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Objective: The optimal therapeutic strategies of stem cells for spinal cord injury (SCI) are
fully explored in animal studies to promote the translation of preclinical findings to clinical
practice, also to provide guidance for future animal experiments and clinical studies.

Methods: PubMed, Web of Science, Embase, CNKI, Wangfang, VIP, and CBM were
searched from inception to September 2021. Screening of search results, data extraction,
and references quality evaluation were undertaken independently by two reviewers.

Results and Discussion: A total of 188 studies were included for data analysis. Results of
traditional meta-analysis showed that all 15 diverse types of stem cells could significantly
improve locomotor function of animals with SCI, and results of further network meta-analysis
showed that adipose-derived mesenchymal stem cells had the greatest therapeutic potential
for SCI. Moreover, a higher dose (≥1 × 106) of stem cell transplantation had better therapeutic
effect, transplantation in the subacute phase (3–14 days, excluding 3 days) was the optimal
timing, and intralesional transplantation was the optimal route. However, the evidence of
current animal studies is of limited quality, and more high-quality research is needed to further
explore the optimal therapeutic strategies of stem cells, while the design and implementation of
experiments, as well as measurement and reporting of results for animal studies, need to be
further improved and standardized to reduce the risk when the results of animal studies are
translated to the clinic.

Systematic Review Registration: [website], identifier [registration number].

Keywords: stem cell, spinal cord injury, therapeutic strategies, animal studies, systematic review, network meta-
analysis

INTRODUCTION

Spinal cord injury (SCI) can result in many serious consequences, such as paralysis, sensorimotor
dysfunction, urinary incontinence, and gastrointestinal dysfunction, and the age of over half of the
patients is 16–30 years old (Kooijmans et al., 2017). Moreover, cervical SCI accounts for
approximately 55% of all SCI cases, and its mortality rate is as high as 10% in the first year,
with a life expectancy of only 10–15 years after injury (Vawda et al., 2012). Globally, according to the
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World Health Organization (WHO), about 250,000–500,000
people suffer from SCI annually, with approximately
11,000–20,000 new cases each year in the United States alone
(Organization and Society, 2013; Cox, 2018).

The loss of massive neurons and glial cells, demyelination,
cavities, and glial scar formation result from the death of nerve
cells within 12 h to a few weeks after SCI (Guest et al., 2005;
Barnabé-Heider and Frisén, 2008). The current clinical therapies
such as spinal decompression surgery, treatment for spasticity,
and rehabilitation therapy can merely alleviate symptoms,
however, it is difficult to promote the regeneration of damaged
nerves and the recovery of motor function (Ashammakhi et al.,
2019). Altogether SCI has become a major health issue of global
concern.

Recently, the development of molecular and regenerative
medicine as well as insights into the pathophysiology of SCI
has brought new hope for the treatment of SCI (Mosley et al.,
2017). Among these, cell therapy has become a focus in the field
of SCI because of its unique potential for neuroprotection,
angiogenesis, immunomodulation, and tissue regeneration
(Ashammakhi et al., 2019; Guo et al., 2019). In particular,
various stem cells, such as neural stem cells (NSCs),
mesenchymal stem cells, and others, can differentiate into
neural cells and glial cells, and thus exhibit great therapeutic
potential in preclinical studies by replacing damaged neurons,
promoting remyelination of axons, promoting angiogenesis,
bridging cysts or cavities, reducing inflammatory factors, and
so on, and promoting functional recovery of SCI (De Feo et al.,
2012; Mothe and Tator, 2012; Ashammakhi et al., 2019).
However, their further applications are limited by the
disadvantages of low survival rate, easy migration away from
the site of injury, hyperproliferation, formation of ectopic stem
cells or tumors, differentiation into cells that do not require or
cannot be regenerated, and abnormal axon formation
(Ashammakhi et al., 2019).

At present, stem cell therapy for SCI remains controversial.
For example, multiple studies have shown NSCs are the best
choice to promote functional recovery of patients with SCI
(Abematsu et al., 2010; Amemori et al., 2013). However, Nutt
et al. (2013) viewed that NSCs have limited capacity to repair SCI.
In addition, bone marrow mesenchymal stem cells (BMSCs) have
shown promising potential in the treatment of SCI because of
their low immunogenicity and high availability, while they can
secrete a number of molecules including nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), and vascular
endothelial growth factor (VEGF) (Huang et al., 2021). However,
some studies have shown that BMSCs do not show better effects
in improving motor function in patients with SCI than
conventional therapy (Karamouzian et al., 2012). In contrast,
umbilical cord-derived mesenchymal stem cells (UCMSCs) are
more effective in promoting motor recovery than BMSCs (Kaner
et al., 2010).

Although many previous animal studies (Yousefifard et al.,
2016; Assinck et al., 2017; Nagoshi and Okano, 2017) and meta-
analysis results showed that (Oliveri et al., 2014; Muthu et al.,
2020) stem cell transplantation improved the motor function in
animals with SCI, there were still some limitations: (1) In

previously published systematic reviews, stem cells of different
types, sources, transplant doses, transplant routes, and transplant
timings were unified as experimental groups to compare with the
placebo groups, subgroup analysis was not performed. Although
it is concluded that stem cells have potential advantages, this
“comprehensive” analysis method makes the results more
heterogeneic when combined, thus affecting the authenticity of
the meta-analysis results, which makes it difficult to provide
reference for clinical trials (Oliveri et al., 2014). 2) In the
published studies, only the data of the endpoint of follow-up
were selected for final analysis, which was difficult to test the
therapeutic effect of stem cells in the whole process, and the
endpoint of follow-up of different studies was quite different, so
the rationality of the combination of results at different time
points was questionable (Oliveri et al., 2014; Yousefifard et al.,
2016). 3) It has been suggested that the transplantation timing of
stem cells was the key factor that determines their targeting effect
(Chhabra and Sarda, 2017a), and the optimal transplantation
dose and type of stem cells were major issues that promoted
further development of stem cell therapy for SCI (Abbaszadeh
et al., 2018). Although nearly a thousand animal experiments of
stem cell therapy for SCI have been published, including various
stem cells and their transplantation doses, timings, and routes,
few studies have explored which kind of dose, route, and timing of
stem cells are the best for the treatment of SCI (Zholudeva and
Lane, 2019). In addition, preliminary clinical trials of stem cells
for SCI have been conducted. However, its unsatisfactory
therapeutic effect and serious complications limit further
large-scale clinical trials (Hu et al., 2021). The main reason
why patients do not achieve the expected results is that the
optimal repair strategy of stem cells is still unclear. At the
same time, it is even more unrealistic to explore the optimal
repair strategy clinically due to safety and ethical issues.

Therefore, we intend to comprehensively collect the animal
studies of stem cell therapy for SCI at home and abroad,
explore the real effects of different stem cell therapies
through traditional meta-analysis and network meta-
analysis in node-wise manner, and at the same time further
explore the optimal stem cell type for repairing SCI and its
dose, timing, and route of transplantation. Our results will be
of immense value in reducing the risk of translation of animal
experimental findings to the clinic, avoiding waste of
experimental resources, and facilitating the development of
animal experiments and clinical research in the future.

MATERIALS AND METHODS

Inclusion and Exclusion Criteria
Subjects
The results of previous experiments based on animal models of
SCI (cats, dogs, and monkeys) while the conducted clinical trials
were disappointing. The pathophysiology of glial scars and cysts
produced during SCI in rodents (mainly rats) is more similar to
humans, while at the same time is less costly and more
standardized, making them the most commonly used SCI
animal models to date (Tator, 1995; Kjell and Olson, 2016).
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Therefore, we included rat SCI models without restricting the
animal strain and modeling modality.

Interventions
Stem cells, without restriction to their species and source.

Control
(1) Positive control: comparison of different routes, doses, and
timings of transplantation between the same stem cells, or
contrasts between different stem cells. (2) Negative control:
normal saline, PBS, vehicle, cultural medium, blank,
DMSO, DMEM.

Outcome
Basso–Beattie–Bresnahan (BBB) locomotor rating scale (Basso
et al., 1996). BBB score was from 0 points (no visible hind limb
movement change) to 21 points (continuous plantar gait and
continuous coordination with forelimb movement change; toe
continuous grip when moving forward; when the foot is in
contact with the ground or raised, the main posture is parallel
to the body; the tail is continuously raised and the trunk is
continuously stable), which could directly reflect the recovery of
motor function in rats. The higher the score, the better the
recovery of motor function of the rats.

Most studies reported the BBB score of rats with SCI within
8 weeks of follow-up. However, there was no research on staging
the recovery stage of SCI in rats in the previous research or
systematic review published at present. To avoid duplication of
data and maximize the utilization of the obtained data, we
performed a rational selection of data based on the recovery of
motor function and inflammatory response in rats after SCI.

The data were selected as follows. The early phase of cellular
inflammation consists mainly of neutrophils (peaking at 1 d after
injury), macrophages/microglia (peaking at 7 d after injury), and
T cells (peaking at 9 d after injury) (Beck et al., 2010). In addition,
studies on rats showed that transplanting macrophages with an
M2 phenotype promoted nerve regeneration and improved
functional recovery after SCI in rats, also, macrophages peaked
again at 60 days post-injury (Beck et al., 2010; Nakajima et al.,
2012; Miron et al., 2013). Among the included studies, most were
transplanted stem cells immediately after injury. Therefore, we
selected data from studies at 1 and 8 weeks (the period with the
most robust inflammatory response) after stem cell therapy for
analysis. In addition, the glial scar composed of astrocytes can
form a physical barrier and express molecules that inhibit axonal
growth. Three weeks after injury is a critical period for the “scar”
maturation of astrocytes (Kjell and Olson, 2016). Therefore, we
selected study data from week 3 after stem cell therapy for
analysis. Previous studies have shown that the recovery of
motor function of rats after SCI showed a plateau at about
5 weeks (Osaka et al., 2010; Morita et al., 2016). Thus, we
selected study data from week 5 after stem cell therapy for
analysis.

In summary, we selectively included data from weeks 1, 3, 5,
and 8 after stem cell therapy for the final analysis. Our data were
chosen based on the lack of staging criteria for the recovery of
motor function in rats after stem cell transplantation in the most

rational way, which may also provide some references for future
studies. However, the scientific and rationality of staging methods
need to be further verified by establishing a standardized
SCI model.

Type of Study
Control studies were included, there were no restrictions on the
blind method.

Search Strategy
Electronic search of PubMed, Ovid-Embase, Web of Science,
China National Knowledge Infrastructure (CNKI), Chinese
Scientific Journal Database (CSJD-VIP), Wanfang Database,
and China Biomedical Literature Database (CBM) databases
was performed from inception to September 2021.
Additionally, we searched reference lists of identified articles
and published meta-analysis and reviews. The search terms are
shown: (Spinal cord injury OR Spinal injury OR Spinal Cord
Trauma OR Spinal Cord Transection OR Spinal Cord Laceration
OR Post-Traumatic Myelopathy OR Spinal Cord Contusion)
AND (Stem cell OR Stem cells). See Supplementary Table S1
for full search strategies of each database.

Literature Screening and Data Extraction
Two trained researchers selected the papers and extracted the
data in strict accordance with the inclusion/exclusion criteria and
cross-checked them. In case of disagreement, a third party would
decide. Data were extracted according to the pre-established full-
text data extraction checklist, including: (1) Basic information:
author, year, type of study; sex, age, body weight, sample size, and
modeling methods of the animals; type, source, dose, route,
timing of transplantation of stem cell; and intervention
measures in the control group. (2) Outcomes: BBB score.

Risk of Bias Assessment
Based on SYRCLE’s risk of bias tool for animal studies
(Hooijmans et al., 2014), two trained researchers
independently evaluated and cross-checked the inherent risk
of bias in the included studies, covering selection bias,
implementation bias, measurement bias, follow-up bias,
reporting bias, and other bias from a list of 10 questions or
tools. A difference in opinions was negotiated or decided by a
third party. The answer to the assessment questions (tools)
should be either “yes” which indicated low risk of bias, or
“no” which indicated high risk of bias. For unclear items, an
answer with “unclear” was assigned.

Statistical Analysis
STATA 16.0 Software was used for the traditional meta-analysis
of the data. Weighted mean difference (WMD) was used as the
effect analysis statistic for continuous variables, and 95%
confidence intervals (CI) were provided for each effect.
Heterogeneity of results between studies was assessed by a χ2
test, and the significant level for heterogeneity test was p = 0.1.
Meanwhile, combine with I2 to quantitatively judge the size of
heterogeneity. If there was no statistical heterogeneity among the
results, the fixed effect model was adopted for meta-analysis.
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Otherwise, the sources of heterogeneity were further analyzed.
After excluding the influence of obvious clinical heterogeneity,
the random effects model was used for meta-analysis. Significance
level for tests was set at 0.05.

The statistics of Bayesian meta-analysis were performed using
GeMTC-0.14.3 software. GeMTC-0.14.3 software used Markov
chain-Monte Carlo (MCMC) method prior to an evaluation of
the data based on the Bayesian model, to realize network meta-
analysis. The initial iteration was set to 50,000 times. Model fit
was assessed and compared between fixed- and random-effects
models using the deviance information criterion (DIC). A
consistency model was used for network meta-analysis, and
p < 0.05 was considered statistically significant. The
inconsistency between direct and indirect evidence was
assessed by using the node-splitting model, which could
calculate the difference between direct and indirect evidence.
At the same time, the potential scale reduced factor (PSRF) was
used to evaluate the convergence of the results. When the PSRF
value is close to or equal to 1, the convergence is complete, the
model has good stability, and the conclusion of analysis is reliable.
We performed data preprocessing by network group command of
STATA 16.0 software to draw a web plot for comparison among
various interventions and detect publication bias.

Through the comprehensive analysis of the included studies, we
only conducted a network meta-analysis of NSCs and mesenchymal
stem cells from bone marrow, fat, and umbilical cord, which are
widely studied and have great therapeutic potential (Assinck et al.,
2017). The small number of stem cell studies of other types are
susceptible to individual studies to produce small sample bias, while
there is large selection bias, reporting bias, and measurement bias, it
is rare to make reliable conclusions. Therefore, we only conducted
traditional meta-analysis on them.

We comprehensively compared the most effective stem cells
for SCI by network meta-analysis, and then, performed network
meta-analysis of this stem cell in the transplantation timings after
SCI [acute phase, ≤ 3 days; subacute phase, ≤ 14 days; chronic
phase, > 14 days (Rowland et al., 2008; Yousefifard et al., 2019)],
the transplantation doses (high dose, ≥1 × 106; low dose, ＜1 ×
106) (Yousefifard et al., 2016), and the transplantation routes
(spinal cord, tail vein) to obtain the optimal therapeutic strategy
of this stem cell.

RESULTS

Literature Search Results
We obtained 19,210 relative references, including 4931 Chinese
references and 14,279 English references. After excluding
duplicates and those not meeting inclusion criteria, 188
references of stem cell therapy for SCI were finally included,
including 153 English and 35 Chinese references. The references
screening process is listed in Figure 1.

Basic Information of the Included Studies
In the included studies, 166 were randomized controlled trials, and
22 were controlled studies. The breeds of rats included albino rats (1
study), CBH-rnu/Arc (Athymic Nude) rats (1 study), Fischer 344

rats (2 studies), Long-Evans hooded rats (2 studies), SD rats (127
studies), Wistar rats (53 studies), and the breed of rats was not
reported in two studies. The sex of the rats included male (70
studies), female (80 studies), half male and half female (13 studies),
and the sex of the rats was not reported in 25 of these studies. The
weight of the rats ranged from 70 to 400 g, age ranged from 3 to
16 weeks, sample size ranged from 6 to 141, the mode of modeling
included extrusion (29 studies), contusion (115 studies), ischemia (2
studies), transection (36 studies), and 6 studies did not report specific
modeling modalities, see Figure 2A. The included studies involved
15 kinds of stem cells, including bone marrow mesenchymal stem
cells (BMSCs, 92 studies), neural stem cells (NSCs, 45 studies),
umbilical cord mesenchymal stem cells (UCMSCs, 28 studies),
adipose-derived mesenchymal stem cells (ADMSCs, 12 studies),
amniotic epithelial cells (AECs, 2 studies), adult stem cells (ASCs, 1
study), dental pulp stem cells (DPSCs, 5 studies), embryonic stem
cell (ESCs, 1 study), human amniotic mesenchymal stem cells
(hAMSCs, 2 studies), human olfactory ecto-mesenchymal stem
cells (hOE-MSCs, 1 study), hematopoietic stem cells (HSCs, 1
study), human skin-derived mesenchymal stromal cells
(hSDMSCs, 1 study), human urine-derived stem cells (hUSCs, 1
study), placental-derived mesenchymal stem cells (PDMSCs, 1
study), induced pluripotent stem cells (IPSCs, 1 study), see
Figure 2B. Sources of stem cells include autologous, allogeneic,
xenogeneic stem cells, routes of transplantation include intralesional
(149 studies), vein (38 studies), subarachnoid space (7 studies), see
Figure 2C. Doses of transplantation ranged from 1 × 104 to 1 × 108.
Negative controls included normal saline, PBS, vehicle, cultural
medium, blank, DMSO, DMEM, see Figure 2D. The basic
information of the included studies is shown in Supplementary
Table S2.

Results of Risk-of-Bias Assessment
Of the 188 studies included, there were 166 RCTs, however, only
7.83% (13/166) reported randomization of laboratory animals using
a random number table or computerized randomization, but it did
not report whether concealed grouping was implemented. There was
97.68% (178/188) of the studies that clearly reported the balance of
baseline characteristics such as age, sex, and body weight of rats;
65.43% (123/188) of studies reported randomized placement of rats
during the experimental period. Due to the limited information
provided by the included studies, it was not possible to judgewhether
they were blind to animal breeders and/or investigators. Only 8.51%
(16/188) of studies reported randomly selecting animals at the time
of outcome measurement. Blinding of outcome assessors was
applied in 67.02% (126/188) of studies. The rats in 76.06% (143/
188) of the studies were all included in the final analysis. All studies
did not have access to the protocol, but all expected results were
clearly reported. The risk of bias assessment for all studies is detailed
in Figure 3.

Results of a Traditional Meta-Analysis of 15
Different Types of Stem Cells
First Week After Stem Cell Therapy
Of the 188 included studies, 157 studies reported the recovery of
motor function in rats at week 1 after stem cell therapy, including

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8198614

Shang et al. Stem Cell Therapies for SCI

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


13 types of stem cells (except hOE-MSCs and hUSCs). The results
of meta-analysis based on the random effects model showed that
the BBB scores of all 13 types of stem cells groups were
significantly higher than those of the negative control group,
and the difference was statistically significant, see Supplementary
Table S3.

Third Week After Stem Cell Therapy
Of the 188 included studies, 146 studies reported the recovery of
motor function in rats at week 3 after stem cell therapy, including
all 15 types of stem cells. The results of meta-analysis based on the
random effects model showed that the BBB scores of all stem cell
groups were significantly higher than those of the negative
control group, and the difference was statistically significant,
see Supplementary Table S4.

Fifth Week After Stem Cell Therapy
Of the 188 included studies, 94 studies reported the recovery of
motor function in rats at week 5 after stem cell therapy, including
12 types of stem cells (except PDMSCs, AECs, and hUSCs). The
results of meta-analysis based on the random effects model

showed that the BBB scores of all 12 types of stem cells
groups were significantly higher than those of the negative
control group, and the difference was statistically significant,
see Supplementary Table S5.

Eighth Week After Stem Cell Therapy
Of the 188 included studies, 56 studies reported the recovery of
motor function in rats at week 8 after stem cell therapy, including
10 types of stem cells (except PDMSCs, AECs, hUSCs, ESCs, and
HSCs). The results of meta-analysis based on the random effects
model showed that the BBB scores of all 10 types of stem cell
groups were significantly higher than those of the negative
control group, and the difference was statistically significant,
see Supplementary Table S6.

Results of Network Meta-Analysis of Four
Types of Stem Cells
First Week After Stem Cell Therapy
A total of 146 studies were included for network meta-analysis.
The evidence network showed that there was no direct

FIGURE 1 | Flowchart of references—screening process.
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comparison between BMSCs vs. UCMSCs, NSCs vs. UCMSCs,
and NSCs vs. ADMSCs, and there were few studies on direct
comparison between other types of stem cells. At the same time,

the number of studies on BMSCs was the largest, see Figure 4A.
Consistent with the results of traditional meta-analysis, the
results of network meta-analysis indicated that rats had

FIGURE 2 | Basic information for inclusion in the study [(A): The modeling method rats. (B): Types of stem cells. (C): Route of administration of stem cells. (D):
Specific measures in the placebo group].

FIGURE 3 | The results of the risk of bias assessment.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8198616

Shang et al. Stem Cell Therapies for SCI

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


significantly higher BBB scores in stem cell groups compared to
negative controls. However, the differences in BBB scores of rats
between the four types of stem cells were not statistically
significant, see Table 1. The comparison-correction funnel plot
was basically symmetrical, suggesting that there was less
possibility of publication bias and small sample effect, see
Figure 5A. Rank ordering results showed that UCMSCs might
be the most effective stem cells for SCI, see Supplementary
Table S7.

Third Week After Stem Cell Therapy
A total of 133 studies were included for network meta-analysis.
The evidence network showed that there was no direct
comparison between BMSCs vs. UCMSCs, NSCs vs. ADMSCs,
and there were few studies on direct comparison between other
types of stem cells. At the same time, the number of studies on

BMSCs was the largest, see Figure 4B. Consistent with the results
of traditional meta-analysis, the results of network meta-analysis
indicated that rats had significantly higher BBB scores in stem cell
groups compared to negative controls. However, the differences
in BBB scores of rats between the four types of stem cells were not
statistically significant, see Table 2. The comparison-correction
funnel plot was asymmetric, suggesting that there may be
publication bias and small sample effects, see Figure 5B. Rank
ordering results showed that ADMSCs might be the most
effective stem cells for SCI, see Supplementary Table S8.

Fifth Week After Stem Cell Therapy
A total of 86 studies were included for network meta-analysis.
The evidence network showed that there was no direct
comparison between BMSCs vs. UCMSCs, BMSCs vs.
ADMSCs, and NSCs vs. ADMSCs, and there were few studies

FIGURE 4 | Evidence network diagram [Circle size represents sample size involved; thickness of the line segment represents the number of studies involving both
interventions. (A) The first week; (B) the third week; (C) the fifth week; (D) the eighth week].

TABLE 1 | Network meta-analysis results 1 week after stem cell therapy.

ADMSCs

0.03 (−1.28, 1.35) BMSCs
0.62 (−0.83, 2.04) 0.58 (−0.24, 1.42) NSCs
1.47 (0.21, 2.73) 1.44 (1.03, 1.86) 0.85 (0.13, 1.57) Placebo
−0.19 (−1.69, 1.30) −0.22 (−1.23, 0.78) −0.81 (−1.96, 0.34) −1.66 (−2.58, −0.74) UCMSCs

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8198617

Shang et al. Stem Cell Therapies for SCI

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


on direct comparison between other types of stem cells. At the
same time, the number of studies on BMSCs was the largest, see
Figure 4C. Consistent with the results of traditional meta-
analysis, the results of network meta-analysis indicated that
rats had significantly higher BBB scores in stem cell groups
compared to negative controls. However, the differences in
BBB scores of rats between the four types of stem cells were
not statistically significant, see Table 3. The comparison-
correction funnel plot was asymmetric, suggesting that there
may be publication bias and small sample effects, see
Figure 5C. Rank ordering results showed that ADMSCs might
be the most effective stem cells for SCI, see Supplementary
Table S9.

Eighth Week After Stem Cell Therapy
A total of 53 studies were included for network meta-analysis.
The evidence network showed that there was no direct
comparison between BMSCs vs. UCMSCs, BMSCs vs.
ADMSCs, NSCs vs. UCMSCs, and NSCs vs. ADMSCs, and
there were few studies on direct comparison between other
types of stem cells. At the same time, the number of studies
on BMSCs was the largest, see Figure 4D. Consistent with the
results of traditional meta-analysis, the results of network meta-
analysis indicated that rats had significantly higher BBB scores in
stem cell groups compared to negative controls. However, the
differences in BBB scores of rats between the four types of stem
cells were not statistically significant, see Table 4. The

FIGURE 5 | The comparison-correction funnel plot [(A) The first week. (B) The third week. (C) The fifth week. (D) The eighth week].

TABLE 2 | Network meta-analysis results 3 weeks after stem cell therapy.

ADMSCs

0.02 (−1.63, 1.69) BMSCs
0.41 (−1.41, 2.27) 0.39 (−0.69, 1.51) NSCs
3.02 (1.46, 4.61) 3.00 (2.42, 3.58) 2.61 (1.67, 3.54) Placebo
0.11 (−1.76, 1.95) 0.07 (−1.15, 1.27) −0.32 (−1.76, 1.09) −2.93 (−3.99, −1.89) UCMSCs

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8198618

Shang et al. Stem Cell Therapies for SCI

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


comparison-correction funnel plot was asymmetric, suggesting
that there may be publication bias and small sample effects, see
Figure 5D. Rank ordering results showed that ADMSCs might be
the most effective stem cells for SCI, see Supplementary
Table S10.

Optimal Strategies for Stem Cell Therapy
of SCI
Through a comprehensive analysis of the four types of stem cells,
we found that UCMSCs may be the most effective stem cells for
the treatment of SCI in the first week after stem cell
transplantation, while ADMSCs may be the most effective
stem cells in the third, fifth, and eighth weeks after stem cell
transplantation. Based on the results of the comprehensive
analysis at different time points, in addition, the limited
sources of UCMSCs and the potential ethical concerns (for
example, the umbilical cord is the genetic resource of pregnant
women and newborns, which is protected by law, and the
acceptance of umbilical cord varies greatly among people with
diverse cultural backgrounds). We believe that ADMSCs have
more therapeutic potential in SCI.

Optimal Dose of Stem Cell Transplantation
To avoid the influence of different transplantation routes and
timings on the effect of different transplantation doses of stem
cells, we performed a network meta-analysis in subgroups (for
example, intralesional transplantation + acute phase
transplantation, indicating that the subgroup is to explore the
optimal therapeutic dose of stem cells undergoing intralesional
transplantation during the acute phase). The third week after
stem cell transplantation, (1) Intralesional transplantation +
Acute phase transplantation: there was no significant
difference in BBB scores between different doses [WMD =
1.84 (−6.21, 2.42)], ranking results showed that high dose
transplantation had the best therapeutic effect (Possibility
ranking: High dose = 84% ＞ Low dose = 15%). (2)
Intralesional transplantation + Subacute phase transplantation:
there was no significant difference in BBB scores between

different doses [WMD = 2.76 (−5.68, 10.98)], ranking results
showed that high dose transplantation had the best therapeutic
effect (Possibility ranking: High dose = 78%＞ Low dose = 21%).
3) Intravenous transplantation + Acute phase transplantation,
Intravenous transplantation + Subacute phase transplantation:
there were only high-dose study data. The fifth week after stem
cell transplantation, (1) Intralesional transplantation + Acute
phase transplantation: there was no significant difference in
BBB scores between different doses [WMD = -0.55 (−3.17,
4.10)], ranking results showed that high dose transplantation
had the best therapeutic effect (Possibility ranking: High dose =
65% ＞ Low dose = 34%). (2) Intralesional transplantation +
Subacute phase transplantation: there was no significant
difference in BBB scores between different doses [WMD =
0.48 (−8.30, 9.44)], ranking results showed that high dose
transplantation had the best therapeutic effect (Possibility
ranking: High dose = 56% ＞ Low dose = 44%). (3)
Intravenous transplantation + Subacute phase transplantation:
there were only high-dose study data. At the eighth week after
stem cell transplantation, only a high dose of research data can be
obtained.

In conclusion, the different subgroup analyses yielded
consistent results that higher dose transplantation (≥1 × 106)
may have better therapeutic effects.

Optimal Route of Stem Cell Transplantation
To avoid the influence of different transplantation doses and
timings on the effect of different transplantation routes of stem
cells, we performed a network meta-analysis in subgroups. The
third week after stem cell transplantation, (1) Acute phase
transplantation + High dose transplantation: there was no
significant difference in BBB scores between different routes
[WMD = −2.99 (−9.70, 3.78)], ranking results showed that
intralesional transplantation had the best therapeutic effect
(Possibility ranking: intralesional transplantation = 84% ＞
intravenous transplantation = 13%). (2) Subacute phase
transplantation + High dose transplantation: there was no
significant difference in BBB scores between different routes
[WMD = 2.09 (−6.48, 10.92)], ranking results showed that

TABLE 3 | Network meta-analysis results 5 weeks after stem cell therapy.

ADMSCs

0.23 (−1.52, 1.92) BMSCs
1.06 (−0.76, 2.90) 0.84 (−0.30, 2.00) NSCs
3.74 (2.12, 5.27) 3.50 (2.84, 4.18) 2.66 (1.74, 3.58) Placebo
0.20 (−1.72, 2.09) −0.03 (−1.42, 1.32) −0.86 (−2.36, 0.58) −3.53 (−4.72, −2.35) UCMSCs

TABLE 4 | Network meta-analysis results 8 weeks after stem cell therapy.

ADMSCs

1.01 (−1.28, 3.29) BMSCs
0.85 (−1.46, 3.22) −0.15 (−1.30, 1.01) NSCs
4.25 (2.11, 6.44) 3.26 (2.48, 4.04) 3.40 (2.53, 4.28) Placebo
0.62 (−1.82, 3.07) −0.38 (−1.75, 0.94) −0.23 (−1.66, 1.15) −3.64 (−4.76, −2.56) UCMSCs
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intralesional transplantation had the best therapeutic effect
(Possibility ranking: intralesional transplantation = 72% ＞
intravenous transplantation = 28%). (3) Acute phase
transplantation + Low dose transplantation, Subacute phase
transplantation + Low dose transplantation: there were only
data about intralesional transplantation. The fifth week after
stem cell transplantation, (1) Acute phase transplantation +
Low dose transplantation, Acute phase transplantation + High
dose transplantation, Subacute phase transplantation + Low dose
transplantation: there were only data about intralesional
transplantation. (2) Subacute phase transplantation + High
dose transplantation: there was no significant difference in
BBB scores between different routes [WMD = 1.35 (−5.23,
7.43)], ranking results showed that intralesional
transplantation had the best therapeutic effect (Possibility
ranking: intralesional transplantation = 71% ＞ intravenous
transplantation = 29%). At the eighth week after stem cell
transplantation, only the data of intralesional transplantation
can be obtained.

In conclusion, the different subgroup analyses yielded
consistent results that intralesional transplantation may have
better therapeutic effects.

Optimal Timing of Stem Cell Transplantation
To avoid the influence of different transplantation doses and
routes on the effect of different transplantation timings of stem
cells, we performed a network meta-analysis in subgroups. The
third week after stem cell transplantation, (1) Intralesional
transplantation + Low dose transplantation: there was no
significant difference in BBB scores between different timings
[WMD = −0.06 (−4.17, 4.12)], ranking results showed that
subacute phase transplantation had the best therapeutic effect
(Possibility ranking: Subacute phase transplantation = 51% ＞
Acute phase transplantation = 48%). (2) Intralesional
transplantation + High dose transplantation: there was no
significant difference in BBB scores between different timings
[WMD = −4.64 (−16.60, 7.34)], ranking results showed that
subacute phase transplantation had the best therapeutic effect
(Possibility ranking: Subacute phase transplantation = 81% ＞
Acute phase transplantation = 17%). (3) Intravenous
transplantation + High dose transplantation: there was no
significant difference in BBB scores between different timings
[WMD = −0.38 (−7.56, 8.68)], ranking results showed that
subacute phase transplantation had the best therapeutic effect
(Possibility ranking: Subacute phase transplantation = 54% ＞
Acute phase transplantation = 45%). The fifth week after stem cell
transplantation, (1) Intralesional transplantation + Low dose
transplantation: there was no significant difference in BBB
scores between different timings [WMD = −3.05 (−4.92,
10.62)], ranking results showed that subacute phase
transplantation had the best therapeutic effect (Possibility
ranking: Subacute phase transplantation = 83% ＞ Acute
phase transplantation = 15%). (2) Intralesional transplantation
+High dose transplantation: there was no significant difference in
BBB scores between different timings [WMD = −3.02 (−11.93,
5.65)], ranking results showed that subacute phase
transplantation had the best therapeutic effect (Possibility

ranking: Subacute phase transplantation = 81% ＞ Acute
phase transplantation = 19%). (3) Intravenous transplantation
+ High dose transplantation: there were only study data about the
subacute phase. The eighth week after stem cell transplantation,
Intralesional transplantation + High dose transplantation: there
was no significant difference in BBB scores between different
timings [WMD = −4.48 (−12.11, 3.10)], ranking results showed
that subacute phase transplantation had the best therapeutic
effect (Possibility ranking: Subacute phase transplantation =
92% ＞ Acute phase transplantation = 7%).

In conclusion, the different subgroup analyses yielded
consistent results that subacute phase transplantation may
have better therapeutic effects.

DISCUSSION

As a promising treatment, stem cells have made great progress in
animal studies of SCI. However, the transformation of stem cells is
an area that is particularly sensitive and needs to be treated with
caution (Blight et al., 2009). Therefore, fully exploring the
therapeutic potential and optimal therapeutic strategies of
various stem cells in animal studies is critical to inform clinical
practice and reduce the risk of clinical trials. Systematic review is an
effective solution, which can strictly evaluate the real effect of stem
cells in animal studies and the risk of their clinical transformation.
Based on this, we comprehensively analyze the real therapeutic
effects of stem cells in animal studies by traditional and network
meta-analysis, while exploring the optimal stem cell treatment
strategies.

Summary of Evidence
Traditional Meta-Analysis
The results of traditional meta-analysis showed that rats in all
sorts of stem cell groups exhibited better motor function scores
after treatment compared with the negative control group. This is
consistent with the results of other meta-analyses, which fully
illustrates the great therapeutic potential of stem cells in SCI
(Abbaszadeh et al., 2018). Although several types of stem cells can
effectively promote the recovery of motor function in rats with
SCI, there are currently many types of stem cells, and their routes,
timings, and doses of transplantation are various. It is difficult to
truly explore the real effect of stem cells under different treatment
methods by comparing diverse types of stem cells with a negative
control group only through traditional meta-analysis. The results
obtained are also difficult to provide reference value for future
animal and clinical studies.

In addition, stem cells have been preliminarily studied in the
clinic. Unfortunately, they did not achieve the desired therapeutic
effects. For example, studies of Muthu et al. have shown that stem
cell therapy did not improve motor score and activities of daily
living score in SCI patients (Muthu et al., 2020). Furthermore,
there are still problems with the methodological quality of current
clinical trials, such as the low number of patients recruited, non-
randomized controlled studies, short follow-up time, and ethical
issues, which reduce the credibility of the study (Goel, 2016).
Also, it is difficult to conduct large-scale clinical trials to explore
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specific therapeutic strategies of stem cells. Thus, fully exploring
the optimal therapeutic strategies for stem cells in preclinical
studies is crucial.

Optimal Type of Stem Cell Transplantation
Previous studies have shown that mesenchymal stem cells have
the advantages of diverse sources (bone marrow, fat, umbilical
cord, amniotic fluid, etc.), relatively easy to obtain, few ethical
issues, and expanded in vitro efficiency. In addition, the efficiency
of migration of transplanted mesenchymal stem cells to lesion
sites is higher than that of other types of stem cells (such as neural
stem cells and adult stem cells), becoming the most promising
stem cells for repairing SCI and the most studied stem cells in
preclinical and clinical studies (Lu et al., 2006; Fischer et al., 2009;
Dasari et al., 2014; Qu and Zhang, 2017). This is consistent with
the results of our network meta-analysis that mesenchymal stem
cells, especially BMSCs, are the focus of research. The initial study
suggested that BMSCs were pluripotent and could be
differentiated into nerve cells and glial cells. However, these
views are being questioned. Transplanted cells may undergo
trans-differentiation or fusion rather than differentiation
(Kozorovitskiy and Gould, 2003). Therefore, the reliability of
the therapeutic effect of BMSCs is questionable. Meanwhile, we
further compared the effect of different stem cells in repairing SCI
by network meta-analysis and found that the effect of BMSCs for
repairing SCI was not the best one. We found that UCMSCs
might be the most effective stem cells in the first week after
transplantation, and the possible reason was that UCMSCs had
lower immunogenicity and a lower incidence of immune
rejection (Ryan et al., 2005). Instead, the results of 3, 5, and
8 weeks after transplantation showed that ADMSCs were the
most effective stem cells. The possible reason is that ADMSCs
could secrete more growth factors [such as BDNF, GDNF (Ohta
et al., 2008)], regulate the activation of immune cells (Kim et al.,
2015), neuroregeneration (Kolar et al., 2014; Menezes et al.,
2014), anti-apoptosis (Kang et al., 2007), and multi-lineage
differentiation (Kokai et al., 2014). Also, the activity of
ADMSCs is three times higher than that of BMSCs (Han
et al., 2015). In addition, ADMSCs senesce more slowly than
other kinds of cells and, after several passages, can still
differentiate into adipogenic, osteogenic, chondrogenic,
myogenic, and neurogenic cells (Estes et al., 2010; Gimble
et al., 2010; Meyerrose et al., 2010). However, ADMSCs is
activated less rapidly than UCMSCs and, therefore, they do
not exhibit better repair effects in the first week. However,
different from autologous stem cells in clinic, 55 of the 188
studies included in the analysis were heterogeneous stem cells.
The immune rejection caused by different sources of stem cells
may affect or cover up the real effect of stem cells. Therefore,
future studies need to further standardize the source of stem cells,
so that the animal experiment process is as close as possible to
clinical trials, to better promote the translation of animal
experiment results into clinical practice.

Although stem cell therapy for SCI has made tremendous
progress in animal studies and some clinical trials have been
conducted, the reproducibility of stem cell therapy remains a
great challenge (Ashammakhi et al., 2019). Standardizing the

source, dose, timing, and route of transplantation of stem cells is
an effective approach (Dominici et al., 2006). Thus, based on
comprehensive analysis to determine that ADMSCs may be the
most effective stem cells, we compared the efficacy of dose, route,
and time of stem cell transplantation at different time points by
network meta-analysis.

Optimal Dose of Stem Cell Transplantation
The results of meta-analysis based on a small number of
clinical trials showed that there was no statistical difference
between the scores for motor function of patients who
received low-dose (＜5 × 107) and high-dose (＞5 × 107)
cell transplantation. Although the authors did not come up
with inconsistent results between different doses, they were
cautious that the dose of stem cell transplantation remained a
key factor in determining transplant outcomes and needed
further study (Muthu et al., 2020). Unlike clinical studies,
stem cell therapy involves a larger range of transplantation
doses (1 × 104–1 × 108) in animal studies, and the same dose
does not necessarily show the same effect in animals and
humans. In view of the great difficulty comparing different
cell transplantation doses in clinical practice, it is especially
important to determine the optimal transplantation
treatment of stem cells in animal studies to guide clinical
practice. We subjected studies with different doses of
transplantation to a network meta-analysis, which showed
that high-dose transplantation of stem cell (≥1 × 106) was
superior to low-dose transplantation (≤1 × 106) in promoting
motor function recovery. Although the division of
transplantation doses in our study was different from that
of Hosseini et al. (doses were divided into ≥3 × 106 and ＜3 ×
106), the results both showed that higher doses of stem cell
transplantation may be more effective (Hosseini et al., 2015).
In addition, Hosseini et al. combined the results of different
genera (rats, mice, and dogs), different motor function score
scales (e.g., BBB scale, BMS score, and Olby test), which led to
great heterogeneity and affected the reliability of their
research results. Only BBB scores of rats were combined
for analysis in our study to reduce the heterogeneity
among different studies. Therefore, the optimal dose of
stem cell transplantation that we derived is more precise
and reliable. It is worth noting that Kumamaru et al. believed
high-dose cell transplantation would trigger a strong
inflammatory response that negatively affects the recovery
of motor function (Kumamaru et al., 2012). However, due to
the limited number of current studies, it is not possible to
further clarify a specific transplantation dose. Also, limited to
the significant differences that exist in animals and humans,
the effective transplantation dose for animals with SCI may
not be applicable in the clinic. Therefore, future studies
should further compare the differences in the effects of the
same or different transplantation doses in animals and
clinical patients to determine the applicability of animal
experimental results for clinical patients. Also, further
determination of the optimal dose of transplantation is
necessary to maximize the likelihood of achieving motor
function regeneration.
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Optimal Route of Stem Cell Transplantation
The location of stem cell transplantation after SCI impacts
transplanted cell fate (Assinck et al., 2017). Since the first
transplantation of mesenchymal stem cells in the 1990s,
intravenous administration has attracted much attention
because it does not require imaging equipment guidance
and surgical operation. In addition, 36 clinical trials
involving 1012 patients have not found any complications,
such as acute transfusion toxicity, fever, organ system
complications, infection, and longer-term adverse events
(death, malignancy) related to intravenous injection of
mesenchymal stem cells (Lalu et al., 2012). However,
mesenchymal stem cells should have migrated through the
cerebrospinal fluid barrier to the diseased spinal cord under
the action of chemokines (Cofano et al., 2019). The actual
situation is that most of the transplanted cells are trapped in
the lung through intravenous transplantation, and only a small
part of the cells migrates to the lesion site. Therefore, the
transplanted stem cells cannot fully play the role of repair due
to the limited number of actual cells reaching the lesion site
(Liau et al., 2020). Direct transplantation of stem cells to the
site of damage suggested higher transplant efficiency and
enhanced repair by Vaquero et al. (2006) and Shin et al.
(2013). This is consistent with the results of our network
meta-analysis showing that intralesional transplantation
performed better than with intravenous transplantation. It
is worth noting that the modality of intralesional
transplantation has shown superior results in rats because
the experimental personnel directly transplanted cells to the
injured site after animal modeling. However, there is usually
no open injury in clinical patients with SCI. Intralesional
transplantation may lead to secondary SCI and infection.
Thus, whether intralesional transplantation is appropriate
for humans remains controversial. In addition, intralesional
transplantation also faces great challenges in animal studies,
mainly that transplantation may lead to further SCI (e.g.,
needle stick injury), which, combined with the
uncontrollability of the dose, speed, pressure, etc., of
transplantation, can easily aggravate SCI. Currently,
intrathecal, subarachnoid, and ventricle have gradually
gained attention as potential routes of transplantation, but
the related studies are few and difficult to illustrate the
problems. In summary, the goal of different transplantation
routes is to increase the efficiency of stem cell colonization to
the injury site in order to exert repair effects. Thus, future
animal studies should further explore the advantages and
disadvantages of different routes and the effects of specific
operation on the recovery of motor function in SCI animals.

Optimal Timing of Stem Cell Transplantation
The most important factor affecting the therapeutic effect of
patients with SCI is the time when stem cells are transplanted to
the injured site to play their targeted role (Chhabra and Sarda,
2017a). At present, there is no clear consensus on the timing of
transplantation, but studies have shown that longer intervals to
transplantation are associated with more severe SCI (Oyinbo,

2011). Also, the meta-analysis by Hosseini et al. argued that stem
cell transplantation in the acute phase (first 4 days) after SCI was
more effective than that in the subacute phase (4 days later)
(Hosseini et al., 2015). However, the results of our network meta-
analysis for different time points all showed that transplantation
in the subacute phase (3–14 days) performed better than
transplantation in the acute phase (≤3 days). The discrepancy
in our findings with those of Hosseini et al., may be explained by
differences in the division of the period of SCI and the fact that
the transplantations in our study were ADMSCs and those in
Hosseini et al. were BMSCs. Although neither our studies nor
Hosseini et al. have provided a reasonable basis for dividing the
period of SCI, previously published animal studies suggested that
the cytotoxic environment caused by inflammatory response in
acute rats affects the survival and differentiation of stem cells
(Mothe and Tator, 2013). However, glial scar formation is slower
in the subacute phase, the inflammatory response subsides, and
transplanted stem cells can fully exert the repair effect (Jeong
et al., 2020). At the same time, based on actual clinical conditions,
most patients of SCI occur outside the hospital, and bringing
patients to the hospital for first aid can take hours, as well as time
is needed for the preparation and evaluation of cellular products.
Clinical patients cannot get stem cell transplantation immediately
after SCI as animals can. Thus, the results of cell transplantation
during the acute phase need to be interpreted and used with
caution. In conclusion, we believe that cell transplantation in the
subacute phase is more effective and more suitable for clinical
practice. Moreover, although many studies suggest that the effect
of chronic transplantation is poor, it is because of the loss of
plasticity of nerve cells in the injured site and the formation of
extensive scars and cysts that do not have therapeutic effects
(Chhabra and Sarda, 2017b). However, the included studies rarely
transplanted after 14 days of SCI, and therefore, we could not
evaluate the effect of transplantation in the chronic phase. Future
studies should further explore the effects of transplantation in the
chronic phase.

In summary, through a comprehensive analysis of the 188
studies included, we found that all 15 kinds of stem cells could
significantly promote the recovery of motor function in rats with
SCI. By network meta-analysis, we found that ADMSCs had the
greatest therapeutic potential for SCI. Moreover, higher doses of
stem cell transplantation were more effective, transplantation in
the subacute phase was the optimal timing and intralesional
transplantation was the optimal route. However, the
therapeutic effects of the remaining 11 kinds of stem cells that
were not included in the analysis still need more animal studies to
explore them.

Quality of Evidence
Based on strict systematic review, we found that the evidence
quality of animal experiments was not high, which reduced the
reliability of the experimental results to a certain extent and
increased the risk of animal experimental results transforming to
clinical practice. The possible reasons included:

1) There was heterogeneity in the included studies. Although 21
items clearly illustrate the use of BBB score, the difference in
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the familiarity and understanding of BBB scoring criteria
among different experimental researchers will lead to
differences in the scores obtained from different studies on
the same degree of SCI and ultimately affect the reliability of
the results (Tator, 2006). Therefore, the reliability of our data
based on this subjective score is greatly affected by the scorer.
This is the biggest factor affecting the reliability of our
conclusions. Moreover, sources are different in the same
stem cell, which include autologous, allogeneic, xenograft,
differences in modeling of SCI (impactor shape, impact
weight, impact height), surgical details (surgical procedure,
time, blood loss), postoperative animal care, etc., which can
lead to some heterogeneity between studies.

2) Insufficient intrinsic authenticity of included studies. Of the 188
included studies, there were 166 RCTs. However, none of the 153
studies clearly reported the method of randomization. While the
remaining 13 studies all reported specific methods of
randomization, none of them reported whether to implement
covert grouping, resulting in high possibility of selective bias.
Therefore, future experiments should be strictly randomized and
covertly grouped to reduce selectivity bias in animal experiments.
Moreover, all included studies did not report blinding of
caregivers/researchers or outcome assessors. Although there
was no need to blind animals, the researchers in most studies
were animal breeders, whomight introduce implementation bias
and measurement bias due to subjective factors in the process of
intervention, result measurement, and evaluation. Therefore, it is
necessary to be blind in the stage of intervention implementation
and outcome measurement to reduce the implementation bias
and measurement bias during the experiment and increase the
authenticity of the experimental results (Zeng et al., 2013; Tao
et al., 2019). Moreover, for the determination of outcome
indicators, in addition to the implementation of effective
scientific blind method can avoid the impact of measurement
bias on the measurement results, the qualification of the
measurement, the consistency of the measurement on
different animals, the accuracy and scientificity of the validity
standards will affect the measurement of the results to different
degrees (Sessler and Imrey, 2015). However, none of the 188
studies included in our study reported the qualification of the
surveyors and their standards and specific measurement process
at the time of the outcome measurement. Therefore, future
studies should comprehensively report their specific
experimental implementation details in order to improve the
reproducibility and reliability of animal experimental results
(Dell et al., 2002). None of the included studies had access to
their protocol, and it was not possible to make a final judgment
on whether all their results were reported as planned and
unbiased. The selective reporting of animal experiments may
lead to the generation of publication bias, which affects the
reliability of conclusions of systematic review, and even draws the
opposite conclusions (Korevaar et al., 2011). Therefore,
prospective registration of animal experiments for access to
their raw data may be considered at the level of industry
associations, countries, etc. In addition, it is very necessary
that animal studies in the future provide original data as
online appendices to improve transparency of the whole

process and improve the quality of animal experiments
(Ritskes-Hoitinga et al., 2014).

3) Insufficient external authenticity of included studies:
External authenticity refers to the extent to which the
clinical results can be repeated in the target population
and daily population (Wu et al., 2011). The external
authenticity of several aspects should be considered
when translating animal experimental results to clinical
trials: 1) Many studies have been studied using
immunodeficient animal models that vary greatly in
immune responses to SCI. Although this change in the
immune system can overcome rejection of transplanted
cells, SCI models with immunodeficiency may not
accurately simulate human conditions (Kobayashi et al.,
2012). 2) The patient’s medical history, and internal or
external physical conditions may affect the efficacy of stem
cells. Aging and diabetes, for example, result in impaired
proliferation of stem cells, decreased angiogenic capacity,
and reduced wound healing (El-Ftesi et al., 2009). In
addition, animal experiments have difficulty in
simulating multiple body conditions in humans
simultaneously. 3) In animal studies, the efficacy of
stem cells can only be explored by relatively objective
outcome measures such as BBB scores, inflammatory
factors, and so on, whereas subtle changes in sensory
function, nerve root movement, and pain that are of
clinical concern cannot be fully investigated by animal
experiments. 4) SCI occurs in the cervical spine in more
than 60% of patients (Dvorak et al., 2014), however,
preclinical studies have used lumbar and thoracic
models that are technically easier to implement,
reducing the applicability of animal findings in clinical
studies (Tator, 2006; Vismara et al., 2017). Therefore,
future studies should consider the development of more
clinically representative SCI models. 5) The stem cells
used clinically are all human-derived stem cells, and the
diverse sources of stem cells in animal studies can lead to
strong immune responses, which affects the authenticity
of the results of animal studies (Drukker and Benvenisty,
2004). 6) The characteristics of accelerating tumor growth
have raised concerns among clinicians and patients, which
is also one of the key factors in their susceptibility to
ethical problems (Volarevic et al., 2018). However, animal
studies have a short follow-up time, and little attention has
been paid to the tumorigenic effect of stem cells. 7) Longer
follow-up results in a more comprehensive prediction of
the trajectory of motor function recovery in SCI animals,
which may reduce the number of subjects required for
subsequent clinical trials and better guide clinical practice.
However, few preclinical studies have extended the follow-
up to 2 months after cell transplantation. Therefore,
future animal studies should extend the follow-up time
to further observe the therapeutic effects of stem cells
(Assinck et al., 2017). Because of the aforementioned
limitations of external authenticity, it has resulted in
difficulty to have enough evidence to support the
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results of the animal experiments included in this study to
enable further clinical trials.

Strengths and Limitations of the Present
Study
Key strengths of this systematic review: (1) Based on animal
studies, the real effects and limitations of stem cells for SCI were
systematically evaluated and analyzed, while the existing
problems and directions for improvement in the current field
were pointed out. (2) The results of stem cell repair of SCI were
analyzed at different time points, and the effect of stem cells in the
whole treatment process was studied more comprehensively. (3)
Based on network meta-analysis, which comprehensively
compared the real effects of different kinds of stem cells for
repairing SCI, the optimal strategy of the stem cell was derived,
which was the first time in the current field. (4)We conducted the
network meta-analysis in subgroups to avoid the interference of
different transplantation doses, timings, and routes of stem cells.
(5) Based on the internationally recognized SYRCLE bias risk
assessment tool, the internal bias risk of animal studies was
strictly evaluated, and the problems in the design and
implementation of animal studies in this field were pointed
out. At the same time, suggestions on how to improve the
quality of animal experiments were given.

Limitations of this systematic review: (1) Although there is a
certain basis for data selection based on the recovery of motor
function and inflammatory response in SCI rats. However,
whether the data selection method was reliable was still
uncertain. 2) Four types of stem cells selectively were included
for network meta-analysis, which may overlook the potential
therapeutic role of other kinds of stem cells. 3) We could not
accurately identify the source of heterogeneity. Therefore, we
adopted a random effects model for meta-analysis, making our
conclusions more conservative. 4) Only Chinese and English
databases were retrieved, which may lead to a certain language
bias. 5) Grey literature and conference abstracts were not
searched, potentially leading to the generation of publication bias.

CONCLUSION

Through traditional meta-analysis of 15 different types of stem
cells, we found that all sorts of stem cells exhibited great
therapeutic potential in preclinical studies of spinal cord injury
compared to a negative group. Based on the network
meta-analysis, we found that adipose-derived mesenchymal
stem cells (ADMSCs) have the greatest therapeutic potential
for SCI. Moreover, a higher dose (≥1 × 106) of stem cell
transplantation had better therapeutic effect, transplantation in

the subacute phase was the optimal timing and intralesional
transplantation was the optimal route. The remaining 11 kinds
of stem cells were not included in network meta-analysis because
of the small sample bias due to the small number of studies and
being easily affected by the results of a single study. But they still
have a great therapeutic potential compared with placebo and
need more high-quality animal studies to explore in the future.

As the basis for the design and implementation of subsequent
early clinical trials, the quality of preclinical studies directly
determines whether the research results can be transformed
into clinical practice. Through a comprehensive analysis of
included studies, we considered current animal studies with
stem cells to repair SCI still have certain problems regarding
randomization, allocation concealment, blinding, and
measurement and reporting of outcomes. Especially for BBB
scores that rely on subjective evaluation, these problems can
severely reduce the quality of animal studies. Therefore, future
studies need to further standardize the implementation and
reporting of animal studies to improve the quality of evidence
from preclinical studies and reduce the risk of translation of
preclinical findings to the clinic.
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