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Abstract
Purpose Macrophages play an important role in mediating damage after Spinal cord injury (SCI) by secreting macrophage 
migration inhibitory factor (MMIF) as a secondary injury mediator. We aimed to systematically review the role of MMIF 
as a therapeutic target after traumatic SCI.
Methods Our systematic review has been performed according to the PRISMA 2009 Checklist. A systematic search in the 
scientific databases was carried out for studies published before 20 February 2019 from major databases. Two researchers 
independently screened titles. The risk of bias of eligible articles was assessed, and data were extracted. Finally, we system-
atically analyzed and interpreted related data.
Results 785 papers were selected for the title and abstract screening. 12 papers were included for data extraction. Eight 
animal studies were of high quality and the remaining two were of medium quality. One of the two human studies was of 
poor quality and the other was of fair quality. MMIF as a pro-inflammatory mediator can cause increased susceptibility to 
glutamate-related neurotoxicity, increased nitrite production, increased ERK activation, and increased COX2/PGE2 signal-
ing pathway activation and subsequent stimulation of CCL5-related chemotaxis. Two human studies and six animal studies 
demonstrated that MMIF level increases after SCI. MMIF inhibition might be a potential therapeutic target in SCI by multiple 
different mechanisms (6/12 studies).
Conclusion Most animal studies demonstrate significant neurologic improvement after administration of MMIF inhibitors, 
but these inhibitors have not been studied in humans yet. Further clinical trials are need to further understand MMIF inhibi-
tor utility in acute or chronic SCI.
Level of Evidence I Diagnostic: individual cross-sectional studies with the consistently applied reference standard and 
blinding.
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Background

Spinal cord injury (SCI) is a devastating type of neurological 
trauma with limited therapeutic opportunities [1]. The patho-
physiology of SCI involves primary injury, including imme-
diate cell death and tissue damage, and secondary injury 
[2], including hemorrhage; breakdown of the blood-spinal 

cord barrier (BSB); electrolyte imbalances; neurotransmitter 
accumulation and excitotoxicity, such as glutamate excito-
toxicity; and various other sequelae such as lipid peroxida-
tion, free radical production, and edema [3–5]. Among all 
secondary injury mechanisms, the heightened inflammatory 
response is the major contributor to lesion expansion [2], 
further loss of neurologic function, and decease in func-
tional recovery from SCI [6, 7]. On the molecular level, SCI 
is followed acutely by an inflammatory response facilitated 
by various pro-inflammatory cytokines and chemokines [8]. 
This response is characterized by an influx of blood-borne 
inflammatory cells and activation of endogenous cells, and 
may last for years after initial SCI [9].
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Macrophage migration inhibitory factor (MMIF, or in 
some studies, MIF) first discovered in T-cells [10], is a 
potent pro-inflammatory cytokine that is secreted by many 
cell types [11, 12]. MMIF is identified as a phenyl pyru-
vate tautomerase (EC 5.3.2.1) [13], and has been found to 
increase in pre-clinical mouse models of acute and chronic 
SCI [14–17]. Following SCI, MMIF is primarily secreted 
from neurons [18, 19], Neural Stem/Progenitor Cells 
(NSPCs) [20] and activated macrophage/microglia [21]. 
MMIF has been shown to play a significant role in modulat-
ing the production of various pro-inflammatory cytokines 
after spinal cord injury [12, 22]. It also has chemokine-like 
characteristics [20, 23] and can act as a survival factor for 
NSPCs. The interaction of the MMIF-CD74 [24] axis with 
other chemokines causes activation of astrocytes and exces-
sive inflammation, resulting in secondary damage [25]. Both 
M1 (neurotoxic) and M2 (neuroprotective) phenotypes of 
human macrophages migrate toward higher levels of MMIF 
at the site of damage via interaction with chemokine recep-
tors [26]. Additionally, MMIF has been shown to induce cell 
proliferation in macrophages [27]. While initial stimulation 
of M1 macrophages by MMIF is important for the removal 
of myelin and cellular debris [28], continued stimulation 
and recruitment of M1 macrophages leads to an imbalance 
between M1 and M2 macrophages. The resulting increase in 
inflammation leads to features of secondary injury including 
continued cell death, demyelination, and tissue damage [3].

Although various studies have been conducted on the 
effects of the MMIF on secondary damage [15], its role in 
spinal cord injury is poorly understood. Previous literature 
suggests that MMIF may be a potential therapeutic target 
for SCI [10, 16, 20, 21, 29]; however, there is no consen-
sus on modulating cellular factors as a means of preventing 
neuronal damage after SCI. The purpose of this study is 
to systematically review the effectiveness of interventions 
targeting MMIF on preventing neuronal damage after trau-
matic SCI.

Methods

The present study was conducted with the aim of system-
atically reviewing the effect of MMIF on preventing neu-
ronal damage after traumatic spinal cord injury. This review 
and the associated analyses were performed according to 
preferred reporting items for systematic reviews and meta-
analysis. This systematic review has been done according to 
the PRISMA 2009 Checklist [30], and the search strategy 
was designed by a medical informatics specialist.

Research question and Search strategy

Selection of research questions was based on the PICO (pop-
ulation, intervention, comparison and outcome). Database 
searches were done using the MeSH terms and keywords of 
related articles and expert opinions. Gray literature search 
was performed manually via Google Scholar. Then, a sys-
tematic search was carried out without limitation for stud-
ies published until 20 February 2019 from selected elec-
tronic databases including the Cochrane Library, PubMed, 
EMBASE, Web of Science and Scopus. A table outlining our 
full search strategy can be found in Supplementary Table 1. 
Our main search terms included “MIF/MMIF” and “spinal 
cord injury.” Selected electronic databases were queried 
using the search terms detailed in Supplementary Table 1.

Inclusion and exclusion criteria

This study includes cohort, prospective, and retrospective 
analysis, as well as interventional studies. We selected stud-
ies that met our criteria: original articles that mentioned spi-
nal cord injury* “in animal (in vitro/in vivo) OR human 
(in vitro/in vivo)” in the title/abstract AND Macrophage 
Migration-Inhibitory Factors OR Macrophage Inhibitory 
Factors OR MIF OR MMIF. We have included studies that 
mention anti-MMIF effect of interventions.

All models of traumatic spinal cord injury, including 
transection, hemi-section, contusion, and compression, 
were investigated at all levels of the spinal cord sensory or 
motor injury. Review articles, case reports, and case series 
involving fewer than 10 patients and studies where only 
an abstract was available were excluded. We also searched 
review articles for references on related topics. It should 
be noted that due to our specific search, we did not search 
‘macrophage’ alone and did not consider “activated auto-
mated macrophage” treatment for SCI. Therefore, we did 
not include the RCT of Lammertse et al. [31, 32] in phase 2, 
which showed the negative effects of activated macrophages 
in a human study.

Assessment of quality and risk of bias in included 
studies

Two independent reviewers assessed risk of bias on the basis 
of the following criteria advised by Hassannejad et al. [33] 
for pathophysiological events after experiments on traumatic 
spinal cord injury: 1. species; 2. using appropriate tests; 3. 
the Severity of injury; 4. level of injury; 5. age/weight; 6. 
number of animals per group; 7. designation of strain; 8. 
definition of control; 9. description of statistical analysis; 
10. Regulation and ethics; 11. Blindness of assessor; 12. 
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Genetic background; 13. Method of allocation to treatments; 14. Have a control group 15. Description of the reasons to 
exclude animals from the experiment during the study.

Table 1  Risk of Bias form of included articles
Authors, 
year

Spec
ies

Age/w
eight 
of 
animal 
mentio
ned

Design
ation 
of 
strain

Numbe
r of 
sample
s/per 
groups

Lev
el 
of 
inj
ury

Meas
ures 
severi
ty of 
injury

Consider
ation of 
genetic
backgro
und

Method 
of 
allocati
on to 
interve
ntion

Hav
e a 
cont
rol 
grou
p

Descrip
tion of 
the 
reason
s to 
exclud
e 
animal
s from 
the 
experi
ment 
during 
the 
study

Regula
tion 
and 
ethics

Defini
tion 
of 
contr
ol 
group

Using 
approp
riate 
tests
for 
evaluat
ion of 
outco
me

Blind
ness 
of 
asses
sor

Descri
ption 
of 
statisti
cal 
analysi
s

Quali
ty

Bank et 
al, 2015 
[14]

* * * * * * * * * * * -

Stein et 
al.,2013 
[1]

* * * * * -

Benedict 
et al., 
2012 [35]

* * * * * * * * * * * * * * high

Emmetsb
erger et 

* * * * * * * * * * * * * * high

al, 2012 
[28]

Hu et al. 
2013 [37]

* * * * * * * * * * * * high

Huo et 
al., 2017 
[36]

* * * * * * * * medi
um

Koda et 
al, 2004 
[16]

* * * * * * * * medi
um

Nishio et 
al., 2009 
[10]

* * * * * * * * * high

Saxena 
et al., 
2015 [2]

* * * * * * * * * * * * * * high

Su et al., 
2017 [38]

* * * * * * * * high

Zhou et 
al., 2018 
[25]

* * * * * * * * * * * high

Zhang et 
al., 2019 
[39]

* * * * * * * * * * * * high

No risk of bias: white (*); risk of bias is unclear due to insufficient descrip�ons in the ar�cle, gray; high risk of bias: black.
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If each column had no risk of bias, it scored as posi-
tive (white color); if each column showed a high risk of 
bias, it scored as negative (black color). If the risk of bias 
was unclear due to insufficient descriptions in the article, 
it showed as gray. Differences in the assessment were dis-
cussed during a consensus meeting. A total score was com-
puted by adding the number of positive scores, and high 
quality (low risk of bias) was defined as fulfilling 8 or more 
(more than 50%) of the 15 internal validity criteria. Finally, 
the risk of bias was assessed for each included animal stud-
ies in the data extraction form (Table 1).

The study quality assessment tools of the National Heart, 
Lung, and Blood Institute of the National Institutes of Health 
(NIH) for observational cohort and cross-sectional studies 
were used to assess the quality of included human studies 
(Table 2) [34]. Since we do not have a similar qualitative 
assessment for animal studies, we used criteria advised by 
Hassannejad et al. [33] to assess the quality of animal studies.

Data extraction

The same two review authors who performed the risk of 
bias assessment conducted the data extraction independently 
from one another. Data were extracted into a standardized 
paper form. If there was a difference of opinion between 

review authors, two expert team members in traumatic spinal 
cord injuries were consulted to make a final decision.

Results

Description of studies

We identified 1,152 articles in initial search in databases, 
from which 367 similar titles removed. A total of 785 arti-
cles were initially screened through the evaluation of titles 
and abstracts, among which 751 articles were excluded. 
Thirty-four studies were deemed relevant and of acceptable 
format for full-text retrieval. Of these 34 papers, eight were 
excluded as they were review papers, and 14 papers did not 
present the least requisite data. Finally, after the elimination 
of duplicate reports and quality assessment of the articles, 
12 studies were included in our review (Fig. 1).

The characteristics of included studies are presented in 
Table 3. Two studies (observational on both sexes) were 
performed on the human subject [1, 14], four studies [2, 16, 
35, 36] as in vivo, and six experiments on both in vivo and 
in vitro animal models [10, 25, 28, 37–39].

In total, data from 472 animals (health control = 94, 
SCI = 178, and treatment = 200) and 79 patients (unin-
jured = 42 and SCI = 37) were extracted. Three [10, 35, 

Table 2  Results of quality assessment of the observational included studies using NIH(35) criteria

Author Bank et al. [14] Stein et al. [1]

1. Was the research question or objective in this paper clearly stated? YES YES
2. Was the study population clearly specified and defined? YES YES
3. Was the participation rate of eligible persons at least 50%? NO NO
4. Were all the subjects selected or recruited from the same or similar populations (including the same time 

period)? Were inclusion and exclusion criteria for being in the study pre specified and applied uniformly to 
all participants?

YES YES

5. Sample size justification, power description, or variance and effect estimates provided? NO NO
6. For the analyses in this paper, were the exposure(s) of interest measured prior to the outcome(s) being 

measured?
YES YES

7. Was the timeframe sufficient so that one could reasonably expect to see an association between exposure and 
outcome if it existed?

YES NA

8. For exposures that can vary in amount or level, did the study examine different levels of the exposure as 
related to the outcome (e.g., categories of exposure, or exposure measured as continuous variable)?

YES NA

9. Were the exposure measures (independent variables) clearly defined, valid, reliable, and implemented con-
sistently across all study participants?

YES YES

10. Was the exposure(s) assessed more than once over time? NA NA
11. Were the outcome measures (dependent variables) clearly defined, valid, reliable, and implemented consist-

ently across all study participants?
YES YES

12. Were the outcome assessors blinded to the exposure status of participants? NR NR
13. Was loss to follow-up after baseline 20% or less? NO NA
14. Were key potential confounding variables measured and adjusted statistically for their impact on the rela-

tionship between exposure(s) and outcome(s)?
NO NO

Quality rating Fair Poor
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36] and seven [2, 16, 25, 28, 37–39] experiments were per-
formed on female and male rats, respectively.

The most common injury models in the included studies 
were contusion with eight experiments [2, 16, 25, 35–39], 
followed by compression with one [10], and hemi-section 
with one [28]. The most common mechanism of SCI in 
human subjects was motor vehicle crashes (16 patients), 
followed by fall (15), sport (4), violence (1), and other 
(4) [1, 14].

Risk of bias and quality assessment

The quality of all (n = 12) included studies was assessed. 
According to the NIH Checklist, of the two included 
human observational studies, one was considered as 
a study with poor [1] quality and the other as fair [14] 

(Table 2). Based on a checklist designed by our group 
in another study for assessing animal study ROB, of the 
remaining 10 animal studies, 2 were medium quality and 
the rest were high quality (Table 1).

Changing MMIF concentration after SCI

MMIF level was elevated during spinal cord injury as a 
reactive pro-inflammatory factor. Some studies [1, 14, 16, 
38, 39], both human and animal, showed that MMIF level 
was increased after SCI compared with control subjects 
(p < 0.001). Both observational studies on acute and chronic 
spinal cord injury involving human patients [1, 14] stated 
that MMIF levels were higher in the injured patients than 
uninjured patients. While neither of these studies (fair [14] 
and poor [1] quality) have good power due to limited sample 
number and potential confounding variables (mostly in a 

Fig. 1  PRISMA flow chart of 
summarized search procedure
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study on chronic SCI patients [1]), the studies were impor-
tant in understanding whether MMIF was involved in both 
primary and secondary injury (acute and chronic) after SCI 
[1, 14]. In Stein et al. [1] subjects with chronic SCI with a 
mean time of 12 ± 1.5 years after injury were enrolled, and 
the distribution of AIS grades were as follows: A (64%), C 
(14%), and D (23%). Bank et el. [14]. evaluated the MMIF 
level in acute SCI patients; most patients were AIS grade 
A.MMIF level tended to be higher in non-survivors com-
pared with survivors and cervical SCI patients compared 
with other sites of injury, but it enough to be considered a 
biomarker for outcome and severity of injury (p ≤ 0.1). Six 
studies showed that MMIF activity or MMIF gene expres-
sion could be affected by MMIF inhibitors in animal mod-
els of SCI (Table 4) [2, 10, 35–37, 39]. Table 5 shows the 
changing MMIF level after SCI in included articles.

Role of MMIF in the achievement of post‑SCI 
damages

We did not find any interventional studies focusing on the 
effect of MMIF or its inhibitors on human SCI in our system-
atic review. After gathering information from animal stud-
ies, it was generally accepted that after spinal cord injury, 
MMIF acts as an upstream mediator of the pro-inflamma-
tory molecular cascade and activates inflammatory signal-
ing pathways [38, 39]. MMIF does this by interacting with 
MMIF receptors (CD74) on astrocytes and macrophages [25, 
35, 39], which consequently lead to adverse events such as 
increased susceptibility to glutamate-related neurotoxicity 
[10], increased nitrite production [2], activation of ERK [38] 
and COX2/PGE2 [39] signaling pathways, and stimulation 
of CCL5-related chemotaxis [25]. Note that one study with 
high quality indicated that microglial inhibitory factor (MIF/
TKP), by acting on microglia and macrophages could attenu-
ate axonal damage after SCI by inhibiting cell migration. 
MIF/TKP also induces proliferation and differentiation of 
oligodendrocyte precursor cells and reduces axonal dieback 
[28].

Possible beneficial effects of MMIF inhibitors

Molecular and histopathological outcomes

Four studies with high quality suggested that MMIF inhibi-
tory molecules, such as sulforaphane, Chicago sky blue 
(CSB), tetramethylpyrazine and 4-IPP could ameliorate 
inflammation via different pathways [2, 35, 37, 39]. In addi-
tion to MMIF inhibitors, electrical field stimulation, such 
as that reported by Huo et al. [36], could inactivate MMIF 
tautomerase activity directly and may directly and indi-
rectly lead to offset of  Ca2+ influx at the spinal cord injury 
site. Nishio et al. [10] have also demonstrated that after 

the deletion of the MMIF gene, neuronal apoptosis post-
SCI markedly decreased in comparison with control group 
(p < 0.01). All models of injury in this animal study were 
contusion injury except the study by Nishio et al. [10], which 
involved compression. With the exception of Stein et al.[1], 
which addressed chronic SCI patients, the rest of the human 
and animal studies addressed acute SCI.

Inflammatory cytokines (e.g., IL-1, TNF-α, IL-4, IL-10, 
and IL-13) released by glial cells, especially astrocytes, are 
recognized as some of the most important factors in the 
development of post-SCI damage. The role of MMIF in 
increasing these cytokines was demonstrated by three stud-
ies [2, 25, 38], and inhibitors of MMIF may be considered 
as potential new therapies for SCI. Stimulation of the COX2 
production pathway is another mechanism of MMIF-induced 
post-SCI damage. Zhang et al. [39] demonstrated that MMIF 
can increase COX2/PGE2 products and, consequently, ele-
vate inflammatory cytokines such as TNF-α. Subjects treated 
with 4-IPP as an MMIF inhibitor had a decreased level of 
COX2 in astrocytes and at the lesion site (p < 0.05). Ben-
edict et al. [35] has investigated the role of sulforaphane 
on MMIF and postulated that treatment at low-dose (n = 8) 
or High-dose (n = 7) of sulforaphane increased the number 
of serotonergic axons caudal to the lesion site (p = 0.03). 
In another study [2] examining the effect of nano Chicago 
sky blue (nano-CSB) on MMIF, CSB was shown to inhibit 
MMIF tautomerase activity. Animals receiving nano-CSB 
also had higher amounts of white matter sparing at the lesion 
site and showed better preservation of vascular integrity at 
the center of injury site compared to control (p < 0.05). In a 
study by Hu et al. [37] comparing the effect of tetramethyl-
pyrazine (TMP) in control and treatment groups, expression 
of MMIF was significantly reduced in the treatment group 
and was associated with better recovery of hindlimb function 
of rats based on Basso, Beattie, and Bresnahan (BBB) score. 
All studies mentioned in this section had a low risk of bias.

Behavioral outcomes

Three out of the 12 studies examined pre-clinical outcomes 
[2, 10, 37]. A study conducted by Saxena et al.[2] used 
Basso, Beattie, and Bresnahan (BBB) score to measure 
behavioral outcomes and showed that treatment with sul-
foraphane (10 or 50 mg/kg) improves the (BBB) score and 
subscore and horizontal ladder performance as a functional 
recovery (p < 0.01). Number of severe missteps in horizontal 
ladder performance decreased between weeks 3 and 5 com-
pared to the control group (p < 0.05). Nishio et al.[10] used 
a 15-point hindlimb motor function score to assess func-
tional recovery and showed that the MMIF gene knockout 
group had a significant difference in motor function score 
versus wild type at 21 days after injury (p < 0.01). MMIF 
gene knockout facilitated the recovery of hindlimb motor 
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function after 3 weeks. In the study conducted by Hu et al. 
[37] comparing physical activity during 21 days of injury 
in the control and treatment groups, hindlimb locomotor 
activity and BBB score improved gradually in both groups. 
Compared to the control group, the TMP group showed a 
significantly improved hindlimb activity score on day 7 after 
injury (day 7, p < 0.05; days 14 and 21, p < 0.01). All 3 stud-
ies had a low risk of bias.

Discussion

We systematically evaluated the effect of MMIF and its 
inhibitors in SCI and sought to find whether MMIF inhibi-
tors are a valid treatment option. Reviewed studies showed 
higher MMIF levels in both acute and chronic SCI than 
in the control group [1, 14]. Furthermore, several studies 
demonstrated that inhibition of MMIF leads to improved 
hindlimb functional recovery, improved neuronal survival, 
and reduced neuronal apoptosis and recovery time [10]. 
Although human studies [1, 14] have reported increased lev-
els of MMIF after spinal cord injury, MMIF concentrations 
were similar to those in other acute inflammatory condi-
tions such as sepsis, burns, and trauma [40–43]. According 

to the reviewed articles, evidence was obtained regarding 
the effects of various substances on MMIF. It is already 
known that MMIF has mitogenic, pro-inflammatory and 
immune-regulated activity due to binding to CD74 on the 
surface of astrocytes. Su et al. [38] also confirmed this fact 
by applying recombinant MMIF, and noted that CD74 is an 
important molecule in the MMIF mediatory process. This 
interaction activates extracellular signal-regulated kinases 
(ERK), which mediates prostaglandin E2 (PGE2) generation 
via increased cyclooxygenase-2 (COX-2) production. The 
authors also suggested that MMIF proinflammatory activ-
ity not only activates the ERK pathway, but also increases 
proinflammatory molecules such as TNF-α, NFκB.

In this regard, Zhang et al. [39] used the genomic effects 
of siRNA2 and the knockdown of astrocyte CD74 receptors 
to decrease levels of COX2 and prostaglandin E2 (PGE2). 
This result was in line with the study of Su et al. [38]

Activation of ERK1 by MMIF can also stimulate immune 
cell recruitment to the site of spinal cord injury through 
the increase in chemokine ligand 5 (CCL5) [25]. Zhang 
et al. [39] found that 4-iodo-6-phenylpyrimidine (4-IPP) 
decreases CCL5 protein levels through CD74 membrane 
receptor interaction and prevents CCL5-related chemotaxis 
triggered by astrocytes involved in promoting migration of 

Table 5  MMIF level after 
SCI and different human and 
animal studies including MMIF 
inhibitors

NA =Not available

Six studies have shown that following SCI, MIF increases [1, 14, 16, 37–39]. These studies confirm eleva-
tion of MIF in acute [14] and chronic [1] SCI in human, and in animal SCI [16, 38, 39]. There is no study 
to show normal or decreased level of MIF following human or animal SCI. Regarding the effects of MIF, 
studies have shown the negative histopathologic and behavioral effect and secondary damage following 
high MIF [2, 10, 35, 36, 39]. Only one study has shown histopathologic (and not functional) improve-
ment following MIF [28]. This study used micro-knife for hemisection. There is evidence that knife injury 
produces minimal inflammatory response compared with contusion injury [58]. Therefore, using knife for 
evaluation of inflammation may not be a suitable method
The mRNA of MIF increases following SCI, peaking in three days and becoming normal in a week [16]. 
The knockout mice confirmed that inhibition of MIF results in both functional recovery and decreased cel-
lular death [10]. The different MIF inhibitors that have been used to improve functional recovery [10, 35, 
37] and histopathology [2, 10, 35, 37, 38] include Sulforaphane [35], EFS [36], CSB [2], and 4IPP [39]

Author Year Reference number The level of MMIF 
increased after SCI

Observational/interventional

Bank [14]  + Acute Human
Stein 2013 [1]  + Chronic Human
Benedict [35] NA Sulforaphane
Emmetsberger [28] NA MIF/TKP Reverse: knife hemisection—

minimal inflammation vs contusion
Huo [36] NA EFS
Koda [16]  + mRNA peak 3d; normal in 1 w
Nishio [10] NA KO mice
Saxena [2] NA CSB
Su [38]  + MMIF increased in astrocytes/microglia
Zhang [39]  + 4IPP
Zhuo [25] NA CCL5
Hu [37]  + tetramethylpyrazine (TMP)
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M2 macrophages. The major limitation of these studies is 
that they were limited to animal models. Additionally, the 
examined outcomes are only at the molecular level and did 
not involve functional outcomes. Glucocorticoids also have 
an inhibitory effect on MMIF, but studies have suggested 
that they have the paradoxical effect of stimulating MMIF 
secretion rather than inhibiting its secretion [44–46].

Three important studies [10, 35, 37] have investigated 
functional outcomes, the results of which are consistent 
with other studies. Nishio et al. showed that MMIF deletion 
did not change macrophage accumulation on the third day 
after the injury, but that deletion of MMIF inhibited toxic 
glutamate-dependent death. Injected of recombinant human 
MMIF also reversed this deadly cellular inhibition [10]. 
Nishio et al. showed that MMIF gene knockout facilitated 
recovery of hindlimb motor function after 3 weeks. Benedict 
et al. showed improvement in BBB score in injured mice, 
compared to the control group, by injecting sulforaphane 
into mice with spinal cord injury [35]. Hu et al. reduced the 
expression of MMIF by injecting mice intraperitoneally with 
Tetramethylpyrazine. As a result, the study found that Tetra-
methylpyrazine treatment is beneficial in restoring hindlimb 
function [37].

Emmetsberger et al. have shown that MIF/TKP inhibited 
microglia and macrophages, dramatically reducing TNF-
α production both in vitro and in vivo [28]. They illustrated 
how macrophage inhibition reduces secondary damage and 
reduces astrocyte hypertrophy. Additionally, MIF/TKP 
inhibition can be therapeutic by reducing TNF-α, as TNF-α 
itself is neurotoxic [28]. According to a group of studies, 
activated microglia and macrophages that were transplanted 
into in vitro SCI cells caused tissue preservation and neu-
ronal regeneration, as well as maintained functional recov-
ery, through the release of trophic and anti-inflammatory 
factors [47–51]. Therefore, depending on its state of activa-
tion, macrophages can produce neurotoxic or neurotrophic 
factors. Heterogeneous subsets of macrophages called M1 
(neurotoxic) and M2 (neuroprotective) are both present after 
injury, but M1 prevails immediately after injury and causes a 
pro-inflammatory effect that may overcome neuroprotective 
activity [52, 53]. The predominance of M1 macrophages and 
lower number of M2 macrophages after SCI may contribute 
to secondary damage [54].

One of the limitations of our study is the small sample 
size of the animal studies, which can lead to an increased 
risk of selection bias. Additionally, based on our database 
search, there is a lack of previous systematic reviews or 
meta-analyses. In some articles, the effects of interven-
tions are not due to anti-MMIF activity only, as MMIF has 
other effects on various molecules that must be considered. 
Human studies are also scarce, and most of them focused 
on the potential impact on CNS macrophage biology [29]. 
Due to our specific analysis, we did not search for SCI 

intervention using the term ‘macrophage.’ We therefore did 
not include Lammertse [31] et al.’s randomized controlled 
trial (phase 2). Also another analysis by Kigrel et al. [55] 
focused on developing ‘Pro Cord’, a novel therapy for SCI 
(Phase I/II clinical trials in humans).

Other studies focus on non-macrophage-mediated treat-
ment modalities. Yoon et al. [56] carried out a phase I/II, 
open-label, and nonrandomized study with 35 complete spi-
nal cord injury patients receiving autologous human bone 
marrow cell (BMC) and granulocyte macrophage-colony 
stimulating factor (GM-CSF). Further human studies are 
needed with larger sample sizes, as well as clinical trials 
for an MMIF-inhibitor drug in acute or chronic SCI. Simi-
lar studies will be needed: 1-for dose- and time-dependent 
measurement of MMIF in both animal and human studies, 
2-to gain more accurate knowledge of the origin of MMIF 
secretion; 3-to differentiate M1/M2 macrophages and 
understand their interaction with subsequent SCI MMIFs, 
and 4-to use sensitive techniques [57] to quantify activated 
macrophages.

In summary, our evaluation of the therapeutic effect of 
MMIF inhibition as a means of reducing the complica-
tions of SCI has included a systematic review of studies 
performed before February 2019, and suggests that in most 
studies, MMIF inhibition can improve outcomes in animal 
models.
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