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Abstract

Objective: Studies have shown that docosahexaenoic acid (DHA) has a beneficial effect in the treatment of
spinal cord injury. A meta-analysis was used to study the effect of DHA on the neurological recovery in the
rat spinal cord injury model, and the relationship between the recovery of motor function after spinal cord
injury and the time and method of administration and the dose of DHA.

Data source: Published studies on the effect of DHA on spinal cord injury animal models from seven da-
tabases were searched from their inception to January 2019, including PubMed, MEDLINE, EMBASE, the
China National Knowledge Infrastructure, Wanfang, VIP, and SinoMed databases. The search terms includ-
ed “spinal cord injury” “docosahexaenoic acid’, and “rats”.

Data selection: Studies that evaluated the influence of DHA in rat models of spinal cord injury for locomo-
tor functional recovery were included. The intervention group included any form of DHA treatment and
the control group included treatment with normal saline, vehicle solution or no treatment. The Systematic
Review Centre for Laboratory animal Experimentation’s risk of bias assessment tool was used for the qual-
ity assessment of the included studies. Literature inclusion, quality evaluation and data extraction were
performed by two researchers. Meta-analysis was then conducted on all studies that met the inclusion crite-
ria. Statistical analysis was performed on the data using RevMan 5.1.2. software.

Outcome measures: The primary outcome measure was the score on the Basso, Beattie, and Bresnahan
scale. Secondary outcome measures were the sloping plate test, balance beam test, stair test and grid explo-
ration test.

Results: A total of 12 related studies were included, 3 of which were of higher quality and the remaining 9
were of lower quality. The highest mean Basso, Beattie, and Bresnahan scale score occurred at 42 days after
DHA treatment in spinal cord injury rats. At 21 days after treatment, the mean difference in Basso, Beattie,
Bresnahan scores between the DHA group and the control group was the most significant (pooled MD =
4.14; 95% CI = 3.58-4.70; P < 0.00001). In the subgroup analysis, improvement in the Basso, Beattie, and
Bresnahan scale score was more significant in rats administered DHA intravenously (pooled MD = 2.74;
95% CI = 1.41-4.07; P < 0.0001) and subcutaneously (pooled MD = 2.99; 95% CI = 2.29-3.69; P < 0.00001)
than in the groups administered DHA orally (pooled MD = 3.04; 95% CI = -1.01 to 7.09; P = 0.14). Intra-
venous injection of DHA at 250 nmol/kg (pooled MD = 2.94; 95% CI = 2.47-3.41; P < 0.00001] and 1000
nmol/kg [pooled MD = 3.60; 95% CI = 2.66—4.54; P < 0.00001) significantly improved the Basso, Beattie,
and Bresnahan scale score in rats and promoted the recovery of motor function.

Conclusion: DHA can promote motor functional recovery after spinal cord injury in rats. The administra-
tion of DHA by intravenous or subcutaneous injection is more effective than oral administration of DHA.
Intravenous injection of DHA at doses of 250 nmol/kg or 1000 nmol/kg is beneficial. Because of the small
number and the low quality of the included studies, more high-quality research is needed in future to sub-
stantiate the results.
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Introduction

Spinal cord injury (SCI) is usually caused by concussive
force or direct trauma to the spinal cord, and can lead to loss
of both sensory and voluntary motor activity (Efeoglu et al.,
2014; Pannek et al.,, 2019; Sharma et al., 2019). A systematic
review on the epidemiology of SCI shows that its incidence
rate ranges from 12.06 to 61.6 per million, with most pa-
tients ranging from 26.8 to 56.6 years old (Ning et al., 2013).
In the USA, the total cost of SCI-related hospitalizations was
approximately 1.69 billion dollars in 2009 (Mahabaleshwark-
ar and Khanna, 2014). SCI not only encompasses immediate
mechanical primary damage, but also subsequent acute
secondary damage, including inflammation, electrolytic
shift, edema, vascular insult, calcium-mediated injury, exci-
totoxicity, neurogenic shock, ischemic cell death, and other
cellular and molecular disturbances (Dumont et al., 2002;
Hulsebosch, 2002).

At present, the treatment strategy for SCI is mainly neu-
roprotective and targets nerve regeneration (Mu et al., 2014;
Beckers and Moons, 2019). Current treatments are mainly
achieved through drug therapy and cell transplantation
(Rouanet et al., 2017; Vismara et al., 2017; Ma et al., 2019).
However, because the secondary processes resulting from
SCI are complex, it is difficult to treat all complications by
any current conventional single drug treatment (Estrada
and Miiller, 2019). Many of these drugs, especially steroid
hormones, also have serious side effects (Rouanet, 2017).
Therefore, drug treatment of SCI is an active area of current
research, especially regarding natural substances such as
curcumin, melatonin, and polyunsaturated fatty acids (Yao
et al,, 2015; Yang et al., 2016).

In vivo, polyunsaturated fatty acids are oxidized by CY-
P2J2 via NADPH-dependent epoxidation, and the process
plays an important role in inflammation (Kamel et al,,
2018). Docosahexaenoic acid (DHA) is an omega-3 poly-
unsaturated fatty acid. DHA is widely used clinically in the
therapy of nerve-related diseases such as cognitive dysfunc-
tion, traumatic brain injury, Alzheimer’s disease and stroke.
(Wu et al., 2011; Schober et al., 2016), DHA can alter neuro-
trophic factor, synapsin I, cAMP-responsive element-bind-
ing protein, and calcium/calmodulin-dependent kinase II,
which may also affect recovery after SCI (Wu et al., 2011).
Thus, it is necessary to systematically evaluate the efficacy of
DHA for the treatment of SCI. Here, we performed system-
atic reviews and meta-analyses on motor function studies
using rat SCI models to value the efficiency of DHA treat-
ment after SCI.

Data and Methods

Study selection

We searched the research literature for this review, which
was limited to animal study results published before January
2019. Studies were identified by searching PubMed, MED-
LINE, EMBASE, Wanfang, SinoMed databases, the VIP, and
the China National Knowledge Infrastructure (including
China Doctor/Master Dissertation Full Text Database and
China Proceedings Conference Full Text Database). We also
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searched the reference lists of included studies, to identify
additional studies. The following key terms were used: “spi-
nal cord injury”, “spinal cord injuries”, “spinal cord disease”,
“spinal cord diseases”, “spinal lesion”, “spinal lesions”, “doco-
sahexaenoic acid”, “DHA’, “n-3 polyunsaturated”, “omega-3,
“long chain polyunsaturated fatty acid”, “polyunsaturated
fatty acid”, “n-3 PUFA’, “n-3 fatty acid”, “omega-3 fatty acid”,

“alpha-linolenic acid”, “eicosapentaenoic acid”, “fatty acid”,
“rat” and “rats”.

Identification of studies

The titles and abstracts of the identified studies were
screened individually according to the selection criteria by
two experienced investigators (MY and ZRT) independently.
Thereafter, the two experienced investigators (MY and ZRT)
individually retrieved and assessed the full text of all eligible
studies according to the inclusion or exclusion criteria, and
a third investigator (XJC) decided the outcome of any dis-
agreement of a study’s eligibility.

Inclusion criteria

Types of studies

Studies were included that evaluated the influence of DHA
on locomotor functional recovery in rat SCI models. There
was no language restriction.

Types of participants

Laboratory rats of any age, gender, or strain were included in
research models. The methods of SCI in rats included com-
pression, hemisection, transection, or contusion.

Types of interventions

We included the studies of any type of DHA intervention
that was compared with a placebo control. Time, dose, and
the method of DHA administration were unrestricted.

Types of comparisons
Comparisons included physiological saline, vehicle (saline),
normal diet, or no treatment.

Exclusion criteria

Types of studies

The studies of solely in vitro and clinical case reports were
excluded.

Types of participants

We excluded the studies which used genetically-modified
animals and radiation or electrical stimulation from system-
atic analysis.

Types of interventions

We excluded the study of DHA combined with other inter-
vention treatments, which was compared with a placebo
control.

Types of comparisons
We excluded the study of any comparisons, which may have
therapeutic effects.
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Outcome measures

Behavioral evaluation

Behavioral changes were assessed and recorded by the beam
walk test, inclined plane test, horizontal ladder, Montoya
staircase test, grid exploratory test and the Basso, Beattie,
and Bresnahan (BBB) scale. The BBB locomotor rating scale
is the preferred and main outcome, and other behavioral
evaluations were considered secondary outcomes, including
the beam walk test, inclined plane test, horizontal ladder,
Montoya staircase test, grid exploratory test.

Primary outcome measure

The BBB scale (BBBs) was set as the primary outcome mea-
sure (Basso et al., 1995). The BBBs records scores are de-
signed to analyze the functional behavior of rats. The BBBs
ranges from 0 (i.e., no detectable hind limb movement) to
21 (normal locomotion). BBB allots scores according to defi-
nite behavioral categories. Operationally defined terms that
reflect a series of motion (e.g., joint movement, stepping,
coordination, hind limb movements, trunk position and sta-
bility, paw placement and tail position) yield a stable scoring
system, within a quiet and stable assessment environment
(Basso et al., 1995; Ferguson et al., 2004).

Secondary outcome measures

The secondary outcome measures include the beam walk
test, inclined plane test, horizontal ladder, Montoya staircase
test and grid exploratory test, to name a few. In the inclined
plane test, a researcher placed the rat on an inclined plane
and the researcher recorded the highest angle the rat could
maintain without slipping (Rivlin and Tator, 1977; Jiang et
al,, 2016). The beam walk test is performed by assessing the
distance the rat could walk along the wooden beam to eval-
uate its ability to traverse a wooden beam (King et al., 2006).
In the horizontal ladder test, the number of foot slips made
when the rat crosses a horizontal ladder is assessed (King et
al., 2006). The Montoya staircase test is designed to assess the
forelimb motor function of rats and has been demonstrated
to provide a repeatable and sensitive assessment of motor
impairment (Liu et al,, 2015, 2017). The grid exploratory test
is examined by assessing the ability of rats to precisely con-
trol and place their forelimbs and hindlimbs onto grid wires
as they roam around (Liu et al., 2017).

Data extraction

Data were extracted from the included studies, including the
first author, publication year, animal strain, age, weight and
gender, number of animals in each group, method used to
induce SCI, SCI level, DHA administration (method, dose
and duration of treatment), and measured outcome of BBBs
in the form of mean * SD. In studies with multiple inter-
vention groups, we only considered the data on BBBs from
DHA treatment groups and negative control groups. The
authors were e-mailed for these data if they were not report-
ed. If the authors were not contactable, data were extracted
from the published figures by GetData Graph Digitizer 2.24
(Yao et al., 2015). In addition, to avoid the risk of bias, two

investigators (ZRT and LYZ) individually extracted the de-
tails from the studies. Mean data were used if errors were in
the acceptable scope (error < 1% mean data). Disagreements
were resolved by a third investigator (MY), who extracted
the data again and made the final decision.

Methodological quality of individual studies

In this study, the Systematic Review Centre for Laboratory
animal Experimentation’s Risk of Bias tool (SYRCLE’s RoB
tool; http://www.biomedcentral.com/1471-2288/14/43) was
used to appraise the methodological quality of the animal
experimental studies (Hooijmans et al., 2014). This tool is
founded on the Cochrane Collaboration RoB Tool, and aims
to evaluate methodological quality (Higgins et al., 2011). It
is designed for risk bias assessment in animal experiments,
and is related to six types of bias: selection, detection, per-
formance, reporting, attrition and other biases. Two investi-
gators individually evaluated the quality of the methodology
of the included studies. A “yes” judgment signals a low risk
of bias; a “no” judgment signals high risk of bias; and an “un-
clear” judgment signals that there were insufficient details to
adequately evaluate the risk of bias in the studies (Hooijmans
etal., 2014).

Statistical analyses

Meta-analyses

The data of all included studies were summarized and
analyzed by the Cochrane Collaboration’s RevMan 5.1.2
software (https://community.cochrane.org/help/tools-and-
software/revman-5) (Walker et al., 2018). GraphPad Prism
(version 5.01) software was used to draw the graphs (https://
www.graphpad.com/scientific-software/prism/) (Fernan-
dez-Ruiz et al.,, 2018). If the outcomes had been measured
using the same unit, the results were described as mean
differences (MD), otherwise, described as standardized MD
(SMD). The 95% confidence intervals (CIs) were calculated
for both types of outcomes. A value of P < 0.05 was consid-
ered statistically significant.

Heterogeneity analysis and sensitivity analysis

The heterogeneity of included studies was assessed by I. If
the heterogeneity was insignificant (i.e., P > 0.1; I < 50%),
the fixed effect models were used to analyze pooled effects;
when P < 0.1; I’ > 50%, we tried to find out the source of
heterogeneous by sensitivity analysis. The included studies
were excluded one by one to determine which study was the
source of heterogeneous by the change of I. If there were no
explicit studies of heterogeneity, random effect models were
used for the analysis (Higgins et al., 2011).

Results

Description of studies

In total 750 possible related studies were retrieved. The
duplicate studies were eliminated, and the title and ab-
stracts of the studies were further screened. Of these, 731
studies were excluded and the full-texts of 19 studies were
assessed. Finally, after full-texts screening, we excluded
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7 studies (Ward et al., 2010; Hall et al., 2012; Holly et al.,
2012; Figueroa and De Leon, 2014; Maixent et al., 2014;
Manzhulo et al., 2018b; Nie et al., 2018; Figure 1). The rea-
sons for exclusion were for not using any behavioral anal-
ysis outcome or using a mixed intervention of DHA with
other drugs. Of the 12 full publications that met the prede-

Chinese (Table 1).

Table 1 Description of the characteristics of studies included in the meta-analysis

termined inclusion criteria, ten (King et al., 2006; Huang et
al., 2007; S. Tural Emon et al., 2011; Figueroa et al.,, 2012,
2013, 2016; Liu et al., 2015, 2017; Tremoleda et al., 2016;
Manzhulo et al.,, 2018a) were published in English and two
(Jiang et al., 2016; Yu and Guo, 2017) were published in

Behavioral Motor function

Study Animals (body weight) Model Groups (n) outcome assessment time
King et al. Male Wistar rats 1. T8, hemisection SCI + vehicle (n = 8) Beam walk 1,3,5,7d
(2006) (200-250 g)

SCI + DHA, 250 nmol/kg, iv (n = 10) Horizontal ladder

SCI + OA, 250 nmol/kg, iv (n = 10) BBB

SCI + ALA, 250 nmol/kg, iv (n = 5)

SCI + AA, 250 nmol/kg, iv (n = 5)

2. T8, contusion  SCI + vehicle (n = 5) BBB 1, 4, 6 wk

SCI + DHA, 250 nmol/kg, iv (n = 5)
Huang et al. Female SD rats T12, contusion SCI + vehicle (n = 5) BBB 1-14d
(2007) (230-255 g) SCI + DHA, 250 nmol/kg, iv (n = 5) three times a

SCI + DHA, iv + DHA, 400 mg/kg per day, po week, for 3-6 wk

(n=5)
Emon et al. Male SD rats Contusion SCI + vehicle (n = 9) BBB 0,7, 14,21, 28,
(2011) (250-300 g) SCI + Fish-oil , 5 mL/kg, ip (DHA 72-154.5 35d

mg/kg) (n=9)
Figueroaetal.  Female SD rats T10, contusion Sham + vehicle (n = 6) BBB 1,3,5,7d
(2012) (200-250 g) Sham + DHA, 250 nmol/kg, iv (n = 4)

SCI + vehicle (n =9)

SCI + DHA, 250 nmol/kg, iv (n = 10)
Figueroaetal. Female SD rats T10, contusion Sham + control diet (1 = 8) BBB 1-8 wk
(2013) (182-212g) Sham + DHA diet (DHA 500 mg/kg per day)

n=19

éCI + c)ontrol diet (n=19)

SCI + DHA diet (n = 8)
Liu et al. (2015) Female SD rats C5, hemisection ~ Sham (n =5) BBB 1-14d

(250-300 g)
SCI + vehicle (n = 5) Staircase test
C. SCI + DHA, 250 nmol/kg, iv (n = 5) Grid exploration
test

Figueroaetal. Female SD rats T10, contusion SCI + control diet (n = 24) BBB 7d
(2016) SCI + DHA diet (DHA 500 mg/kg per day)

(n=24)
Jiang et al. Male SD rats T10, contusion Sham (n = 20) BBB 1,3,7,21d
(2016) (200-250 g) SCI (n = 20) Inclined plane test

SCI + DHA, 1000 nmol/kg, iv (n = 20)
Tremoleda et al. Male Wistar rats T10, contusion Non-injured (1 = 6) BBB 6-7d

(2016)

Liu et al. (2017)

Yu and Guo
(2017)

Manzhulo et al.
(2018a)

(265 +35.4 g)

Female SD rats
(250-300 g)

Male SD rats
(300 +20 g)

Female Wistar rats

(240 +20 g)

C4-5, hemisection

T9-10, contusion

T9, compression

Sham (n = 8)

SCI (n =10)

SCI + vehicle (n = 6)

SCI + DHA, 250 nmol/kg, iv (n = 6)

SCI + vehicle (n = 14)

SCI + DHA, 250 nmol/kg, iv (n = 14)
SCI + vehicle + rehabilitation training
(n=14)

SCI + DHA + rehabilitation training
(n=14)

Sham (n = 36)

SCI (n = 36)

SCI + DHA, 500 mg/kg, ip (n = 36)
Sham + vehicle (n = 14)

SCI + vehicle (n = 14)

SCI + DHA, 45 mg/kg, ih (n = 14)

Staircase test
Grid exploratory
test

BBB

BBB

Staircase test for
1-20 d;

grid exploratory
test for 1, 2, 3 wk

10,24, 48,72 h

1-5wk

AA: Arachidonic acid; ALA: a-linolenic acid; BBB: Basso, Beattie, and Bresnahan scale; C: Cervical vertebrae; DHA: docosahexaenoic acid; ih:
hypodermic injection; ip: intraperitoneal injection; iv: intravenous injection; OA: oleic acid; po: peros; SCI: spinal cord injury; SD: Sprague-Dawley;
T: thoracic vertebrae.
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Chinese databases
SINOMED (n = 2)
CNKI (n = 4)

VIP (n =2)
Wanfang (n=7)

Studies were duplicated in more
P than one database (n = 176)

English databases
PubMed (n = 556)
EMBASE (n = 112)
MEDLINE (n = 67)

\

Titles were screened (n = 574)

Studies were excluded for
" irrelevant content (n = 543)

Y

Abstracts were assessed (n = 31)

Abstracts were excluded
(n=12)

Mice SCI models (n = 3)
The intervention were not
docosahexaenoic acid (n = 9)

\

Y

Full texts were analyzed for further
evaluation (n = 19)

Full texts were excluded
(n=17)

Studies do not using behavioral
indicators (n = 5)
Docosahexaenoic acid were
mixed with other drugs (n = 2)

\4

Y

Studies were included (n = 12)

Figure 1 Flow diagram of studies examined in this systematic review.
A total of 750 potentially relevant studies were identified. After re-
moving duplicates and further screening of the title and abstracts, 731
studies were excluded and 19 studies were used for full-text assessment.
From this, seven studies were excluded after the full texts were analyzed
and screened. CNKI: China National Knowledge Infrastructure; SCI:
spinal cord injury.

Characteristics of the studies included in the
meta-analysis

The sample size of the included studies ranged from 15 to
108. Nine studies reported the use of a spinal cord contu-
sion or compression rat model (Huang et al., 2007; Emon et
al,, 2011; Figueroa et al., 2012, 2013, 2016; Tremoleda et al,,
2016; Yu and Guo, 2017; Manzhulo et al., 2018a). Two used a
rat model of spinal cord hemisection (Liu et al., 2015, 2017).
One reported both a spinal cord contusion rat model and
spinal cord hemisection rat model (King et al., 2006). In two
reports, DHA was administered using a fish-oil enriched diet
(DHA, 500 mg/kg per day; Figueroa et al., 2013, 2016). In
six reports, DHA was administered by tail vein injection: five
(King et al., 2006; Figueroa et al., 2012; Liu et al., 2015, 2017;
Tremoleda et al., 2016) used a dose of 250 nmol/kg, and one
(Jiang et al., 2016) used a dose of 1000 nmol/kg. In one re-
port, DHA was administered by intraperitoneal injection of

fish-oil at a dose of 5 mL/kg (DHA 72.0-154.5 mg/kg) (Emon
et al., 2011), while in another, DHA was administered by in-
traperitoneal injection at a dose of 500 mg/kg (Yu and Guo,
2017). In one study, DHA was administered by hypodermic
injection at a dose of 45 mg/kg (Manzhulo et al., 2018a). In
another report, one group of rats received 250 nmol/kg DHA
by tail vein injection and control diet, another group receiv-
ing 250 nmol/kg DHA by tail vein injection and DHA-en-
riched diet (containing 400 mg/kg per day DHA), while
the control group received saline injection and control diet
(Huang et al., 2007). BBBs was used to assess the motor func-
tion of rats in eleven experiments (King et al., 2006; Huang et
al,, 2007; Emon et al., 2011; Figueroa et al., 2012, 2013, 2016;
Liu et al., 2015; Jiang et al., 2016; Tremoleda et al., 2016; Yu
and Guo, 2017; Manzhulo et al., 2018a), while the beam walk
horizontal ladder (King et al., 2006), inclined plane test (Jiang
et al,, 2016), grid and exploratory test (Liu et al., 2017) were
each used once, and the Montoya staircase test (Liu et al.,
2015, 2017) was used twice.

Quality of the included studies

The risk of bias in all the included studies was assessed with
SYRCLE’s RoB tool (Figure 2 and Table 2). Three were con-
sidered to be of relatively high quality (Emon et al., 2011;
Jiang et al., 2016; Tremoleda et al., 2016). Three studies de-
scribed allocation concealment, which was achieved using
sealed envelopes and random number tables (Emon et al.,
2011; Jiang et al., 2016; Yu and Guo, 2017). Eight of the stud-
ies described blinding of assessors (Huang et al., 2007; Emon
et al,, 2011; Figueroa et al,, 2012, 2016; Liu et al., 2015, 2017;
Jiang et al., 2016; Yu and Guo, 2017). No study described
whether or not sequence generation, random housing,
blinding of caregivers, random outcome assessment or con-
tamination-free environment had been performed or if any
new animals were added to the sample set. All the studies
were of high quality regarding baseline characteristics and
all were free of units of analysis errors, with no design-spe-
cific risk of bias. All studies described similar outcomes. Two
studies were unable to show complete data because of death
in a group, yet neither provided a reason in the data (Huang
et al., 2007; Figueroa et al.,, 2012). Four studies reported
potential conflicts of interest and sources of study funding
(Figueroa et al., 2012, 2013, 2016; Tremoleda et al., 2016;
Manzhulo et al., 2018a). Assessment of overall study quality
indicated that in the majority the quality was not high.

Neurological recovery effect of DHA

BBB score at different time points after SCI

Our analysis indicated that rats receiving DHA therapy ob-
tained a higher BBB score, the mean BBB score of the DHA
group reaching a peak at 42 days after SCI (BBBs = 15.54 +
1.07) (Huang et al., 2007; Emon et al., 2011; Figueroa et al.,
2013; Jiang et al., 2016; Manzhulo et al., 2018a; Figure 3).
The therapeutic effect of DHA, measured as the differences
in BBBs between the DHA and control groups, increased
rapidly during the first 7 days after SCI (King et al., 2006;
Huang et al., 2007; Emon et al., 2011; Figueroa et al., 2012,
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Table 2 Risk of bias evaluated by SYRCLE's RoB tool

Attrition Reporting
Selection bias Performance bias  Detection bias bias bias Other
New
Free of Free of Design- animals
Random Incomplete  Selective inappropriate unitof specific added to
Sequence  Baseline Allocation ~ Random outcome outcome outcome  Free of influence of ~ analysis risks of replace
Study generation  characteristics concealment housing Blinding assessment Blinding data reporting  contamination funders errors  bias drop-outs
Kingetal. Unclear Yes Unclear Unclear Unclear Unclear ~ Unclear  Unclear Yes Unclear Unclear Yes Yes Unclear
(2006)
Huang Unclear Yes Unclear Unclear Unclear Unclear  Yes No Yes Unclear Unclear Yes Yes Unclear
etal.
(2007)
Emon Unclear Yes Yes Unclear Unclear  Unclear Yes Yes Yes Unclear Unclear Yes Yes Unclear
etal.
(2011)
Figueroa  Unclear Yes Unclear Unclear Unclear  Unclear  Yes No Yes Unclear Yes Yes Yes Unclear
etal.
(2012)
Figueroa  Unclear Yes Unclear Unclear Unclear Unclear ~ Unclear  Unclear Yes Unclear Yes Yes Yes Unclear
etal.
(2013)
Liuetal.  Unclear Yes Unclear Unclear Unclear  Unclear Yes Unclear Yes Unclear Unclear Yes Yes Unclear
(2015)
Figueroa  Unclear Yes Unclear Unclear Unclear Unclear  Yes Unclear Yes Unclear Yes Yes Yes Unclear
etal.
(2016)
Jiang et al. Unclear Yes Yes Unclear Unclear  Unclear Yes Yes Yes Unclear Unclear Yes Yes Unclear
(2016)
Tremoled Unclear Yes Unclear Unclear Unclear Unclear  Yes Yes Yes Unclear Yes Yes Yes Unclear
etal.
(2016)
Liuetal.  Unclear Yes Unclear Unclear Unclear Unclear  Yes Unclear Yes Unclear Unclear Yes Yes Unclear
(2017)
Yu and Unclear Yes Yes Unclear Unclear Unclear  Unclear  Unclear Yes Unclear Unclear Yes Yes Unclear
Guo
(2017)
Manzhulo Unclear Yes Unclear Unclear Unclear  Unclear Unclear  Yes Yes Unclear Yes Yes Yes Unclear
etal.
(2018a)

2013; Liu et al., 2015; Tremoleda et al., 2016; Figure 4). This
increase slowed down from the 7" (King et al., 2006; Emon
et al., 2011; Figueroa et al., 2012, 2013; Huang et al., 2007;
Liu et al., 2015; Tremoleda et al., 2016) (pooled MD = 3.16;
95% CI: 2.77-3.56; P < 0.00001) to the 21" day after SCI
(Huang et al., 2007; Emon et al., 2011; Figueroa et al., 2013;
Jiang et al., 2016; Manzhulo et al., 2018a), and the mean dif-
ference of BBB score between the two group reaching a peak
at 21 days after SCI (pooled MD = 4.14; 95% CI = 3.58—4.70;
P < 0.00001). There was little change in inter-group differ-
ence between the 7" day to the 42™ day (pooled MD = 2.72;
95% CI = 2.04-3.40; P < 0.00001) after SCIL.

Effect of oral, intravenous injection and hypodermic
injection of DHA on BBBs

Subgroup analysis was performed based on the method of
DHA administration (Huang et al., 2007; Figueroa et al,,
2013; Liu et al,, 2015; Manzhulo et al., 2018a). Because the
largest number of rats received the DHA enriched diet and
those injected with DHA hypodermically had their BBBs as-
sessed 14 days after SCI, we chose the BBBs at 14" day after
SCI as the outcome indicator. Intravenous injection (Huang
et al,, 2007; Liu et al., 2015) (pooled MD = 2.74; 95% CI =
1.41-4.07; P < 0.0001) and hypodermic injection (Manzhulo
et al., 2018a) (pooled MD = 2.99; 95% CI = 2.29-3.69; P <
0.00001) of DHA significantly promoted the recovery of mo-
tor function in SCI rats. However, this was not as marked in
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rats that received oral administration of DHA (pooled MD =
3.04; 95% CI = —1.01 to 7.09; P = 0.14) compared with con-
trol group (Huang et al., 2007; Figueroa et al., 2013; Figure
5). In one study, DHA was administrated by intraperitoneal
injection, but the data are not clear enough for subgroup
meta-analysis (Emon et al., 2011).

Effect of intravenous injection of different doses of DHA
on BBBs

Subgroup analysis was performed based on DHA injection
doses. Rats which received DHA injection in doses of 1000
nmol/kg, had BBBs measured at 7 days after SCI, therefore
BBBs at 7 days after SCI were chosen as the outcome indi-
cator. Eight studies were included (King et al., 2006; Huang
et al., 2007; Figueroa et al., 2012, 2013, 2016; Liu et al., 2015;
Jiang et al., 2016; Tremoleda et al., 2016). Intravenous in-
jection of DHA at a dose of 250 nmol/kg (King et al., 2006;
Huang et al., 2007; Figueroa et al., 2012; Liu et al., 2015;
Tremoleda et al., 2016) (pooled MD = 2.94; 95% CI = 2.47—
3.41; P < 0.00001) resulted in a similar effect on recovery of
motor function as a dose of 1000 nmol/kg (pooled MD =
3.60; 95% CI = 2.66 to 4.54; P < 0.00001; Jiang et al., 2016;
Figure 6).

Further evaluation of motor function after DHA
treatment
In one study, locomotor performance after spinal cord he-
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misection was performed in animals that received a single
intravenous injection of either saline or various polyunsat-
urated fatty acids (King et al., 2006). DHA-treated animals
performed significantly improved on the beam walk (King
et al., 2006). Furthermore, the DHA group performance,
measured by the number of hindlimb slips in the horizontal
ladder test, improved more when compared with the other
PUFA groups (including an a-linolenic acid group) and the
SCI only group (King et al., 2006). In another study, at four
different time points (10, 24, 48, and 72 hours after SCI), the
DHA group tolerated a greater angle than the control SCI
group in the inclined plane test. In two studies by the same
researcher, the performance in the DHA group was better
than that in the control group on the staircase test and grid
exploratory test (Liu et al., 2015, 2017).

Publishing bias

A funnel plot has been made to analyze the publishing bias.
The BBBs at 7 days after SCI was chosen for analysis, as most
of the studies measured the BBBs at this time point. There
were 10 studies involving 11 experiments (King et al., 2006;
Huang et al., 2007; Emon et al., 2011; Figueroa et al., 2012,
2013, 2016; Liu et al., 2015; Jiang et al., 2016; Tremoleda et
al., 2016; Manzhulo et al., 2018a). Most of the studies chose
DHA administrated by intravenous injection (King et al.,
2006; Huang et al., 2007; Figueroa et al., 2012; Liu et al,,
2015; Jiang et al., 2016; Tremoleda et al., 2016) and we ana-
lyzed the publishing bias of these 6 studies (7 experiments).
We found that there was no obvious publishing bias in the
research (Figure 7).

Discussion

Summary of the evidence

To our knowledge this is the first systematic review to assess
the effect of DHA in rats of SCI. This review summarizes 12
recent studies on the laboratory administration of DHA in
rat models of SCI to give a preclinical indication of its ef-
fectiveness. Meta-analysis confirmed individual studies that
DHA administration significantly improved functional recu-
peration in rat models of SCI.

In general, the methodological quality of the included
studies was low. There are 13 items in SYRCLE’s RoB tool,
yet the three highest quality studies contained only seven
items that conformed to SYRCLE’s RoB tool.

We found that, contrasted with the SCI control group, the
ability of DHA to promote recovery of motor function sig-
nificantly and positively correlated with time over a one-week
period. After one week, although motor function continued
to improve more gradually, the ability of DHA to promote
the recovery of motor function, relative to SCI only, did not
improve further. From 28 days after SCI, this ability did not
change and remained at the same level. Different dosages and
manner of administration of DHA gave slight changes in the
degree of recovery. At 14 days after SCI, the motor function
of rats fed a DHA-enriched diet did not significantly improve
compared with rats fed a control diet. DHA was injected
intravenously at doses of 250 nmol/kg in many studies and

1000 nmol/kg in one, with both doses significantly promot-
ing motor function recovery. These variations make it diffi-
cult for us to reach a quantitative conclusion.

Strengths and weaknesses

This is the first systematic review on DHA treatment in SCI
rat models and that searched Chinese databases to include
Chinese studies. In this review, the relationship between
time and ability of DHA has been analyzed to promote the
recovery of motor function. We also analyzed the effect of
different doses and dosage forms of DHA on motor function
recovery of SCI rats.

As in other systemic reviews, our study suffers from the
shortage of original studies. Although we retrieved English
and Chinese databases, we still cannot be sure that all rele-
vant studies were identified, especially regarding the “gray”
unpublished literature and conference proceedings. Indeed,
the bias caused by selective publishing and reporting must
be considered. Studies of large sample size and positive re-
sults are often easy to publish, which is most likely to cause
publication bias, which affects the authenticity of our result.
Considering publication bias, these estimations may be un-
justifiable given the evidence. There are little resources for
publishing negative results, especially for animal studies. Fi-
nancial aid is an important source of heterogeneity. None of
the included studies show that there was inappropriate influ-
ence from funders. None of the studies mentioned sequence
generation, random housing, blinding of caregivers, random
outcome, contamination, and inclusion of new animals. Only
three studies described allocation concealment. Although we
tried to analyze the efficacy of the different doses and dosage
forms of DHA, there were too few related studies. Therefore,
our conclusions are not unequivocal.

Possible mechanism for the effect of DHA in SCI

Polyunsaturated fatty acids are oxidized by CYP2]J2 via
NADPH-dependent epoxidation, and the process plays an
important role in inflammation (Kamel et al., 2018). Ara-
chidonic acid, an omega-6 polyunsaturated fatty acid, can
respond to stimuli and promote the release of inflammatory
factors which may increase the damage of SCI (Tettamanti
et al., 2018). Whereas, DHA is an omega-3 polyunsaturated
fatty acid that promotes the anti-inflammatory action of
immune cells, thus can protect nerve tissue from secondary
damage in acute models of SCI (Manzhulo et al., 2018a). In
all the studies contributing to our analysis, DHA showed
neuroprotective effects in SCI rats (King et al., 2006; Huang
et al., 2007; Emon et al., 2011; Figueroa et al., 2012, 2013,
2016; Liu et al., 2015, 2017; Jiang et al., 2016; Tremoleda
et al., 2016; Yu and Guo, 2017; Manzhulo et al., 2018a).
Specifically, DHA has been shown to reduce cavities in the
white matter and neuronal edema, and it protects neurons
and oligodendrocytes from damage against apoptosis and
inflammation (King et al., 2006; Huang et al., 2007; Emon et
al., 2011). DHA can promote pAKT expression, which can
protect neurons and oligodendrocytes from apoptosis (King
et al., 2006; Figueroa et al., 2012). DHA has a significant
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Figure 3 BBB scores of the docosahexaenoic acid and control groups
at different time points.

By summarizing BBB scores in spinal cord injury (SCI) rats at differ-
ent time points, we found that the rats received docosahexaenoic acid
therapy obtained a higher BBB score, reaching a peak at 42 days after
SCI (BBB scores = 15.54 + 1.07). During the first 7 days after SCI, BBB
scores of the docosahexaenoic acid group increased rapidly. The BBB
scores of the control group have a similar but slower trend. BBB: Basso,
Beattie, and Bresnahan scale.

antioxidant function, decreases RNA/DNA oxidation and
protein oxidation, which have disruptive effects on neurons,
oligodendrocytes, and other normal cells (King et al., 2006;
Huang et al., 2007; Manzhulo et al., 2018a).

We found that in contrast to the control group, the ability
of DHA to promote the recovery of motor function in rats
was temporal and rapidly progressive, increasing in the first
week after SCI. From one-week to three-weeks after SCI,
this increase slowed down. At 21 days after SCI, the ability
of DHA to promote the recovery of motor function reached
a peak, and then plateaued. Nonetheless, BBBs in both DHA
and control groups was sustained after initially increasing.
We believe the reason for this is that the self-healing ability
of rats increases BBBs in control groups, whereas the motor
function regained never decreases in DHA groups. After
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Figure 2 Risk of bias evaluated by SYRCLE’s
RoB tool in the literature.

The figure shows the percentage of research with
different levels of bias. Three were considered
to be of relatively high quality. These studies
described allocation concealment, which was
achieved using sealed envelopes and random
number tables. Eight of the studies described
blinding of assessors. No study described se-
quence generation, random housing, blinding
of caregivers, random outcome assessment, con-
tamination-free environment, and whether new
animals were added to the sample set, although
these may have been performed as well. All the
studies were of high quality regarding baseline
characteristics and were free of units of analysis
errors, with no design-specific risk of bias. All
studies described the similar results. Two studies
were unable to show complete data because of
death in the sample, yet neither provided a solu-
tion on the data. It may cause attriton bias. Four
studies reported potential conflicts of interest and
sources of study funding.

Difference of BBB scores
w

5 10 15 20 25 30 35 40 45
Days after spinal cord injury

Figure 4 Difference of BBB scores between the docosahexaenoic acid
and control groups.

The therapeutic effect of docosahexaenoic acid was expressed as the
difference of BBB scores in the docosahexaenoic acid group minus BBB
scores in the control group. During the first 7 days after spinal cord
injury, the differences in BBB scores between the docosahexaenoic acid
and control groups increased rapidly, then plateaued. BBB: Basso, Beat-
tie, and Bresnahan scale.

SCI, the spinal canal circulation loop may partially rear-
range to compensate for loss of function, which may reflect a
long-term change (Bareyre et al., 2004). After SCI, glial cells
proliferate and secrete neurotrophic factors (brain-derived
neurotrophic factor, nerve growth factor, and glial cell-line
derived neurotrophic factor) which are potent neuropro-
tective agents (Shibuya et al., 2003; Kimura et al., 2016).
The induced endogenous neural stem cell proliferation and
differentiation promote the recovery of spinal cord function
(Yamamoto et al., 2004). Other studies showed that increases
in stem cell number are found but are not marked at 3 days
after SCI. After 14 days, most stem cells differentiate primar-
ily into astrocytes and are concentrated around the injury
site (Mothe and Tator, 2005). These findings are consistent
with our conclusions.
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Figure 5 Effect of oral, intravenous, and hypodermic injection of docosahexaenoic acid on Basso, Beattie, and Bresnahan scale scores.
Intravenous and hypodermic injection of docosahexaenoic acid significantly promoted the recovery of motor function in spinal cord injury rats.
However, the recovery of motor function was not as marked in rats that received oral administration of docosahexaenoic acid compared with intra-
venous injection docosahexaenoic acid.

Figure 6 Effect of intravenous injection of different doses of docosahexaenoic acid on Basso, Beattie, and Bresnahan scale scores.
Intravenous injection of docosahexaenoic acid at a dose of 250 nmol/kg resulted in a similar effect on the recovery of motor function to a dose of
1000 nmol/kg.

Figure 7 Publication bias in the studies
regarding Basso, Beattie, and Bresnahan scale
scores in rats at 7 days after spinal cord injury.
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Comparison of different doses and dosage forms of DHA
DHA is usually administrated by vein injection or DHA-en-
riched daily diet. Intravenous injections of DHA clearly
improve BBB and promote motor function recovery using
SCI rat models. However, compared with vein injection, a
DHA-enriched daily diet may have a smaller short-term ef-
fect on motion function recovery after SCI. This conclusion
is similar to the previously held view that DHA treatment is
ineffective if administered for 1 week solely by diet (Huang
et al., 2007). We suggest that oral DHA may suffer a change
in structure due to action by the liver, thus affecting its effi-
cacy. However, there are few studies on this aspect, and we
cannot make a definitive conclusion on this point. For this
reason, pharmacokinetic studies of DHA in rats are nec-
essary for future research. In a few cases, the investigator
had administered DHA by intraperitoneal or subcutaneous
injection and these also promoted the functional recovery
of SCI rats (Emon et al., 2011; Manzhulo et al., 2018a). We
compared the treatment effect of intravenous injection of
different doses of DHA in SCI rat models. We found no sig-
nificant differences among the different doses. However, all
the included studies, bar one at 1000 nmol/kg, used a dose
of 250 nmol/kg. Thus, it is difficult for us to demonstrate a
dose-effect curve. In the future, more research is needed to
test a comprehensive dose-effect relationship between DHA
and motor recovery.

In summary, DHA administration significantly improves
the functional recuperation in rat models of SCI. Intrave-
nous injection of DHA can improve motor function recov-
ery in SCI rats, while a DHA-enriched daily diet has a small
short-term effect. Doses of DHA, intravenously injected, at
250 nmol/kg and 1000 nmol/kg have similar effects. The ef-
fects of different forms of administration and the dose-effect
relationship of DHA need further investigation before clini-
cal trials are instigated.
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