinal cord injury.
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Lithium promotes Nrf2/HO-1 activation in the spinal cord of 
rats with SCI
As shown in Figure 5A and B, compared with the sham group, the 
protein expression levels of nuclear Nrf2 and cytoplasmic HO-1 
were slightly increased in the SCI group. The slight increase in Nrf2 
expression may have been associated with the stress response 
to a severe stimulus. In agreement with the western blot results, 
immunofluorescence staining showed an increasing trend in Nrf2 

and HO-1 expression after SCI. Nuclear Nrf2 and cytoplasmic 
HO-1 levels were significantly higher in the lithium group than 
in the SCI group (P < 0.05). Additionally, immunofluorescence 
staining showed that the numbers of nuclear Nrf2- and 
cytoplasmic HO-1-positive cells were significantly higher in the 
lithium group than in the SCI group (Figure 5C), indicating that 
treatment with lithium may reduce oxidative stress in injured 
spinal cord tissue through the Nrf2/HO-1 pathway.

Lithium attenuates inflammatory and oxidative injury in 
PC12 cells subjected to OGD
To confirm the effects of lithium treatment on inflammation 
and oxidative stress in vitro, PC12 cells were subjected to 
OGD and treated with lithium. Nrf2 expression is reported 
to increase after administration of lithium (Castillo-Quan et 
al., 2016), suggesting that it is a potential target for lithium. 
Therefore, we specifically investigated the role of Nrf2 inhibition 
in PC12 cells subjected to OGD and treated with lithium.

IL-1β, IL-6, and TNF-α play an important role in inflammation 
(Schneider et al., 2019). IL-1β, IL-6, and TNF-α expression 
levels were significantly increased after the cells were 
subjected to OGD, and treatment with lithium significantly 
downregulated their expression compared with the OGD 
group. This effect was reversed by ATRA, an Nrf2 inhibitor, 
although inflammatory factor expression did not recover to 
the levels seen in the OGD group (P < 0.05; Figure 6A–C).

A number of indicators were evaluated to determine the level 
of oxidative stress in PC12 cells subjected to OGD. In the OGD 
group, CAT, GSH-Px, SOD, and T-AOC levels were decreased, 
and MDA and LDH levels were significantly increased 

compared with the control group. Compared with the OGD 
group, cells pretreated with lithium exhibited decreased levels 
of MDA and LDH but increased levels of GSH-Px, SOD, CAT, 
and T-AOC. However, there were no significant differences in 
T-AOC, CAT, or LDH expression levels between the ATRA and 
LiCl groups (P < 0.05; Figure 6D–I).

Lithium alleviates pyroptosis and necrosis in PC12 cells 
subjected to OGD
PI and Annexin V double-staining was used to label pyroptotic 
cells (Figure 6J–N, upper right quadrant) (Miao et al., 2010). 
The pyroptosis rate in the OGD group was markedly higher 
than that in the control group. In addition, the lithium and 
ATRA groups exhibited lower pyroptosis rates than the OGD 
group. Next, flow cytometric analysis of Annexin V–positive 
and PI-negative staining was used to identify apoptotic 
cells (Chi et al., 2020). There was no significant difference 
in pyroptosis rates among the OGD, LiCl, and ATRA groups 
(Figure 6J–N, upper left quadrant; P < 0.05). Taken together, 
these findings indicate that lithium treatment has a vital 
neuroprotective effect in protecting cells against OGD-induced 
pyroptosis.
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Figure 6 ｜ Lithium attenuates inflammatory, oxidative, and pyroptotic injury in PC12 cells subjected to OGD. 
Con group: untreated PC12 cells; OGD group: PC12 cells subjected to OGD; OGD + LiCl group: PC12 cells subjected to OGD and treated with LiCl; OGD + LiCl + ATRA group: 
PC12 cells subjected to OGD and treated with LiCl and the Nrf2 inhibitor ATRA. (A–I) TNF-α (A), IL-1β (B), IL-6 (C), CAT (D), GSH-Px (E), LDH (F), SOD (G), MDA (H), and T-AOC 
(I) expression as detected by ELISA. (J–N) Flow cytometry analysis of the percentage of pyroptotic PC12 cells. Data are shown as mean ± SD (n = 6). *P < 0.05, vs. control 
group; #P < 0.05, vs. OGD group; &P < 0.05, vs. OGD + LiCl group (one-way analysis of variance followed by least significant difference test). ATRA: All-trans retinoic acid; 
CAT: catalase; Con: control; GSH-Px: glutathione peroxidase; IL-1β: interleukin-1β; IL-6: interleukin-6; LiCl: lithium chloride; LPO: lipid peroxide; MDA: malondialdehyde; 
OGD: oxygen glucose deprivation; SOD: superoxide dismutase; T-AOC: total antioxidant capacity; TNF-α: tumor necrosis factor-alpha.

Figure 7 ｜ Lithium attenuates pyroptotic injury by activating the Nrf2/HO-1 signaling pathway in PC12 cells subjected to OGD. 
Con group: untreated PC12 cells; OGD group: PC12 cells subjected to OGD; OGD + LiCl group: PC12 cells subjected to OGD and treated with LiCl; OGD + LiCl + ATRA group: 
PC12 cells subjected to OGD and treated with LiCl treatment and the Nrf2 inhibitor ATRA. (A, B) NLRP3, ASC, pro-Caspase-1, Caspase-1, GSDMD, and IL-18 expression. 
(C, D) Nrf2 and HO-1 expression. (E) The expression levels of pyroptosis-related proteins were significantly higher in the OGD group than in the Con group, and this effect 
was largely reversed by treatment with LiCl. The expression levels of these proteins were significantly higher in the ATRA group than in the LiCl group, with the exception 
of pro-Caspase-1. Nrf2 and HO-1 expression levels were significantly increased by LiCl treatment, and this effect was largely reversed by treatment with the Nrf2 inhibitor 
ATRA. Data are shown as mean ± SD (n = 6). *P < 0.05, vs. control group; #P < 0.05, vs. OGD group; &P < 0.05, vs. OGD + LiCl group (one-way analysis of variance followed 
by least significant difference test). (F) Representative images of Nrf2 and HO-1 immunofluorescence. White arrows indicate neurons that were positive for Nrf2 staining 
(red, Alexa Fluor 647), HO-1 staining (green, Alexa Fluor 488), and cell nucleus staining (blue, DAPI). Scale bar: 50 μm. ASC: Apoptosis-associated speck-like protein; ATRA: 
all-trans retinoic acid; Con: control; DAPI: 4’,6-diamidino-2-phenylindole; GSDMD: gasdermin-d; HO-1: heme oxygenase-1; IL-18: interleukin-18; LiCl: lithium chloride; 
NLRP3: NOD-like receptors 3; Nrf2: nuclear factor E2-related factor 2; OGD: oxygen glucose deprivation.

Western blotting was used to assess the expression levels of 
some key proteins involved in pyroptosis. NLRP3, ASC, pro-
Caspase-1, Caspase-1, GSDMD, and IL-18 expression levels 
were markedly increased in the OGD group compared with the 
control group. This effect was largely reversed by lithium. The 
expression level of all pyroptosis-related proteins, with the 
exception of pro-Caspase-1, was significantly increased in the 
ATRA group compared with the lithium group (P < 0.05; Figure 
7A and B). Therefore, we concluded that lithium inhibits 
pyroptosis by downregulating NLRP3, ASC, pro-Caspase-1, 
Caspase-1, GSDMD, and IL-18 expression.

Lithium protects PC12 cells from OGD-induced damage 
through the Nrf2/HO-1 pathway
To investigate the possible mechanism by which lithium 
protects PC12 cells from pyroptosis, we assessed changes 
in Nrf2 and HO-1 expression levels induced by OGD. 
Western blotting showed that treatment with lithium greatly 
increased the levels of Nrf2 and HO-1 compared with the 
OGD group, and this effect was significantly reversed by 
treatment with ATRA (P < 0.05; Figure 7C and D). These 
findings were confirmed by immunofluorescence (Figure 7E 
and F).
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Discussion
In this study, we investigated the therapeutic effects of 
lithium treatment in a rat model of SCI. Our results indicate 
that lithium therapy partially improved the motor ability of 
rats with SCI and alleviated spinal cord inflammation. We 
found that lithium up-regulated the expression of Nrf2, 
down-regulated the expression of HO-1, and increased the 
expression of CAT, GSH-Px, SOD, and T-AOC, thereby inhibiting 
neuronal pyroptosis. Our results also showed that lithium 
alleviated inflammation, inhibited oxidative stress, and 
inhibited neuronal pyroptosis via the Nrf2/HO-1 pathway 
in rats with SCI. Further research is needed to confirm our 
results and further clarify the mechanism by which lithium 
exerts these effects.

Evaluation of neurological function is necessary for assessing 
recovery after SCI (Gomez et al., 2018). In the current 
study, behavioral tests revealed that lithium promoted the 
recovery of hindlimb motor function in rats after acute SCI. 
The therapeutic effect may be related to lithium-mediated 
reduction in nerve cell and tissue damage and promotion of 
neuromotor function recovery. After treatment with lithium, 
the neuronal structure at the SCI site gradually clarified, and 
the nuclei were clearly visible. Cavitation of Nissl bodies in 
the neurons was also reduced in the lithium group compared 
with the SCI group, and the Nissl bodies appeared to be more 
structurally complete. These findings suggest that lithium 
alleviates secondary injury after SCI and promotes recovery 
of neurological function. Our results are consistent with those 
from many previous studies (Yick et al., 2004; Zakeri et al., 
2014; Liu et al., 2017; Tong et al., 2018; Abdanipour et al., 
2019)

It is well known that inflammatory factors such as IL-1β, IL-
6, and IL-18 can cause serious damage to the nervous system 
(Li et al., 2017; Zhao et al., 2017; Huang et al., 2019). These 
key inflammatory molecules adversely affect the survival of 
neurons and play different roles in the progression of nerve 
damage (Sobowale et al., 2016; Wytrykowska et al., 2016). 
These molecules coordinate with each other, promote each 
others’ expression, cause an inflammatory cascade, and 
greatly amplify the inflammatory response of pyroptotic cells 
(Dutta et al., 2012; Toldo et al., 2014; Slaats et al., 2016). The 
results from the current study indicate that inflammatory 
death of nerve cells (i.e., pyroptosis) is mediated by NLRP3 
inflammasomes in a rat model of SCI, and that lithium 
treatment can reduce the secretion of inflammatory cytokines, 
thereby reducing the damage caused by SCI.

Oxidative stress is an important factor in the secondary 
damage that occurs after SCI, and the degree of oxidative 
stress is directly related to SCI prognosis (Adriaansen et al., 
2016). In the current study, treatment with lithium resulted 
in a significant reduction in the expression levels of these 
oxidative stress factors, suggesting that lithium can effectively 
inhibit the oxidative stress response after SCI. Moreover, 
excessive ROS production has been shown to trigger activation 
of NLRP3 inflammasomes (Abais et al., 2015). Inhibition of 
ROS can prevent activation of Caspase-1 and production of IL-
18 and IL-1β. The results from our study suggest that oxidative 
stress may be an important mechanisms underlying post-SCI 
pyroptosis.

Pyroptosis involving Caspase-1 is considered part of the 
classical inflammasome pathway, whereas pyroptosis involving 
Caspases-4, -5, or -11 is considered to be part of the non-
classical inflammasome pathway (Barrington et al., 2017). In 
the current study, we found that Caspase-1 expression was 
markedly decreased in the lithium group compared with the 
SCI. Therefore, we believe that the classical inflammasome 
pathway mediated by Caspase-1, which can be effectively 
targeted and inhibited by lithium agents, is likely the main 

mechanism involved in secondary damage following SCI, 
rather than the non-classical inflammatory pathway. A past 
study reported that celastrol inhibits microglial pyroptosis 
and attenuates inflammation in a rat model of acute SCI (Dai 
et al., 2019). Taken together with our results, this shows that 
pyroptosis plays an important role in acute SCI and can be 
targeted with lithium, which is a more commonly used and 
more effective drug.

To determine the molecular mechanisms underlying lithium’s 
anti-inflammatory, anti-oxidant, and anti-pyroptotic activities, 
we assessed the expression levels of components of the Nrf2/
HO-1 signaling pathway. Because the complexities of the in 
vivo model would have made it difficult to investigate this 
in rats, we designed in vitro experiments to explore these 
questions. Our findings showed that treatment with lithium 
up-regulated the expression of Nrf2 and various anti-oxidant 
enzymes and down-regulated the expression of various 
detoxification enzymes, thereby restoring cellular redox 
balance and exerting endogenous cytoprotective effects. 
Treating cells with ATRA reversed these effects, indirectly 
confirming these findings.

The inflammatory response primarily involves neutrophil 
infiltration and the release of inflammatory factors, and is a 
key step in secondary SCI (Orr and Gensel, 2018). This study 
shows that lithium can activate the Nrf2/HO-1 pathway to 
reduce tissue inflammation. Treating PC12 cells subjected 
to OGD with an Nrf2 inhibitor decreased inflammation, 
oxidative stress, and pyroptosis. Moreover, we found that the 
inflammatory response that occurs after SCI is activated by 
the NLRP3 inflammasome, which then activates Caspase-1 in 
the classical pyroptosis pathway. At the same time, excessive 
ROS generated by oxidative stress after tissue injury can also 
trigger activation of the NLRP3 inflammasome. Therefore, we 
speculate that the Nrf2/HO-1 pathway promotes inflammatory 
cell death by regulating oxidative stress factors in vivo. Hou 
et al. (2018) found that activation of the NLRP3 inflammatory 
complex plays an important role in the inflammatory process 
after cerebral ischemia/reperfusion injury. Nrf2 inhibits 
activation of the NLRP3 inflammatory complex by regulating 
the thioredoxin/thioredoxin binding protein complex, thus 
playing a role in alleviating ischemia/reperfusion injury and 
protecting nerves. Taken together with the results from our 
study, this suggests that the Nrf2/HO-1 pathway plays a role 
in various aspects of repair of central nervous system injury. 
To our knowledge, our study is the first to report that lithium 
exerts anti-inflammatory, anti-oxidant, and anti-pyroptotic 
effects through the Nrf2/HO-1 pathway to promote recovery 
after SCI.

In this study, we did not detect any side effects of lithium 
treatment in rats. This is consistent with a clinical trial that 
confirmed the safety of lithium treatment in patients with 
SCI (Wong et al., 2011). Although older studies have noted 
potential lithium-induced kidney damage (Vestergaard and 
Amdisen, 1981; Miller et al., 1985), more recent studies have 
drawn the opposite conclusion, demonstrating that short-
term low-dose lithium may ameliorate kidney and podocyte 
injury (Wang et al., 2009b; Xu et al., 2014b). Whether lithium 
negatively affects kidney function remains controversial (Gong 
et al., 2016).

There were some limitations to this study. In this study, we 
found that the NLRP3 inflammasome is the main mediator 
of pyroptosis after SCI. However, some studies have shown 
that neuronal cells in the spinal cord primarily contain NLRP1 
inflammasomes (de Rivero Vaccari et al., 2008). NLRP1 
can also mediate neuronal pyroptosis after SCI, but only a 
few studies have explored this topic, and further research 
is needed (Kaushal et al., 2015). In addition, the timeline 
of pyroptosis after SCI has not been studied in detail. One 
previous study reported that pyroptosis peaks the third day 
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after SCI (Zheng et al., 2019), while another study pointed to 
the seventh day after SCI as the most important period for 
pyroptosis (Dai et al., 2019). However, no study (including our 
study) has explored changes in pyroptosis over time after SCI. 
In addition, our study lacked the in vivo experiments needed 
to further verify the relationship between lithium treatment 
and the Nrf2/HO-1 signaling pathway in rats with SCI. These 
questions should be the focus of future research.

In summary, our results indicate that pyroptosis is an 
inflammatory form of programmed cell death, as well as nerve 
cell death, that occurs in tissues after SCI in vivo and in cells 
after OGD in vitro. Lithium treatment can inhibit activation of 
the NLRP3 inflammasome by inhibiting the oxidative stress 
response after SCI, reducing spinal cord tissue and inhibiting 
inflammation and neuronal pyroptosis. Furthermore, the 
Nrf2/HO-1 signaling pathway, which is a classic regulator of 
oxidative stress, can also regulate inflammation and pyroptosis 
after SCI. Further research is needed to identify other possible 
mechanisms underlying the effect of lithium on SCI.
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