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A B S T R A C T   

Aims: The aim of our project was to identify proteins associated with the extent of spinal cord 
injury (SCI) and subsequent long-term neurological recovery. 
Methods: Through proteomic analysis, we identified proteins that are differentially expressed 
specifically in the acute phase of injury. We analyzed the concentrations of differentially 
expressed proteins in serum and the injured spinal cord segment by ELISA. 
Results: Serpina3n protein expression in the injured spinal cord segment was increased 101-fold at 
12 h after severe SCI and 89-fold at 12 h after mild SCI, as determined by LC‒MS/MS. In the mild 
and severe SCI groups, serum Serpina3n levels began to increase at 12 h and peaked at 24 h. At 
12 h, 24 h and 3 d after injury, serum Serpina3n protein levels were significantly correlated with 
the severity of injury (12 h: r = 0.6034, P = 0.008; 24 h: r = 0.7542, P = 0.0003; 3 d: r = 0.862, P 
< 0.001). Serum Serpina3n levels at 2 h, 24 h and 3 d post injury were significantly correlated 
with long-term neurological recovery at 28 d after SCI (2 h: r = − 0.5781, P = 0.012; 24 h: r =
− 0.5912, P = 0.0098; 3 d: r = − 0.7792, P < 0.0001). Methylprednisolone treatment would 
decrease the serum Serpina3n levels in mice with mild and severe SCI compared with those in 
placebo-group mice at 12 h and 24 h after SCI. The serum Serpina3n concentration in the severe 
SCI group was significantly reduced on the third day after steroid treatment. 
Conclusion: Taken together, these data suggest that serpina3n may be a circulating biomarker of 
acute SCI and may be closely associated with injury severity and long-term motor function 
recovery.   

1. Introduction 

Spinal cord injury (SCI) is one of the common causes of disability in humans, and its incidence increases significantly every year 
[1]. SCI is a type of severe injury with a high disability rate that seriously threatens human life and health and has a lasting impact on 
the health and quality of life of individuals [2]. Due to the complexity of the mechanism underlying SCI, it is difficult to quantitatively 
evaluate the degree of nerve injury in clinical practice, and this challenge hinders SCI research. At present, clinical assessment of SCI 

Abbreviations: SCI, Spinal cord injury; ASIA, American Spinal Injury Association; Serpina3n, serine protease inhibitor A3N; ELISA, enzyme-linked 
immunosorbent assay; BMS, Basso Mouse Scale; MP, methylprednisolone. 
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severity and prediction of long-term neurological function recovery are mainly based on functional examination according to the 
International Standard for Neurological Classification of Spinal Cord Injury (ISNCSCI) and the American Spinal Injury Association 
(ASIA) scale (AIS) [3]. However, in clinical settings, these assessments largely rely on doctors to make judgments on the basis of their 
clinical experience and are highly subjective and unreliable; therefore, their clinical application has certain limitations [4]. There is an 
urgent need to find other auxiliary indicators to accurately evaluate the degree of injury and clinical prognosis of patients with SCI. 

In recent years, with the progress of molecular biology and genomics techniques, many studies have found that the levels of some 
structural proteins and inflammatory factors in cerebrospinal fluid and serum can reflect the degree of SCI [5–7]. In acute SCI models, 
Tau, S-100β, and NSE protein levels were found to be significantly increased [5,8–10]. The preliminary conclusion that serum NSE, 
serum albumin, and S-100β levels were correlated with the degree of spinal cord injury remains to be confirmed with a large sample 
size [11–14]. The serum level of the astrocyte marker GFAP is associated with neurological dysfunction and spinal cord edema after 
traumatic SCI and can be used as a diagnostic biomarker for the occurrence and severity of SCI in the acute injury phase but has limited 
reliability for clinical use [15]. None of these proteins have been tested and validated as biomarkers in larger cohort studies [16–18]. 

Serpina3n, the rodent homolog of human SERPINA3 (human α-1 antichymotrypsin, α1-ACT) [5], belongs to clade A of the serine 
protease inhibitor (serpin) superfamily. Previous studies on Serpina3n have suggested that it is upregulated under pathological 
conditions such as endotoxin-induced inflammation [6], ischemia‒reperfusion injury [7], and diabetes mellitus [19]. Endotoxin (LPS) 
and inflammatory factors such as IL-6 [20], TNF-α [21] and IL-1β [6] can induce the expression of Serpina3n in vitro and in vivo. In 
recent years, Serpina3n has been regarded as a marker of reactive astrocytes and neuro inflammation [22–25]. Reactive astrocytes play 
an important role in SCI pathogenesis. Large number of astrocytes is activated after SCI, and some of them proliferate rapidly to form 
the astrocytic scar boundary and participate in glial scar formation [26]. However, whether serum Serpina3n levels can reflect the 
severity of SCI and predict long-term neurological recovery has not been elucidated. 

In the current study, by using Liquid Chromatography–Tandem Mass Spectrometry (LC‒MS/MS), we found that Serpina3n protein 
expression in the injured spinal cord segment was increased 101-fold in the severe SCI group and up to 89-fold in the mild SCI group 
compared with the WT group at 12 h after injury. In addition, we investigated the correlation between serum Serpina3n protein levels 
and the degrees of spinal cord injury and neurological function recovery and assessed the potential of serum Serpina3n as a biomarker 
of acute SCI. Furthermore, methylprednisolone treatment would promote neurological recovery and reduce the serum concentration of 
serpina3n at early time points, indicating Serpina3n might be a therapeutic target of SCI. 

2. Material and methods 

2.1. Animals 

A total of 180 female C57BL/6 mice aged 10–12 weeks (weight: 19–22 g) [27], which were obtained from Shanghai JieSiJie 
Laboratory Animals Co., LTD were used in this study. The animal use protocols were approved by the Animal Care and Use Department 
of Minhang Hospital Affiliated with Fudan University. All animal experiments were conducted according to the guidelines of the US 
National Institutes of Health “Guidelines for the Use of Laboratory Animals” and Institutions of Minhang Hospital Affiliated with Fudan 
University. 

2.2. Surgical operation 

The animals were anesthetized by intraperitoneally injection with 1% pentobarbital. The lower thoracic spine was exposed at the 
T10/T11 level, and the lamina was removed. The MASCIS Impactor, NYU Impactor II [28] (W.M. Keck Center for Collaborative 
Neuroscience, Rutgers the State University of New Jersey, America) was set to one of two forces (mild SCI group: 5 g × 10 mm; severe 
SCI group: 5 g × 40 mm) to generate a mild or severe SCI mouse model [13]. After surgery, the mice were allowed to recover on warm 
blankets. One day after the operation, artificial assisted urination was performed until voluntary urination function returned. 

2.3. Mouse function assessment 

Two researchers blinded to the experimental groups assessed hind limb function using the Basso Mouse Scale (BMS) [29]. The 
scores definition for BMS was as follows: 0: No ankle movement; 1: Slight ankle movement; 2: Extensive ankle movement; 3: Plantar 
placing of the paw with or without weight support -OR- Occasional, frequent or consistent dorsal stepping but no plantar stepping; 4: 
Occasional plantar stepping; 5: Frequent or consistent plantar stepping, no coordination -OR- Frequent or consistent plantar stepping, 
some coordination, paws rotated at initial contact and lift off (R/R); 6: Frequent or consistent plantar stepping, some coordination, 
paws parallel at initial contact (P/R, P/P) -OR- Frequent or consistent plantar stepping, mostly coordinated, paws rotated at initial 
contact and lift off (R/R); 7: Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and rotated at 
lift off (P/R)-OR- Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and 
severe trunk instability; 8: Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off 
(P/P), and mild trunk instability -OR- Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and 
lift off (P/P), and normal trunk stability and tail down or up & down; 9: Frequent or consistent plantar stepping, mostly coordinated, 
paws parallel at initial contact and lift off (P/P), and normal trunk stability and tail always up. The BMS score of the lower limbs was 
determined by monitoring the mice for 4 min. Animals with a difference between the hind limbs of more than 2 points were excluded 
from the experimental analysis. Motor function was assessed 24 h after injury and weekly for 4 weeks. 
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2.4. Sample acquisition and processing 

After treatment, the mice were sacrificed by intraperitoneally injection with excess pentobarbital sodium. Then the blood, spinal 
cord tissues, muscle, kidneys and spleens from all groups of mice were collected. Blood samples were collected from the mice in sterile 
tubes, and the blood was coagulated at room temperature for 10–20 min and centrifuged at 2–8 ◦C for approximately 20 min 
(2000–3000 rpm). The supernatant was carefully collected, and if precipitation occurred during the storage process, the serum was 
centrifuged again and separated for ELISA. The tissue specimens were cut into 1 g pieces and weighed, 9 ml of PBS (pH 7.2–7.4) was 
added, and the specimens were fully homogenized by hand or with a homogenizer. The samples were centrifuged for about 20 min 
(2000–3000 rpm), and the supernatant was carefully collected. One aliquot was used for analysis, and the rest of each sample was 
stored in a refrigerator for further research. 

2.5. LC‒MS analysis 

The proteins extracted from spinal cord tissues of mice in the control group or injured with mild or severe degrees of SCI for12 h 
were analyzed by LC‒MS/MS (n = 3 per group). In this study, LC‒MS/MS was used for quantitative label-free proteomic analysis of 
three groups of mouse cells [30]. For LC‒MS/MS analysis, peptides were separated by a 90 min gradient elution at a flow rate of 0.22 
μl/min with a Thermo Scientific EASY-nLC 1000 HPLC system, which was directly connected to a Thermo Scientific Q Exactive mass 
spectrometer. The analytical column was a Thermo Scientific Acclaim PepMap RSLC column (50 μm ID, 15 cm length, C18, 2 μm, 100 
Å). The precolumn was a Thermo Scientific Acclaim PepMap100 column (100 μm ID, 2 cm length, C18, 5 μm, 100 Å). Mobile phase A 
consisted of 0.1% formic acid, and mobile phase B consisted of acetonitrile with 0.1% formic acid. The Q Exactive mass spectrometer 
was operated in data-dependent acquisition mode using Xcalibur 2.2 SP1 software, and Orbitrap-based single full-scan mass spec-
trometry was performed (300–2000 m/z, 70,000 resolution) followed by 20 data-dependent MS/MS scans at 27% normalized collision 
energy (HCD). Protein identification required at least one unique or razor peptide per protein group. After extracting total proteolysis 
combined with high-resolution mass spectrometry and extracting tissue total protein, the proteome database was retrieved from 
UniProt, Mus musculus (Mouse) proteome, 54,189 proteins. And database retrieval and relative quantification were conducted using 
the label-free quantification (LFQ) algorithm of Maxquant software (Version 1.6.0.1) and Protein Discoverer (edition 1.4) software 
[31,32]. Briefly, MaxLFQ is an intensity determination and normalization procedure that is fully compatible with any separated 
peptide or protein before LC‒MS analysis. Given that the presence of quantifiable peptides varies from sample to sample, the algorithm 
uses only common peptides for pairwise ratio determination for each protein and calculates a median ratio to protect against outliers. It 
then determines all pairwise protein ratios and requires a minimal number of two peptide ratios for a given protein ratio to be 
considered valid. A least-squares analysis is then performed to reconstruct the abundance profile before rescaling the whole profile to 
the cumulative intensity across samples. This step preserves the total summed intensity for a protein over all samples. This procedure is 
repeated for all proteins, resulting in an accurate abundance profile for each protein across the samples. Perseus software was used to 
process the quantitative data and for biostatistics analysis. 

2.6. Enzyme-linked immunosorbent assay (ELISA) 

Serpina3n levels were measured using a commercially available ELISA kit (Jiangsu Meimian Industrial Co., Ltd., Cat# MM-45904 
M, detection limit: 3 pg/ml-1800 pg/ml). Frozen serum samples and the protein supernatant of muscle, kidney, liver, spleen, and spinal 
cord were thawed and then diluted 1/5 with dilution buffer. Then the samples were loaded into ELISA plates. Testing was carried out 
according to the manufacturer’s protocol. 

2.7. Methylprednisolone administration to acute SCI model mice 

A total of 24 mice were used in this study. The mice were randomly divided into 4 groups (n = 10 per group): the mild SCI + normal 
saline group, the mild SCI + methylprednisolone group, the severe SCI + normal saline group, and the severe SCI + methylpred-
nisolone group; the normal saline groups were intravenously injected with normal saline (placebo) immediately after SCI, while the 
methylprednisolone groups were intravenously injected with methylprednisolone immediately after SCI. Methylprednisolone was 
administered at 30 mg/kg via the tail vein (Pfizer, USA) [33]. At days 1, 3, 7, 14, 21 and 28 after injury, the functional recovery of 5 
mice from each group was measured using the BMS. Serum was obtained from mice at 12 h, 24 h, 3 d and 7 d after surgery. 

2.8. Statistical analysis 

Statistical analyses of the differences between different groups were performed using Two-way repeated-measures ANOVA with 
Bonferroni’s post hoc test. The Spearman rank correlation coefficient was used to evaluate the relationship between serum Serpina3n 
levels and hind limb function scores. Statistical analyses were performed using GraphPad Prism (version 7). The error bars indicated 
the standard errors, and p values < 0.05 were considered statistically significant. 
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3. Results 

3.1. Quantitative analysis of protein levels in the injured spinal cord segment of mice with different degrees of SCI by LC‒MS/MS 

We established three experimental groups, namely, the control group, mild SCI group and severe SCI group, and there were 3 mice 
in each group. The injured segment of the spinal cord was harvested 12 h after injury, and differentially expressed proteins were 
identified by LC‒MS/MS, including Serpina3n, Ngp, Itih4, S100a9, Chil3, S100a8, and Ttr between mild SCI and control groups, and 
Serpina3n, Mylpf, S100a8, Ttr, Chil3, Ngp, and S100a9 between severe SCI and control groups. Interestingly, Serpina3n was the most 
significantly upregulated proteins in the injured spinal cord of mice with mild and severe SCI. Serpina3n protein expression in the 
injured spinal cord segment was increased in the mild SCI group (89.02-fold, p = 0.0003) (Table 1) and the severe SCI group (101.3- 
fold, p = 0.0002) (Table 2) compared with the control group. Later, we used ELISA to analyze the expression of Serpina3n in the 
injured spinal cord segment, and the concentration of Serpina3n protein was higher in the severe SCI group, confirming the results of 
LC‒MS/MS. 

3.2. Confirmation of Serpina3n expression after SCI 

In mice, Serpina3n is mainly expressed in the muscle, kidney, liver, spleen and spinal cord. To further analyze the source of serum 
Serpina3n after SCI, we analyzed the content of Serpina3n in the abovementioned organs at 12 and 24 h after SCI. The results showed 
that at 12 h after injury, the levels of Serpina3n in the injured spinal cord segment in the mild SCI group and severe SCI group were 
significantly higher than those in the negative control (sham) group. There was no significant difference between the mild SCI group 
and the negative control group, but there was a significant difference between the severe SCI group and the negative control group (P 
< 0.001) (Fig. 1a). There was no difference in Serpina3n expression in other tissues or organs between groups (Fig. 1a). At 24 h after 
injury, both injured groups had higher Serpina3n expression than the negative control group, and the difference was statistically 
significant (both P < 0.0001) (Fig. 1b). There was also a significant difference between the mild SCI group and the severe SCI group (P 
< 0.05) (Fig. 1b). 

3.3. Serum Serpina3n concentrations in mice with different degrees of SCI 

We established two models with different degrees of SCI. The BMS scores of the mild SCI group were significantly higher than those 
of the severe SCI group from 7 d to 28 d after injury (P < 0.001) (Fig. 2). 

After acute SCI, Serpina3n expression increased significantly in the injured spinal cord segment, and the Serpina3n concentration in 
the injured segment was positively correlated with the injury degree. We therefore analyzed serum Serpina3n concentrations after 
acute SCI. The results revealed that at 12 h after SCI, Serpina3n levels were significantly increased in both the mild SCI group and 
severe SCI group (mild SCI: 145.85 ± 13.4; severe SCI: 160.91 ± 9.43, P < 0.05) compared with the control group (Fig. 3). At 24 h after 
injury, the Serpina3n level peaked in both groups; the Serpina3n level in the severe SCI group was 178.87 ± 10.29 pg/ml, while that in 
the mild SCI group was 158.54 ± 10.18 pg/ml, and there was a significant difference between the two groups (P < 0.01) (Fig. 3). The 
serum Serpina3n level in the severe SCI group continued to increase until 7 days after injury, at which point it was significantly higher 
than that in the control group. The serum Serpina3n level in the mild SCI group continued to rise until 3 days after injury, at which 
point there was a significant difference compared between the mild SCI group and the control and severe SCI groups (mild SCI: 131.85 
± 17.44; severe SCI: 175.69 ± 8.64, P < 0.01) (Fig. 3). Although the serum Serpina3n level of the mild SCI group was higher than that 
of the control group on 7 days after injury, the difference was not significant (Fig. 3). 

4. Correlation of serum Serpina3n levels at 12 h, 24 h and 3 d after SCI with the degree of injury and neurological function 
recovery 

Serum Serpina3n expression was significantly affected by the degree of injury. Therefore, we analyzed the correlation between the 
serum Serpina3n level and the degree of injury at 12 h, 24 h and 3 d after injury. The results showed that the serum Serpina3n 
concentration at 12 h after injury was positively correlated with the severity of injury (r = 0.6034, P = 0.008) (Fig. 4a). The serum 

Table 1 
Differentially expressed proteins between mild SCI group and control group identified by nano-LC-MS/MS analysis.  

UniProt ID Protein name Gene name Fold change p-value 

G3X8T9 Serine protease inhibitor A3N Serpina3n 89.02 0.0003 
O08692 Neutrophilic granule protein (NGP) Ngp 85.60 0.0027 
A0A2K6 

EDJ7 
Inter alpha-trypsin inhibitor, heavy chain 4 Itih4 74.92 0.0004 

P31725 (S100 calcium-binding protein A9 S100a9 61.64 0.0000 
O35744 Chitinase-3-like protein 3 Chil3 49.68 0.0000 
P27005 S100 calcium-binding protein A8 S100a8 47.32 0.0266 
P07309 Transthyretin Ttr 40.91 0.0001 

The statistical used was Mann-Whitney U Test. 

H. Chen et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e26649

5

Serpina3n concentration at 24 h after injury correlated with the degree of injury (r = 0.7542, P = 0.0003) (Fig. 4b). There was a 
significant correlation between the serum Serpina3n concentration on 3 days after injury and the degree of injury (r = 0.862, P <
0.001) (Fig. 4c). The above study found a positive correlation between the serum serpina3n concentration and the degree of injury. We 
further analyzed the correlation between the serum serpina3n concentration and long-term recovery of motor function. The results 
showed that the Serpina3n concentration at 12 h after injury was negatively correlated with the BMS score at 28 days after injury (r =
− 0.5781, P = 0.012) (Fig. 4d). The serum Serpina3n concentration at 24 h after injury was correlated with the BMS score at 28 days 
after injury (r = − 0.5912, P = 0.0098) (Fig. 4e). The serum Serpina3n concentration on day 3 after injury was significantly correlated 
with the BMS score on day 28 after injury (r = − 0.7792, P < 0.0001) (Fig. 4f). 

Table 2 
Differentially expressed proteins between severe SCI group and control group identified by nano-LC-MS/MS analysis.  

UniProt ID Protein name Gene name Fold change p-value 

G3X8T9 Serine protease inhibitor A3N Serpina3n 101.30 0.0002 
P97457 Myosin regulatory light chain 2, skeletal muscle isoform Mylpf 83.47 0.0000 
P27005 S100 calcium-binding protein A8 S100a8 81.79 0.0000 
P07309 Transthyretin Ttr 61.70 0.0000 
O35744 Chitinase-like protein 3 Chil3 61.52 0.0000 
O08692 Neutrophilic granule protein (NGP) Ngp 61.02 0.0000 
P31725 S100 calcium-binding protein A9 S100a9 59.81 0.0000 

The statistical used was Mann-Whitney U Test. 

Fig. 1. Analysis of Serpina3n expression in the muscle, kidney, liver, spleen, and spinal cord after acute SCI. 
(a, b) ELISA assay was used to measure the protein expression of Serpina3n in the muscle, kidney, liver, spleen and spinal cord at 12 h (a) or 24 h (b) 
after injury. Two-way repeated-measures ANOVA with Bonferroni’s post hoc test. N = 6 per group. *p < 0.05, **p < 0.01, ***p < 0.001. The data 
are presented as the mean ± SEM. 
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4.1. The serum Serpina3n level can reflect the efficacy of glucocorticoids in the treatment of acute SCI 

To further analyze whether the Serpina3n level could reflect the efficacy of drugs in the treatment of SCI, we treated mice with 
acute SCI with methylprednisolone. Previous studies have shown that methylprednisolone could alleviate inflammatory responses 
after spinal cord injury, protect neuronal cells, and improve long-term motor function recovery [34–36]. In the present study, it was 
found that after methylprednisolone treatment the BMS scores of mice in the mild SCI group were significantly higher than those of 
mice in the control group at 3 days and 14 days after injury (Fig. 5a). Although the BMS scores were also higher in the mild SCI group 
than those in the control group at 28 days after injury, the difference was not statistically significant. The BMS scores of the severe SCI 
group were significantly higher than those of the control group from 7 days to 28 days after methylprednisolone treatment, indicating 
better motor function recovery occurred (Fig. 5a). Further analysis of the serum Serpina3n concentration at early time points after 
treatment showed that the serum serpina3n concentration in methylprednisolone-treated mice in the mild and severe SCI groups was 
lower than placebo-treated mice in the SCI groups at 12 h and 24 h after injury, and the difference was statistically significant. The 
serum Serpina3n concentration was significantly lower in the severe SCI group on the third day after steroid treatment, and the 
difference was statistically significant. These results suggest that the treatment of acute SCI with methylprednisolone may help to 
promote neurological recovery and that the serum serpina3n concentration at early time points may reflect the therapeutic efficacy of 
methylprednisolone (Fig. 5b). 

5. Discussion 

In clinical practice, patients with SCI show significant heterogeneity in functional recovery; specifically, patients with injuries at 
similar spinal cord levels and injuries of similar severities may show significant differences in functional recovery [37,38]. Currently, 
the main clinical measure for assessing the severity of SCI and the prognosis of patients with acute SCI is AIS [39]. However, the AIS has 
some limitations in clinical practice [40]; these limitations mainly include the fact that ①scoring is relatively time-consuming; 
②coma, sedation, intubation, or other injuries (including potential traumatic brain injury) may affect the ability of patients to 

Fig. 2. Long-term motor recovery occurred in the mild and severe SCI groups. 
The time course of functional recovery based on BMS scores in the mild and severe SCI groups is shown (n = 10 per group). Two-way repeated- 
measures ANOVA with Bonferroni’s post hoc test. The data are presented as the means ± SEMs. Mild SCI vs. severe SCI: *p < 0.05, **p < 0.01, ***p 
< 0.001. 

Fig. 3. Serum serpina3n protein levels at different time points after SCI. The serum Serpina3n level increased over the period from 12 h to 7 
d in the mild SCI group; the severe SCI group exhibited higher serum serpina3n levels than the mild SCI group from 12 h to 7 d (n = 10 per group). 
The data are presented as the means ± SEMs. Two-way repeated-measures ANOVA with Bonferroni’s post hoc test. Mild SCI vs. severe SCI: *p <
0.05, **p < 0.01, ***p < 0.001; mild SCI vs. sham or severe SCI vs. sham: #p < 0.05, ##p < 0.01, ###p < 0.001. 
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under evaluation with the AIS; and ③ in the early stage after SCI, the application of the AIS is limited by spinal shock. Our study 
showed that serum Serpina3n concentrations at 12 h, 24 h and 3 d after injury were positively correlated with the degrees of SCI but 
negatively correlated with long-term motor function recovery. The correlations with the serum Serpina3n concentration on the third 
day after injury were more significant. Furthermore, methylprednisolone treatment would improve neurological recovery and 
decrease the serum level of serpina3n at early time points, indicating Serpina3n might be a therapeutic target of SCI. 

Serum serpina3n is the rodent homolog of human SERPINA3 (human α1-ACT) and belongs to clade A of the serpin superfamily [5]. 
In relation to the nervous system, serpina3n and its human homolog α1-ACT have been studied mainly in the context of neuropathic 
pain [41], Alzheimer’s disease (AD) [42], and hypothalamic inflammation caused by a high-fat diet [43], and these proteins are 
generally regarded as reactive astrocyte markers and neuro inflammation markers [22–25]. The serum serpina3n level was shown to 
be elevated in steroid-dependent muscular dystrophy and type 2 diabetes [19,44]. However, its correlation with central nervous 
system damage or other tissue damage has not been elucidated. 

Previous studies on serum markers of SCI have mainly focused on inflammatory factors (such as IL-1β, TNF-a and IL-6), metal-
loproteinases (such as MMP-2, MMP-8 and MMP-9), chemokines (such as MCP-1 and CXCL12D), neuronal cell-specific proteins (such 
as neuron-specific enolase, NSE, etc.), astrocyte-specific proteins (such as S-100 and GFAP), and oligodendrocyte-specific proteins 
(such as myelin basic protein (MBP)) [8–10]. Although findings suggest that structural proteins and inflammatory markers may be 
useful in assessing SCI severity and predicting neurological outcomes, the current level of evidence is generally low. Most of the 
potential biomarkers have only been studied in animals, and clinical studies are relatively lacking [16,45]. S100 calcium binding 
protein β (S100β) is a calcium-binding protein that is mainly found in astrocytes and Schwann cells and is involved in calcium ho-
meostasis, cell proliferation, and differentiation [46]. In animal models, the S100β protein level was found to be rapidly increased in 
serum and cerebrospinal fluid at 6 h after injury and to continue to increase until 4 h after injury, after which its concentration in serum 
returned to normal levels, suggesting the promise of S100β as a diagnostic tool for injury [47]. However, there is some controversy 
regarding the serum S100β concentration as a biomarker indicator of injury severity. Because S100β is also present in adipocytes, 
chondrocytes, and melanocytes, its release in these tissues may confound the interpretation of elevated concentrations [34,35]. Our 
study found that although Serpina3n was mainly expressed in the muscle, liver, spleen, nervous system and testis, Serpina3n 
expression was only increased in the injured spinal cord segment in the early stage after SCI, and the difference was statistically 
significant. No significant increase in Serpina3n expression was observed in other tissues. These results suggest that the elevation of the 
serum serpina3n level was derived from the injured segment of the spinal cord. Our further study suggested that methylprednisolone 
improved long-term motor function after acute SCI, and early changes in the serum serpina3n concentration could reflect the efficacy 
of the drug. 

Fig. 4. Correlation of serum Serpina3n levels with injury severity and motor function scores 28 days after injury. 
(a–c) The Spearman rank correlation analyses between the serum Serpina3n protein level at 12 h (a), 24 h (b), and 3 days (c) post injury and injury 
degree. N = 10 per group. 
(d–f) The Spearman rank correlation analyses of the serum Serpina3n protein level at 12 h (d), 24 h (e), and 3 days (f) after injury and BMS score at 
28 d after injury. N = 10 per group. 
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Despite of Serpina3n, our study also found other proteins which were differentially expressed in the spinal cord of mice with mild or 
severe SCI, including Ngp, Itih4, Chil3, S100a8, Ttr, Mylpf, and S100a9 between severe SCI and control groups. Interestingly, another 
LC-MS/MS analysis revealed Itih4, S100a8, and Ttr were significantly up-regulated in cerebrospinal fluid derived from rats 24 h post 
mild or severe SCI [48]. And S100a9 inhibition was reported to protect spinal cord from inflammation and decrease the infiltration of 
neutrophil to the lesion [49]. Furthermore, S100a8 deficiency would alleviate the apoptosis and inflammatory response in spinal cord 
tissues after SCI injury [50]. Our study indicated not only S100a8 and S100a9, but also Ngp, Itih4, Chil3, Ttr, and Mylpf were increased 
in the spinal cord of mice with mild or severe SCI. However, nothing was known about the other proteins and the SCI injury. It’s worth 
investigating the roles of Ngp, Itih4, Chil3, Ttr, and Mylpf in the future. 

Our study has limitations. The main measure was the correlation between the serum serpina3n concentration and spontaneous 
motor function recovery in mice. Clinical treatments for patients with SCI are often comprehensive and include surgery, drug treat-
ment and hyperbaric oxygen therapy. Whether the serum serpina3n concentration correlates with the recovery of motor function after 
other treatments remains to be studied. 

6. Conclusions 

Serum Serpina3n levels in the early stage after SCI are significantly correlated with the degree of injury and long-term motor 
function recovery. In addition, methylprednisolone treatment could improve neurological recovery and decrease the serum level of 
Serpina3n at early time points. Our study reveals Serpina3n may be a potential biomarker for SCI. 
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Fig. 5. The serum serpina3n level can reflect the efficacy of methylprednisolone. 
(a) BMS scores reflecting motor function after methylprednisolone and placebo treatment in mild and severe SCI model mice. N = 10 per group. 
Two-way repeated-measures ANOVA with Bonferroni’s post hoc test. ***p < 0.001 (mild SCI + placebo vs. mild SCI + methylprednisolone); ##p <
0.01 and ###p < 0.001 (severe SCI + placebo vs. severe SCI + methylprednisolone). 
(b) Measurement of serum serpina3n concentrations after methylprednisolone and placebo treatment at 2 h, 12 h, 24 h, 3 d and 7 d after injury. N =
10 per group. Two-way repeated-measures ANOVA with Bonferroni’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. 
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