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Spinal cord injury (SCI) is a catastrophic condition with few therapeutic options.
Astaxanthin (AST), a natural nutritional supplement with powerful antioxidant
activities, is finding its new application in the field of SCI. Here, we performed a
systematic review to assess the neurological roles of AST in rats following SCI,
and assessed the potential for clinical translation. Searches were conducted
on PubMed, Embase, Cochrane Library, the Web of Science, China National
Knowledge Infrastructure, WanFang data, Vip Journal Integration Platform, and
SinoMed databases. Animal studies that evaluated the neurobiological roles of
AST in a rat model of SCI were included. A total of 10 articles were included;
most of them had moderate-to-high methodological quality, while the overall
quality of evidence was not high. Generally, the meta-analyses revealed that rats
treated with AST exhibited an increased Basso, Beattie, and Bresnahan (BBB) score
compared with the controls, and the weighted mean differences (WMDs) between
those two groups showed a gradual upward trend from days 7 (six studies, n = 88,
WMD =2.85, 95% Cl=1.83 to 3.87, p<0.00001) to days 28 (five studies, n=76,
WMD =642, 95% Cl=4.29 to 8.55, p<0.00001) after treatment. AST treatment
was associated with improved outcomes in spared white matter area, motor
neuron survival, and SOD and MDA levels. Subgroup analyses indicated there were
differences in the improvement of BBB scores between distinct injury types. The
trial sequential analysis then firmly proved that AST could facilitate the locomotor
recovery of rats following SCI. In addition, this review suggested that AST could
modulate oxidative stress, neuroinflammation, neuron loss, and autophagy via
multiple signaling pathways for treating SCI. Collectively, with a protective effect,
good safety, and a systematic action mechanism, AST is a promising candidate for
future clinical trials of SCI. Nonetheless, in light of the limitations of the included
studies, larger and high-quality studies are needed for verification.
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Introduction

Spinal cord injury (SCI) is one of the most devastating events,
afflicting thousands of human beings. Most SClIs are originated from
traumatic injury. In China, it is estimated that there are 759,302 prevalent
patients with traumatic SCI in total (Jiang et al., 2022). Globally,
approximately 27.04 million people are affected by SCI, with over 700,000
new events of traumatic SCI annually (Gbd, 2019; Lucchesi et al., 2019).
However, there are still few effective therapeutic strategies available.

The pathological mechanisms of SCI are complicated. Tissue
structure and homeostasis are broken down instantly following the
primary insult induced by trauma or ischemia. Subsequently, the
secondary damage phase, involving oxidative stress, dysregulation of ion
flow, neurotransmitter toxicity, immune cell activation, and neuronal loss,
is gradually triggered (Liu et al., 2021; Salvador and Kipnis, 2022; Scheijen
etal, 2022). Among these changes, oxidative stress is demonstrated to
be triggered in just a few hours after initial injury (Liu et al., 2004; Tran
et al., 2018). The free radicals derived from oxidative stress can further
induce ionic dysregulation, endoplasmic reticulum stress, or caspases
activation to cause neuronal damage, and activate glial cells to enlarge
neuroinflammation response through a wide range of mechanisms
(Anjum et al., 2020; Zrzavy et al., 2021; Ji et al., 2022). Thus, oxidative
stress critically impacts the multifactorial pathological progression of SCI.

Astaxanthin (AST) is a carotenoid widely distributed in marine
animals and can be synthesized by algae or bacteria, standing out among
its chemical family for its powerful antioxidant activities (Abdol et al.,
2022; Alugoju et al., 2022). Partly benefiting from its excellent antioxidant
properties, AST exhibits roles against inflammation, apoptosis, and aging,
and has shown promise in treating cardiovascular diseases, Alzheimer’s
disease, Parkinson’s disease, and cancer in humans and animals (Chao
et al, 2020; Donoso et al., 2021). With good safety and satisfactory
bioactivities, AST has been approved by the Food and Drug
Administration as a food supplement. Given the critical role of oxidative
stress in SCI, AST is finding new application scope in the field of this
disease (Abbaszadeh et al., 2022). Series of experimental studies have
shown favorable efficacy for AST in the treatment of SCI (Masoudi et al.,
2021; Abbaszadeh et al., 2022). However, the integrated pre-clinical
evidence concerning the neuroprotective effects of AST on SCI are still
absent. Furthermore, a review of the safety and action mechanism of AST
remains yet to be performed. All of these parameters are important for
clinical translation. Herein, we performed a comprehensive review to
evaluate the neurobiological roles of AST for treating SCI in rats, and
describe the potential for future clinical trials and applications.

Materials and methods

This systematic review was presented according to the Preferred
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA)
statement. No pre-registration was performed for this study. The
design of this study followed the methods of previous studies (Yao
etal, 2015; Sng et al., 2022; Zhou et al., 2022).

Literature search

A systematic literature search was performed in the PubMed,
Embase, Web of Science, Cochrane Library, China National
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Knowledge Infrastructure, WanFang data, Vip Journal Integration
Platform, and SinoMed databases from their inception date to May
2023 (Sng et al.,, 2022; Zhou et al., 2022). Key words included “spinal

» «

cord injuries,

» <«

spinal cord injury;

» «

spinal cord contusion,” “spinal

» «

cord compression;

» « » «

spinal cord trauma,” “astaxanthine,” “astaxanthin,”

» <«

“E-astaxanthin, “rats,” “rat,” and “murinae” The bibliographies of the
included studies were also screened to identify any additional

relevant studies.

Study selection

Two reviewers independently screened the title, abstracts, and full
texts of the retrieved articles. Discrepancies were be resolved by
consensus after discussion with a third reviewer. Studies that fulfilled
all of the following criteria were included.

Eligibility criteria

Types of studies

Studies assessing the neurobiological effects of AST on rats
subjected to SCI were searched. Clinical case reports or only in vitro
studies were excluded. No restrictions regarding language, publication
date, or publication status were imposed (Sng et al., 2022).

Types of participants

There were no restrictions with respect to the age, sex, or strain of
laboratory rats. The traumatic SCI model induced by contusion and
compression injury were included. The establishment of rat models of
SCI using non-traumatic ischemia, laceration, transection, genetic
modification, or traumatic root avulsion was excluded (Yao
etal., 2015).

Types of interventions

Studies assessing any type of AST compared with placebo control
were included. The dosage, formulation, and administration methods
of AST were unrestricted. Placebo control included saline, vehicle, and
no treatment. Multiple treatment combinations (e.g., AST plus stem
cell transplantation) were excluded (Sng et al., 2022).

Types of outcome measures

The 21-point Basso, Beattie, and Bresnahan (BBB) locomotor
rating scale was considered as the primary outcome. This scale is a
well-documented tool widely applied in evaluating the locomotor
function recovery of rats following SCI (Basso et al., 1995). To reduce
the risk of data heterogeneity, only data at the same time points were
used in the analyses of BBB scores and the following outcomes (Zhou
etal., 2022).

The secondary outcome measures included spared white matter
area, the number of ventral horn motor neurons, malondialdehyde
(MDA), and superoxide dismutase (SOD). Spared white matter area
and the number of ventral horn motor neurons are widely applied
indexes reflecting injury severity after SCI (Matsuda et al., 2020).
MDA is the metabolic end product of lipid peroxide and a biomarker
of cell oxidative damage, whereas SOD is a major enzyme in the
antioxidant defense system and can limit further damage caused by
reactive oxygen species (ROS) elements (Yin et al., 2019).
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Data extraction

Two investigators independently extracted the information of
the included studies. The following data was extracted: the name
of the first author, publication year, animal strain and gender,
animal age and weight, number of animals per group, method
used to induce SCI, injury level, AST administration (including
dosage, method, timing, and times), and measured outcomes. In
studies with multiple intervention arms, only data from the AST
and negative control groups were extracted for analysis. If the data
were represented as a graph without a numerical value, GetData
Graph Digitizer 2.26" was used to interpret graph data (Tian et al.,
2020). If data were missing, we would contact the original authors
and await a response for two weeks. In cases where there was no
response, the related data would be included for qualitative
analyses only.

Risk of bias assessment

The methodological quality of studies was evaluated using the
systematic Review Center for Laboratory animal Experimentation’s Risk
of Bias (SYRCLE’s RoB) tool (Hooijmans et al., 2014). This tool includes
10 items for the assessment of selection bias, performance bias, detection
bias, attrition bias, reporting bias, and other biases. The items were

» <«

assessed with a judgment of “yes,” “no,” or “unclear;” indicating a low

risk, a high risk, or that the risk of bias was not clear, respectively.

Assessment of evidence quality

The quality of evidence in the included studies was evaluated
according to the previously described approach (Charalambous et al.,
2014, 2016). In this tool, the evidence quality of experimental
laboratory animal studies (ELAS) was graded at three levels. The
blinded randomized ELAS (bRELAS) and non-blinded RELAS
(nbRELAS) were considered to provide higher quality evidence,
followed by non-randomized RELAS (nRELAS) and uncontrolled
ELAS (UELAS), then case series and reports. Subsequently, for
correcting the confidence rating for single studies in each group, three
domains were assessed for indicating the strengths or weaknesses of
each study, involving: (1) sample sizes; (2) subject enrolment quality;
and (3) the overall risk of bias according to SYRCLE’s RoB tool.
Collectively, bRELAS with large sample sizes, rigorous criteria in
subject enrolment, and low overall risk of bias were considered to
produce the highest quality of evidence.

Statistical analyses
Data from included studies were summarized and analyzed by the
RevMan 5.3 software (provided by the Cochrane Collaboration).

Two-sided p values of less than 0.05 were considered statistically
significant. The mean, standard deviation, and the sample size of

1 http://getdata-graph-digitizer.com
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animals in each group were extracted for comparisons. In accordance
with the recommendations of the Cochrane Handbook for Systematic
Reviews of Interventions, for studies with multiple intervention
groups, those groups were combined to enable a single pair-wise
comparison (Higgins and Green, 2011). For outcomes with the same
unit, the results were described as the weighted mean difference
(WMD); otherwise, standardized MD (SMD) was employed. The 95%
confidence intervals (CIs) were calculated for both types of outcomes.
Heterogeneity between studies was evaluated by p value in the
chi-squared test and Cochranes I* (Higgins and Green, 2011).
Heterogeneity is presumed in the event that the p value is less than
0.10, and is considered to be high when the I* value is more than 50%.
The random effects model was used because it provides the expected
average of all samples of individual true effect sizes. Linear graphs
were constructed by GraphPad Prism (version 5.01) software to
highlight the dynamic WMDs of BBB scores and dynamic BBB score
improvements in both groups.

Repeated updates (sequential multiplicity) and sparse data
increase the risk of random error. The trial sequential analysis (TSA)
adjusts the random-error risk and provides a conservative estimation
for the required number of study subjects in order to carry out a
definitive meta-analysis. Thus, we also conducted the trial sequential
analysis method based on the primary outcome to confirm the results
of meta-analyses. TSA 0.9.5.10 beta software (downloaded from
https://ctu.dk/tsa/downloads) was used to construct a cumulative
Z-curve by including each study according to the order of their
publication year, and to estimate the required information size. A
firm conclusion could be drawn without further research in cases
where the cumulative Z-curve either crossed the monitoring
boundary or required information size. The TSA was performed with
a desired power of 90% and an alpha error of 5%.

Results
Study selection

Among the 559 studies identified with the search strategy, 44
duplicates were eliminated and another 503 studies were excluded by
performing title and abstract screening. Of the 12 papers selected for
full-text screening, one reference was excluded due to data duplication
(Ren et al., 2018), and another one did not report an outcome that met
the inclusion criteria (Fakhri et al., 2022). Ten studies were, therefore,
included in this systematic review and meta-analysis (Figure 1) (Chen,
2014; Masoudi et al., 2017; Fakhri et al., 2018, 2019; Ren et al., 2019;
Mohaghegh et al, 2020; Li et al., 2021; Masoudi et al., 2021;
Abbaszadeh et al., 2022, 2023).

Characteristics of the included studies

Of the 10 publications, eight articles were presented in English
and the remaining two in Chinese (Chen, 2014; Ren et al., 2019).
Seven of them used Wistar rats; the other three selected Sprague-
Dawley rats (Chen, 2014; Ren et al.,, 2019; Li et al., 2021). Six
studies induced SCI using a weight-drop impactor, and the
remaining four used an aneurysm clip compression method
(Fakhri et al., 2018, 2019; Abbaszadeh et al., 2022, 2023). All
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= ) Databases search (n = 559)
2 1.PubMed: 7 = 115
& 2.Embase: n =16 Additional records identified
'E 3. Web of Science: n =22 through other sources: n =0
g 4. Cochrane Library: n = 1
- 5.Chinese literature databases: n = 405
1 .
'E Duplications: n = 44
=
o Potentially relevant references:
n=>515
References excluded based on title
i or abstract: n = 503
=
=)
2
&= References selected for full-text
review: n =12
Two references excluded:
one study with data duplication;
one study without outcome
3 meeting inclusion criteria
=
E References included for qualitative
and quantitative analysis: » = 10
FIGURE 1
Summary of the literature identification and selection process.

studies established SCI at the T8-T12 level. Administration of AST
by intrathecal injection was employed in seven studies, with a dose
of 0.005mg/kg. The other studies used the intragastrical
administration route, with an intervention dose ranging from 35
to 75mg/kg (Chen, 2014; Ren et al.,, 2019; Li et al., 2021). All
studies administrated AST immediately post injury, and most
studies except three (Chen, 2014; Ren et al., 2019; Li et al., 2021)
employed a single dose of AST (Table 1).

Risk of bias within studies

According to the SYRCLE’s RoB tool, the mean number of
reported items in the included studies was 4.1. Four studies
adequately reported 50% of the details in the checklist (Masoudi
et al., 2017; Fakhri et al., 2018; Ren et al., 2019; Li et al., 2021).
All the included studies well described the items of “baseline
characteristics” and “selective outcome reporting.” Six studies
reported a design of outcome assessor blinding (Masoudi et al.,
2017; Fakhri et al., 2018, 2019; Ren et al., 2019; Mohaghegh et al.,
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2020; Li et al., 2021), and three studies well addressed the item of
incomplete outcome data (Masoudi et al., 2017; Fakhri et al,,
2018; Masoudi et al., 2021). However, none or few studies

» o«

reported the details of “sequence generation,” “allocation
concealment,” “random housing,” “investigator blinding,” and
“random outcome assessment.” Additionally, no other sources of
bias such as the pooling of drugs, dropouts, unit of analysis
errors, or design-specific bias were identified in the included

studies (Table 2).

Quality of evidence in studies

Overall, the evidence quality of the included studies was not high.
Although all studies belonged to bRELAS or nbRELAS, three of them
reported a design with a small sample size (Chen, 2014; Ren et al., 2019;
Lietal, 2021) and another four did not adequately address the details
of the subject enrolment quality (Fakhri et al., 2018, 2019; Abbaszadeh
etal, 2022, 2023). Moreover, based on SYRCLE’s RoB tool, a potential
risk of bias was widely presented in the included studies (Table 3).
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TABLE 1 Characteristics of included studies.

Animals

Injury

model

Astaxanthin
source

Administration
time; treatment
duration

10.3389/fnins.2023.1255755

Outcome

Abbaszadeh 108 male Wistar | T8-10 36/36/36 N/A A: Sham SCI + saline 30 min after injury; once Behavioral: BBB scale, beam
etal. (2023) rats (230-250g) | aneurysm clip B: SCI+5% DMSO walking test Other: MRI, BSCB
compression C: SCI +astaxanthin permeability, spinal cord tissue
90g*1 min (0.005mg/kg i.t.) edema, Western blot
Abbaszadeh 90 male Wistar | T8-10 30/30/30 N/A A: Sham SCI +saline 30min after injury; once | Behavioral: Combined
etal. (2022) rats (230-250g) aneurysm clip B: SCI+5% DMSO behavioral score
compression C: SCI +astaxanthin Histopathology: H&E staining,
90g*1 min (0.005mg/kg i.t.) Fluoro-Jade B staining Other:
SOD, MDA, glutathione
peroxidase, total antioxidant
capacity, Western blot
Masoudietal. | 96 adult male T8-9 weight- 24/24/24/24 Sigma A: Sham SCI 30min after injury; once | Behavioral: Von Frey test
(2021) Wistar rats drop impactor B: SCI Histopathology: Nissl staining,
(2-3months; 10g*50 mm C: SCI+5% DMSO LFB staining Other: SOD,
240-280g) D: SCI + astaxanthin MDA, glutathione peroxidase,
(0.005mg/kg i.t.) catalase, Western blot
Lietal. (2021) 144 male and T9-10 weight- 48/48/48 Sigma A: sham SCI +olive oil immediately; twice daily Behavioral: BBB scale,
female rats drop impactor B: SCI+ olive oil until sacrifice Histopathology: H&E staining,
(280+20g) 5g*100mm C: SCI +astaxanthin TUNEL, immunofluorescence
(75mg/kg i.g.) Other: SOD, MDA, spinal cord
tissue edema, transmission
electron microscope
Mohaghegh 90 adult male T8-9 weight- 18/18/18/18/18 | N/A A: Sham SCI 30 min after injury; once | Behavioral: BBB scale
etal. (2020) Wistar rats drop impactor B: SCI+5% DMSO Histopathology: Nissl staining,
(250-300g) 10g*50 mm C: SCI +astaxanthin LFB staining Other: PCR
(0.005 mg/kg i.t.)
D: SCI+EPI-NCSCs
E: SCI +astaxanthin +
EPI-NCSCs
Fakhri et al. 81 adult male T8-9 aneurysm | 27/27/27 Sigma A: Sham SCI B: 30 min after injury; once | Behavioral: BBB scale, von
(2019) Wistar rats clip SCI+5% DMSO Frey test, hotplate test, open
(2-3months, compression C: SCI +astaxanthin field test Histopathology: Nissl
230-260g) 90g*1 min (0.005mg/kg i.t.) staining, LFB staining Other:
Western blot, body weight,
auricle temperature, blood
glucose
Ren et al. 90 adult male T9-11 weight- 30/30/30 Sigma A: sham SCI +olive oil immediately; twice daily =~ Behavioral: BBB scale
(2019) and female rats drop impactor B: SCI +olive oil until sacrifice Histopathology:
(280+20g) 5g*100 mm C: SCI +astaxanthin Immunohistochemistry Other:
(75mg/kg i.g.) Myeloperoxidase, IL-1p, IL-6,
TNEF-q, spinal cord tissue
edema, transmission electron
microscope
Fakhri et al. 75 adult male T8-9 aneurysm | 25/25/25 Sigma A: Sham SCI B: 30min after injury; once | Behavioral: Inclined plane test,
(2018) Wistar rats clip SCI+5% DMSO acetone drop test
(230-270g) compression C: SCI +astaxanthin Histopathology: Nissl staining,
90g*1 min (0.005mg/kg i.t.) LFB staining Other: Western

blot

Frontiers in Neuroscience

05

(Continued)

frontiersin.org


https://doi.org/10.3389/fnins.2023.1255755
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Zhou et al.

TABLE 1 (Continued)

10.3389/fnins.2023.1255755

Study Animals Animal Astaxanthin  Groups Administration Outcome

number source time; treatment
duration

Masoudi et al. 108 adult male T8-9 weight- 27127127127 Sigma A: Sham SCI B: 30 min after injury; once | Behavioral: BBB scale,

(2017) Wistar rats drop impactor SCI+5% DMSO Histopathology: Nissl staining,
(2-3 months, 10g*50 mm C: SCI +astaxanthin LFB staining Other: Western
250-280g) (0.005mg/kg i.t.) blot

Chen (2014) 66 female T12 weight- 6/30/30 N/A A: sham SCI 5min after injury; twice | Behavioral: BBB scale
Sprague- drop impactor B: SCI+ vegetable oil daily until sacrifice Histopathology: Nissl staining,
Dawley rats 10g*60 mm C: SCI +astaxanthin immunohistochemistry Other:
(260-300g) (35mg/kgi.g.) SOD, MDA

BBB, Basso, Beattie, and Bresnahan locomotor rating scale; BCSB, blood-spinal cord barrier; DMSO, dimethyl sulfoxide; EPI-NCSCs, epidermal neural crest stem cells; H&E, hematoxylin and

eosin; i.g., intragastrical; i.t., intrathecal; LFB, luxol fast blue; MDA, malondialdehyde; MRI, magnetic resonance imaging; N/A, not available; PCR, polymerase chain reaction; SCI, spinal cord

injury; SOD, superoxide dismutase; TUNEL, terminal dexynucleotidyl transferase mediated dUTP nick end labeling.

Effects of AST on locomotor recovery

A total of seven studies used the BBB scale to indicate the
neurological function recovery in rat models of SCI (Chen, 2014;
Masoudi et al., 2017; Fakhri et al., 2019; Ren et al., 2019; Mohaghegh
et al., 2020; Li et al,, 2021). The meta-analyses and dynamic BBB
scores in both groups suggested that BBB scores were increased in rats
treated with AST compared with controls, and WMDs between those
two groups exhibited a gradual upward trend from days 7 (six studies,
n=288, WMD =2.85,95% CI=1.83 to 3.87, p<0.00001) to days 28 (five
studies, n=76, WMD =6.42, 95% CI=4.29 to 8.55, p<0.00001) after
treatment (Figures 2A-D and Table 4).

Subgroup analyses indicated that the improvement of BBB
scores was associated with injury model, but did not differ
between distinct administration routes (Figures 3A,B and
Supplementary Table S1). Recent studies suggest that locomotor
function and pathological changes may differ between rats based
on gender, injury level, and timing of administration, and these
factors were consistent in our included studies (Wilcox et al.,
2017). Despite the different AST dosage and number of
administrations among the studies, changes of those variables
were highly attributed to the administration route (Chen, 2014;
Ren et al,, 2019; Li et al., 2021). Thus, subgroup analyses
concerning those variables was not conducted in our study.

Effects of AST on tissue sparing

By using the luxol fast blue method, five studies described the
spared white matter area in the form of residual tissue/cross-sectional
area ratio (Masoudi et al., 2017; Fakhri et al., 2018, 2019; Mohaghegh
et al., 2020; Masoudi et al., 2021). The pooled results of spared white
matter area showed an increased percentage of spared white matter in
AST-treated rats versus controls (four studies, n=28, WMD =0.08, 95%
CI=0.02 to 0.14, p=0.007) at days 7 after SCI (Figure 4A and Table 4).

Meanwhile, five studies reported the number of motor neurons in
the ventral horn area of the spinal cord by counting the Nissl positive
cells (Masoudi et al., 2017; Fakhri et al., 2018, 2019; Mohaghegh et al.,
2020; Masoudi et al., 2021). Meta-analysis regarding this outcome
revealed an improved neuron loss in lesion areas in rats with AST
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intervention (Figure 4B and Table 4; four studies, n=28, WMD =7.96,
95% CI=4.35t0 11.57, p< 0.0001).

Antioxidant roles of AST

Four studies reported the antioxidant role of AST through detecting
the MDA or SOD levels in SCI rats (Chen, 2014; Li et al., 2021; Masoudi
et al., 2021; Abbaszadeh et al., 2022). The units for each outcome were
slightly different in those studies. Meta-analysis suggested an
enhancement of SOD expression (four studies, n=40, SMD=5.29, 95%
CI=2.12 t0 8.46, p=0.001) and reduced MDA levels (four studies, n=40,
SMD=-4.20, 95% CI=—6.88 to-1.51, p=0.002) in rats with AST
treatment compared with control ones (Figure 5 and Table 4).

TSA results

Data of BBB scores from days 14 to 28 after SCI were included in
TSA to present the dynamic change of results. At days 14, the
cumulative Z-curve crossed the monitoring boundaries, indicating
although the cumulative sample size did not reach the expected value,
a firm conclusion that AST could promote the recovery of locomotor
function was obtained in advance (Figure. 6A). Interestingly, at the
time points of days 21 and days 28, the cumulative Z-curve crossed
both the conventional and monitoring boundaries, and the cumulative
sample size reached the expected value (Figures 6B,C); thus, the
present data firmly proved that AST can provide a beneficial role for
the neurofunctional recovery of rats.

Sensitivity analysis

Sensitivity analyses were performed by excluding either studies
without outcome assessor blinding, small-sample-sized studies, or all
single studies. A moderate or high heterogeneity was remained after
application of all exclusion strategies. Furthermore, the improvement of
BBB with  AST
(Supplementary Table S2), indicating a robust result of the analyses of
BBB scores.

scores remained  largely  unchanged
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TABLE 2 Summary of risk of bias.

10.3389/fnins.2023.1255755

Study 1 2 3 4 ) 6 7 8 °) 10
Abbaszadeh et al. (2023) Unclear Yes Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes
Abbaszadeh et al. (2022) Unclear Yes Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes
Masoudi et al. (2021) Unclear Yes Unclear Unclear Unclear Unclear Unclear Yes Yes Yes
Lietal. (2021) Yes Yes Unclear Unclear Unclear Unclear Yes Unclear Yes Yes
Mohaghegh et al. (2020) Unclear Yes Unclear Unclear Unclear Unclear Yes Unclear Yes Yes
Fakhri et al. (2019) Unclear Yes Unclear Unclear Unclear Unclear Yes Unclear Yes Yes
Ren et al. (2019) Yes Yes Unclear Unclear Unclear Unclear Yes Unclear Yes Yes
Fakhri et al. (2018) Unclear Yes Unclear Unclear Unclear Unclear Yes Yes Yes Yes
Masoudi et al. (2017) Unclear Yes Unclear Unclear Unclear Unclear Yes Yes Yes Yes
Chen (2014) Unclear Yes Unclear Unclear Unclear Unclear Unclear Unclear Yes Yes

“Yes” indicates a low risk of bias; “No” indicates a high risk of bias; “Unclear” represents an unclear risk of bias. This tool includes 10 questions: (1) sequence generation; (2) baseline
characteristics; (3) allocation concealment; (4) random housing; (5) investigator blinding; (6) random outcome assessment; (7) outcome assessor blinding; (8) incomplete outcome data; (9)

selective outcome reporting; and (10) other sources of bias.

TABLE 3 Summaries of the quality of evidence of the included studies.

Subject Overall

enrolment  risk of

quality JEH
Abbaszadeh nbRELAS Moderate Unclear Moderate/
et al. (2023) High
Abbaszadeh nbRELAS Moderate Unclear Moderate/
etal. (2022) High
Masoudietal. | nbRELAS Moderate Fairly Moderate
(2021)
Lietal. (2021) | bRELAS Small Fairly Low/

Moderate
Mohaghegh bRELAS Moderate Fairly Moderate
et al. (2020)
Fakhri et al. bRELAS Moderate Unclear Moderate
(2019)
Ren et al. bRELAS Small Fairly Low/
(2019) Moderate
Fakhri et al. bRELAS Moderate Unclear Low/
(2018) Moderate
Masoudietal. | bRELAS Moderate Fairly Low/
(2017) Moderate
Chen (2014) nbRELAS Small Fairly Moderate/
High

bRELAS, blinded randomized experimental laboratory animal studies; nbRELAS, non-
blinded randomized experimental laboratory animal studies; nRELAS, non-randomized
experimental laboratory animal studies.

Therapeutic mechanisms

The proposed mechanisms behind AST in the included studies are
presented in Table 5. In general, AST exert roles of regulating oxidative
stress, suppressing neuroinflammation, relieving neuron loss, and
modulating autophagy in treating SCI. The N-methyl-D-aspartate
receptors (NMDAR), protein kinase B (AKT), mitogen-activated
protein kinase (MAPK), cleaved caspase-3, and light chain 3 (LC3)
signaling may be involved in those effects of AST.

Frontiers in Neuroscience

Discussion

An understanding of efficacy, safety, and pharmacological
mechanism is critical for the translation of novel treatments to the
clinic (Sandborn et al., 2020). In light of the reported beneficial roles
of AST for SCI, we performed a comprehensive review of the current
studies to evaluate those parameters of AST and its potential for
clinical translation.

Summary of evidence

This review extracted data from 10 studies that compared AST
with placebo controls. Although most of these studies were of
moderate-to-high methodological quality, the quality of evidence in
these studies was not high.

The meta-analyses showed an increase in BBB scores in rats with
AST treatment, and the WMDs between AST and control groups
displayed a gradual upward trend over time. There were no statistical
differences in locomotor recovery with respect to administration
route; however, there were differences related to the injury type.
Importantly, TSA firmly proved that AST can promote locomotor
recovery of rats with SCI.

Compared with controls, rats in the AST groups exhibited an
increased percentage of spared white matter in lesion areas. The meta-
analysis concerning the motor neuron numbers confirmed the role of
AST on tissue sparing. Moreover, meta-analyses revealed that AST
could enhance SOD levels and downregulated the MDA expression in
rats subjected to SCI, indicating an antioxidant effects of AST for SCL

Statistical heterogeneity and explanatory
variables

As anticipated, we observed a substantial between-studies
heterogeneity on treatment effects, which may reduce the credibility of
the results from the analyses to a certain extent. The differences in
animal characteristics, injury types, administration details, statistical
methods, and methodological quality between studies may serve as
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FIGURE 2

Overall analyses of the effects of AST on BBB scores. Meta-analysis of BBB scale at days 21 (A) and 28 (B) after SCI. (C) The WMDs of BBB score
between AST and control groups from days 3 to days 28 after SCI. (D) The BBB scores in each group over time. The detailed data at each time point
are shown in Table 4.

TABLE 4 Summary of overall analyses of the effects of AST.

No. of studies No. of animals = Weighted mean Heterogeneity
difference
95% CI P value I? P value
1 BBB scores 7 100
1.1 BBB scale at day 3 4 58 2.64[1.99,3.29] <0.00001 31 0.22
1.2 BBB scale at day 7 6 88 2.85[1.83,3.87] <0.00001 72 0.003
1.3 BBB scale at day 14 6 88 3.46 [1.85, 5.07] <0.0001 90 <0.00001
1.4 BBB scale at day 21 6 88 496 [2.81,7.11] <0.00001 94 <0.00001
1.5 BBB scale at day 28 5 76 6.42 [4.29, 8.55] <0.00001 89 <0.00001
2 Spared white matter 4 28 0.08 [0.02, 0.14] 0.007 78 0.003
3 Number of anterior 4 28 7.96 [4.35, 11.57] <0.0001 61 0.05
horn motor neurons
450D 4 40 5.29 [2.12, 8.46] 0.001 74 0.010
5 MDA 4 40 —4.20 [-6.88, —1.51] 0.002 75 0.008
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FIGURE 3
Subgroup analyses of the effects of AST on BBB scores. (A,B) Subgroup analysis concerning administration route and injury type at days 21 after SCI.
The detailed data at each time point are shown in Table 5.

potential contributors to the observed heterogeneity. Our subgroup
analyses with respect to distinct injury types effectively reduced the
heterogeneity in both subgroups, and the Cochrane’s I in the subgroup
of compression were stably maintained at 0% from days 7 to 28 after
SCI. However, it is important to keep in mind that subgroup analysis
will only be hypothesis-generating and serves as an initial project to
shed light on this issue. Sensitive analysis is also beneficial for exploring
the sources of heterogeneity, while our sensitivity analyses using the
above exclusion strategies did not successfully reduce the treatment
effect heterogeneity. Additionally, three included studies administrated
AST by intragastrical route; the remaining studies used intrathecal
injection. Following oral absorption, AST has been shown to gradually
convert into diversified metabolites (Kistler et al., 2002). The different
of AST between
administration routes may produce various pharmacologic roles,

metabolites intragastrical and intrathecal
leading to the heterogeneity in treatment effects. Collectively, a number
of variables may be involved in the high heterogeneity among studies;
distinct injury types and varied administration routes appear to
be important factors modifying the heterogeneity in our meta-analyses.
Due to the high heterogeneity among studies, the results in this review

need to be interpreted cautiously.

Effects of AST on distinct injury models

The injury mechanism is an important factor that may impact the
efficacy of the treatment (Abdullahi et al., 2017). Our subgroup analyses
indicated a superior locomotor recovery in compression SCI models,
implying that AST may be more suitable for SCI caused by compression
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injury. The distinct pathophysiological mechanisms behind different
injury types may account for the changed efficacy of AST treatment.
Although compression and contusion SCI show a variety of similarities
in the pathological changes, the compression model has its own features
due to the prolonged compression of the spinal cord (Abdullahi et al.,
2017). The prolonged compression can cause a decrease in blood flow,
and a rapid drop in glucose level and oxygen supply in the compression
site, leading to gradual ischemia damage of the spinal cord (Ueta et al.,
1992; Okon et al., 2013). Subsequently, reperfusion events result in an
enlarged area of damage. The ischemia and reperfusion courses rupture
the oxygen or glucose supply at the injury site, and serve as typical
events causing excessive oxidative stress (Ling et al, 2021). Thus,
oxidative stress may act as a more prominent element in compression
SCIs compared with contusion ones. As described above, AST stands
out among its chemical family for its excellent antioxidant activities
(Alugoju et al., 2022). Thus, we hypothesized that the more prominent
oxidative stress in compression injuries may result in the superior
applicability of AST on this injury type. However, this hypothesis needs
further studies for verification.

Bioavailability and pharmacokinetics

Bioavailability
Despite the the
bioavailability of AST is relatively low due to its hydrophobicity and

well-documented  biological activities,

poor dissolution in the gastrointestinal tract (Fratter et al., 2019).
Several studies have been attempted to improve the bioavailability of

AST. Among them, multiple animal studies described an enhanced
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TABLE 5 The proposed mechanism of the protective effect of AST for SCI.

Treatment dose; duration

Proposed

10.3389/fnins.2023.1255755

Effects

Abbaszadeh et al.
(2023)

0.005 mg/kg i.t.; 30 min after injury, once

mechanism

Inflammation

1. Decreased MMP-9, GFAP, and AQP4 2. Decreased
HMGBI, TLR4, and NF-xB

Abbaszadeh et al.
(2022)

0.005mg/kg i.t.; 30 min after injury, once

Oxidative stress,
autophagy, and

apoptosis

—

. Increased SOD, GSH-Px, and TAC, and decreased MDA
. Increased Beclinl and LC3B and decreased p62
. Decreased Bax/Bcl2 ratio

W

Masoudi et al. (2021) 0.005mg/kg i.t.; 30 min after injury, once

Oxidative stress and

inflammation

—

. Increased SOD, GSH-Px, and CAT, and decreased MDA
. Decreased Cox-2, IL-1p, IL-6, and TNF-a

[ S5

30 min after injury, once

Lietal. (2021) 75mg/kg i.g.; immediately, twice daily until sacrifice Oxidative stress and | 1. Increased SOD and decreased MDA
apoptosis 2. Increased TUNEL positive cells
Mohaghegh et al. 0.005mg/kg i.t.; 30 min after injury, once Apoptosis Increased Nissl positive cells
(2020)
Fakhri et al. (2019) 0.005mg/kg i.t.; Apoptosis Modulating p-AKT/AKT and p-ERK/ERK ratio, and

increased Nissl positive cells

Ren et al. (2019) 75mg/kg i.g.; immediately, twice daily until sacrifice

Oxidative stress and

inflammation

1. Decreased MPO
2. Decreased IL-1p, IL-6, and TNF-a

Fakhri et al. (2018) 0.005mg/kg i.t.; 30 min after injury, once

Inflammation and

apoptosis

1. Decreased NR2B, p-p38 MAPK, and TNF-a

2. Increased Nissl positive cells

Masoudi et al. (2017) 0.005mg/kg i.t.; 30 min after injury, once

Apoptosis

Decreased Bax and cleaved caspase-3, and increased Bcl-2

Oxidative stress and

1. Increased SOD and decreased MDA

Chen (2014)

35mg/kg i.g;; 5min after injury, twice daily until sacrifice

2. Decreased GFAP

astrogliosis

AQP4, Aquapurin-4; Bax, Bcl-2-associated x protein; Bcl-2, B cell lymphoma-2; CAT, catalase; Cox-2, cyclooxygenase-2; GFAP, glial fibrillary acidic protein; GSH-Px, glutathione peroxidase;
HMGBI, high mobility group box-1; MDA, malondialdehyde; MMP-9, matrix Metalloproteinase-9; MPO, myeloperoxidase; NF-kB, nuclear factor-kappa B; NR2B, n-methyl-D-aspartate
receptor subunit 2B; IL-1p, interleukin-1 beta; LC3B, light chain 3B; SOD, superoxide dismutase; TAC, total antioxidant capacity; TLR4, toll-like receptor 4; TNF-«, tumor necrosis factor-o;
TUNEL, terminal dexynucleotidyl transferase (TdT) mediated dUTP nick end labeling; p-AKT, phosphorylated protein kinase B; p-ERK, phosphorylated extracellular signal regulated kinase;

p-p38 MAPK, phosphorylated p38 mitogen-activated protein kinase.

bioavailability and antioxidant role of AST when administrated
alongside vegetable or fish oil (Otton et al., 2012; Xu et al,, 2017). The
enhanced oral bioavailability of AST was confirmed in human trials
by incorporating AST in lipid-based formulations (Mercke et al.,
2003). Delivery of AST through liposomes or nanocarriers has also
been shown to promote the absorption of AST in recent years (Zhang
et al., 2021; Srihera et al., 2022), while those delivery strategies also
warrant further investigation in the field of SCI. Additionally,
intrathecal injection of AST may offer an alternative option to enhance
the bioavailability for central nervous system (CNS) diseases
(Abbaszadeh et al., 2022). In our meta-analyses, although there were
no significant differences in BBB scores between intrathecal injection
or intragastrical administration at most time points, the intrathecal
injection of AST appeared to display a more obvious tendency in BBB
scores improvement. Given the above rationale, administration with
oils and a lipid-based delivery system, or through liposomes and
nanocarriers, may provide possible options for enhancing the
bioavailability and biological effects of AST. Furthermore, intrathecal
injection of AST seems to be an optional strategy for SCI treatment.

Pharmacokinetics

Distribution in the CNS via crossing the blood-brain barrier is
powerful evidence to imply a drug’s effects on the CNS. AST is one of the
few carotenoids that can cross the blood-brain barrier. Pharmacokinetic
studies revealed that oral administration of AST can lead to a drug
accumulation in rat brain tissues rapidly, and achieve a higher drug
concentration in the brain compared with those in plasma, heart, or
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lungs at 8 and 24h after administration (Choi et al., 2011). Meanwhile,
rats with repeated consumption of AST exhibited a higher concentration
in the brain compared with ones administered a single dose (Manabe
etal,, 2018). In humans, the absorption and metabolism processes are
closely related to the lifestyle and health conditions of subjects (Mercke
etal,, 2003; Bahbah et al.,, 2021). For example, smoking can enhance the
metabolism and elimination of AST, thereby significantly reducing the
half-life of AST, while administration of AST after a meal downregulates
the elimination rate and enhances the max blood concentration in
humans (Okada et al., 2014). Despite an absence of AST pharmacokinetic
parameters in SCI, the above findings indicated that repeated
administration, controlling lifestyle, and administration modifications
based on pharmacokinetic monitoring may need to be considered in the
research regarding AST for SCI.

Safety

AST is approved by the Food and Drug Administration and
European Food Safety Authority as a food supplement. The adverse
effects of AST are rare, involving the alteration of skin pigmentation,
increased frequency in bowel movements, and coloration change of
feces (Brendler and Williamson, 2019). Although excessive
consumption of AST is associated with potential side effects, a large
range between the median effective dose and the median lethal dose
has been indicated in animal experiments. For instance, oral
administration of AST at doses of 5-75mg/kg all exerted
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FIGURE 4

Meta-analysis of the effects of AST on tissue damage in lesion areas. Meta-analysis regarding spared white matter area (A) and the number of surviving
motor neurons (B) in lesion areas at days 7 after SCI.
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FIGURE 5
Meta-analysis of the antioxidant effects of AST. Meta-analysis regarding SOD (A) and MDA (B) in rats at day 1 following SCI.

neuroprotective roles in rats without death events caused by AST ~ Furthermore, the European Food Safety Authority concluded that
(Zhang et al., 2014; Liu H. et al., 2020); even at consumption levels  a daily intake of 8 mg AST from food supplements is safe for adults
of 20 g/kg AST, the majority of the treated animals exhibited a  even in combination with the high exposure estimate to AST from
normal condition in clinical parameters (Niu et al, 2020).  the background diet (Turck et al., 2020). However, the safety of AST
Meanwhile, only minor clinical differences in blood indexes and ~ for patients with SCI remains to be confirmed due to a lack of
slight hepatotoxicity were observed in rats continuously treated by  related human clinical trials.

1,000 mg/kg AST for two years (Edwards et al., 2016). In human

trials, antioxidant and anti-inflammatory benefits were achieved

with as little as 2mg/day, and no serious adverse events were ~PoOtential thera peutic mechanisms

observed with a high dose of 45 mg/day for four weeks (Kajita et al.,

2010; Park et al., 2010). A single dose of 100mg AST was once Based on the proposed mechanisms in the included studies and
applied in humans to investigate the pharmacokinetics of AST, but  related evidence, the potential mechanisms of AST are summarized as
no serious events were presented in this study (Osterlie et al,, 2000).  follows (Figure 7).
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Eliminating oxidative stress

Rapidly initiated and persistent oxidative stress plays a crucial role
in the pathological process of SCI (Feng et al., 2021; Zrzavy et al.,
2021). SOD is the first line of defense against oxygen free radicals. It
can catalyze the dismutation of superoxide to form hydrogen peroxide
and oxygen, limiting the chemical toxicity of ROS (Wang et al., 2018).
MDA mainly originates from lipid peroxidation reaction mediated by
ROS, then it participates in secondary deleterious reactions and
enhances ROS generation in return (Wang et al., 2019). Our pooled
results indicated the beneficial role of AST on SOD and MDA levels
at day 1 following injury, implying AST favorably regulates the acute
oxidative stress in SCI. It is argued that the unique structure endows
AST with a powerful antioxidative property. AST contains conjugated
double bonds and hydroxyl and keto groups, whereby it quenches
singlet oxygen and scavenges ROS directly by donating electrons or
attracting unpaired electrons (Brotosudarmo et al., 2020). According
to the data in the included studies, several signaling pathways serve as
intermediary links for AST to exert its antioxidant roles. The Ca*
influx caused by NMDAR activation can destroy the homeostasis of
the mitochondrial respiratory chain, leading to electron leakage and
the large generation of ROS in CNS injuries. Interestingly, AST stably
suppressed NMDAR activation from days 7 to days 28 post-injury in
SCI rats (Fakhri et al., 2018). Meanwhile, compared with the vehicle
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ones, SCI rats treated with AST exhibited a markedly increased
phosphorylation level of AKT (Fakhri et al., 2019), which is critical for
increasing SOD and lowering MDA through nuclear factor-erythroid
2-related factor 2 to defend against oxidative stress (Zhao et al., 2017).

Counteracting neuroinflammation

Following trauma, the microglia, astrocytes, and peripheral
immune cells can be rapidly activated to induce an inflammatory cell
cascade (Salvador and Kipnis, 2022). Oxidative stress is demonstrated
to be an important signal to trigger inflammatory cascade responses
(Liu Z. et al., 2020). Correspondingly, multiple of the included studies
revealed AST can mitigate the inflammatory responses in SCI by
lowering the expression of cyclooxygenase-2 and pro-inflammatory
cytokines (Masoudi et al., 2021). Glial cell activation was also
ameliorated by AST to impede the inflammatory response in SCI
models. The activation of MAPK, nuclear transcription factor-xB
(NE-kB), or the nod-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome is an important downstream signal of ROS,
mediating the persistent inflammatory responses during SCI (Liu
7. et al., 2020). Fakhri et al. (2018) demonstrated AST exhibited a
persistent role in lowing p38 MAPK phosphorylation in the lesion
areas of SCI (Fakhri et al., 2018). The downregulated roles of AST on
NF-kB and NLRP3 inflammasome signaling were also confirmed in
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Potential action mechanisms of AST in treating SCI. The oxidative stress and large generation of ROS are immediately triggered following the insult to
the spinal cord, and can lead to the neuroinflammatory response, neuronal apoptosis, and organelle dysfunction. AST shows satisfactory roles on
controlling oxidative stress generation in CNS diseases through its unique construction, and modulating NMDAR and Nrf2 signaling pathways. Partly
relying on its antioxidant bioactivity, AST then inhibits MAPK, NLRP3 inflammasome, or NF-kB signaling to alleviate the local inflammation, modulate
the Bax and caspase family proteins to promote neuron survival, and stabilize the autophagy flux by regulating beclin-1 and mTOR complex 1, finally

exerting neuroprotective roles in treating SCl rats.

related CNS diseases (Zhuang et al, 2021). Thus, inhibition of
oxidative stress and downstream signals such as MAPK and NLRP3
account for the role of AST in

inflammasome may

counteracting neuroinflammation.

Alleviating neuron loss

Excessive oxidative stress following injury can markedly perturb
the function of organelles and physiological metabolism in cells,
resulting in an activation of neurotoxic signaling cascades (Zrzavy
etal., 2021; Ji et al,, 2022). AST was reported to improve the survival
of motor neurons and decrease the expression of apoptosis-related
markers in the injury sites of spinal cords (Mohaghegh et al., 2020; Li
et al,, 2021). B cell lymphoma-2 (Bcl-2), Bcl-2-associated x protein
(Bax), and caspases are involved in the neural cell death caused by
oxidative stress (Liu et al., 2022), while AST can notably inhibit the
activation of Bax and caspase-3 and increase the level of Bcl-2 in
injury sites of SCI (Masoudi et al., 2017; Abbaszadeh et al., 2022). As
mentioned above, the NMDAR activation induced by extracellular
glutamate contributes to the large generation of ROS, and the AKT
pathway can enhance ROS scavenging by increasing SOD and catalase
levels. Interestingly, AST notably suppresses NMDAR activation in
SCI rats (Fakhri et al., 2018), and activates AKT signaling at injury
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sites (Fakhri et al, 2019). Then, a potential molecular chain
constructed by NMDAR (or AKT), ROS, Bax, and caspases signals
may be involved in the mechanisms underlying the neuroprotective
effects of AST in treating SCI.

Regulating the autophagy flux

The stimulation of autophagy flux is highly associated with
microtubule stabilization, the removal of damaged organelles, and
neuron survival in CNS diseases (Liao et al., 2021). Beclin1, LC3, and
autophagy-related proteins are positive regulators for autolysosome
formation, while excessive ROS generation from oxidative stress can
impair the autophagy flux through activating mTOR complex 1 or
inducing lysosomal dysfunction (Zhou et al., 2020; Liao et al., 2021).
A number of studies have revealed an elevation of autophagy flux
following AST treatment in animals with SCI or related CNS diseases
(Abbaszadeh et al., 2022; Fu et al., 2022). Compared with the controls,
rats that underwent AST treatment manifested increased levels of
Beclinl and LC3 and a decreased expression of p62 (Abbaszadeh et al.,
2022). Additionally, AST was shown to restore the normal function of
lysosomes and notably inhibited the activation of mTOR complex1
(Fu et al., 2022; Xiang et al., 2022), while this mechanism remains to
be confirmed in SCI models.
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Collectively, given the critical role of oxidative stress in the
secondary injury cascade of SCI, we speculated eliminating oxidative
stress may serve as the core mechanism of AST for exerting a
neuroprotective effect. Partly relying on the antioxidant activity, AST
then exhibits roles of regulating neuroinflammation, cell loss, and
autophagy via multiple molecular pathways in treating SCI (Figure 7).
However, due to the insufficiency of the current evidence, more
studies are needed for further elucidation of the details regarding the
neuroprotective mechanism of AST.

Strengths and limitations

To our knowledge, this is the first meta-analysis quantitatively
analyzing the efficacy of AST in SCI. This review primarily focused on
the dynamic changes of BBB scores following AST intervention, and
dealt with the tissue protective and antioxidant effects of AST in
SCIL. TSA confirmed the results from our meta-analyses and firmly
supported the beneficial effects of AST. Given the significance of
efficacy, safety, pharmacokinetics, and pharmacological mechanisms
for effective clinical translation, we employed a combination of a
systematic and traditional review to comprehensively analyze all of
these parameters. The findings in this review suggest that AST is a
promising natural neuroprotective agent for SCI treatment.

There are several limitations to our study. First, the included
studies were still limited although an extensive search strategy was
applied, which may challenge the results and meaning of our meta-
analysis. However, analyzing the dynamic changes of BBB scores and
using the multimodal assessments (assessor evaluation, biochemistry
indicators, and histopathological examinations) were beneficial for
indicating the actual effects of AST. Additionally, the TSA analyses
further confirmed the results from our meta-analyses. Second,
substantial heterogeneity between studies was presented in our review.
The heterogeneity appears to be linked to the differences in injury
type, administration route, and other above factors, and may lead to
improper understanding of the efficacy of AST. However, the random
effect model widely used in our analyses reduced the risk of producing
incorrect results to a certain degree. Meanwhile, the robust results in
sensitivity analyses and consistent result tendencies among the studies
enhanced the strength of evidence regarding AST efficacy. Third,
systematic subgroup analyses are important for investigating the
efficacy of AST in distinct scenarios. Due to the variable distribution
in studies and the limited number of included studies, subgroup
analyses with respect to rat gender, injury level, timing, or dose of
administration were not conducted. Fourth, the SYRCLE’s RoB tool
showed a potential risk of bias within the included studies. It is a
common problem for animal studies, but may have produced
unreliable results in the included studies and our meta-analyses.

Conclusion

In conclusion, our meta-analyses agreed that AST can ameliorate
neurological function deficits and attenuate tissue damage in treating
SCI. The TSA firmly proved the beneficial effects of AST on the
locomotor recovery of rats following SCI. Meanwhile, AST exhibits
favorable safety in numerous animal and human studies, with a rational
neuroprotective mechanism. Therefore, we suggest that AST is a
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promising candidate for future clinical trials of SCI, which may result in
a novel clinical therapy for this disease. Nonetheless, to move toward
clinical trials, extensive pre-clinical studies are needed to understand the
in-depth mechanisms of AST on SCI. Meanwhile, the results of this
review should be interpreted cautiously due to the limitations in the
design and methodological quality of the included studies.
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