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Neuroprotective effect of immunomodulatory peptides 
in rats with traumatic spinal cord injury
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Abstract  
Several therapies have shown obvious effects on structural conservation contributing to motor functional recovery after spinal cord injury 
(SCI). Nevertheless, neither strategy has achieved a convincing effect. We purposed a combined therapy of immunomodulatory peptides that 
individually have shown significant effects on motor functional recovery in rats with SCI. The objective of this study was to investigate the 
effects of the combined therapy of monocyte locomotion inhibitor factor (MLIF), A91 peptide, and glutathione monoethyl ester (GSH-MEE) 
on chronic-stage spinal cord injury. Female Sprague-Dawley rats underwent a laminectomy of the T9 vertebra and a moderate contusion. Six 
groups were included: sham, PBS, MLIF + A91, MLIF + GSH-MEE, A91 + GSH-MEE, and MLIF + A91 + GSH-MEE. Two months after injury, motor 
functional recovery was evaluated using the open field test. Parenchyma and white matter preservation was evaluated using hematoxylin & 
eosin staining and Luxol Fast Blue staining, respectively. The number of motoneurons in the ventral horn and the number of axonal fibers were 
determined using hematoxylin & eosin staining and immunohistochemistry, respectively. Collagen deposition was evaluated using Masson’s 
trichrome staining. The combined therapy of MLIF, A91, and GSH-MEE greatly contributed to motor functional recovery and preservation of 
the medullary parenchyma, white matter, motoneurons, and axonal fibres, and reduced the deposition of collagen in the lesioned area. The 
combined therapy of MLIF, A91, and GSH-MEE preserved spinal cord tissue integrity and promoted motor functional recovery of rats after SCI. 
This study was approved by the National Commission for Scientific Research on Bioethics and Biosafety of the Instituto Mexicano del Seguro 
Social under registration number R-2015-785-116 (approval date November 30, 2015) and R-2017-3603-33 (approval date June 5, 2017). 
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Graphical Abstract The intial lesion causes an exacerbated immune response, which is 
modulated by peptides at different events, favoring neuroprotection and 
motor recovery [Decreases (┤ ), increases (→)]. 
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Introduction 
Spinal cord injury (SCI) has a global incidence of 250,000 
to 500,000 new cases annually and is considered a public 
health problem due to its economic and social repercussions 
(Wilson et al., 2020). Ninety percent of SCIs occur due to 
traumatic causes, and in these cases, the damage to the 
tissue is induced by the primary event and the secondary 
events triggered after injury. These mechanisms exert their 
degenerative effects during different stages of damage (acute, 
sub-acute, and chronic phases) (Oyinbo, 2011).

The primary damage occurs mechanically due to an impact, 
laceration, or transection, and it is irreversible, resulting in 
compression or tearing, limiting blood supply and causing 
a rupture of the hematoespinal barrier at the site of injury 
(Dalbayrak et al., 2015). The primary event induces tissue 
destruction, destabilization of neuronal and endothelial 
membrane (Profyris et al., 2004), and biochemical and cellular 
actions that lead to the secondary damage. Simultaneously, 
resident and peripheral cells are activated and accompanied 
by ionic deregulation events, loss of homeostasis (Hille and 
Catterall, 1999; Oyinbo, 2011), excitotoxicity, lipid peroxidation 
(LP), and synthesis of cytokines and enzymes (Xu et al., 2004; 
Hall et al., 2016; Vilchis et al., 2019; Bloom et al., 2020). 
These events, in combination with others, cause diverse 
morphological alterations, such as cavitation formation, axonal 
demyelination, glial scar (GS) formation, and collagen IV 
synthesis which represent the mechanical aspects that restrict 
axonal regeneration (Liesi and Kauppila, 2002; Fitch and Silver, 
2008; Chen and Zhu, 2016).

Secondary events may become chronic producing more 
neuronal degeneration that further worsens patient’s health, 
thus decreasing the quality of life (Rowland et al., 2008; 
Moghaddam et al., 2015).

I n  re c e nt  ye a rs ,  n e u ro p ro te c t i ve  t h e ra p i e s  ( e . g . , 
methylprednisolone, erythropoietin, immunomodulation), 
have been implemented to reduce destructive events 
following SCI. Such therapies are aimed at repairing damaged 
neural tissue or regenerating new neural tissue, neutralizing 
toxic mediators or increasing tissue resistance to toxicity 
triggered by SCI, avoiding expansion of the lesion, and 
promoting motor functional recovery (Faden and Stoica, 
2007; Bains and Hall, 2012). Most of the drugs that have been 
studied as possible neuroprotective agents are only focused 
on a single type of damage, and these treatments have even 
been customized according to the specific mechanisms of the 
primary lesion (Hilton et al., 2017). The multiple drugs that 
have been suggested as a possible treatment for SCI include 
immunomodulatory peptides, which in recent decades 
have been identified as potential agents for treatment of 
some central nervous system (CNS) pathologies (Guizar-
Sahagun et al., 2005; del Rayo-Garrido et al., 2013; Bermeo 
et al., 2015). Our group used several peptides, including 
monocyte locomotion inhibitor factor (MLIF), A91 peptide 
and glutathione monoethyl ester (GSH-MEE), to treat SCI in 
murine models. MLIF is a pentapeptide (Met-Gln-Cys-Asn-Ser) 
produced by Entamoeba histolytica. A91 peptide corresponds 
to the immunodominant epitope of sequence 87–99 of the 
myelin basic protein with a lysine substituted by an alanine at 
position 91 (--Val-His-Phe-Phe-Ala-Asn-Ile-Val-Thr-Pro-Arg-Thr-
Pro--). Glutathione monoethyl ester is a membrane permeable 
compound [γ-Glu-Cys-Gly-OEt (GSH-MEE)] that increases the 
intracellular concentrations of glutathione (GSH) (Martiñon 
et al., 2007; del Rayo-Garrido et al., 2013). Each of these 
peptides, when individually administered, has been shown to 
exhibit the ability to modulate some of the secondary events 
triggered by SCI, favoring motor function recovery (Guizar-
Sahagun et al., 2005; del Rayo-Garrido et al., 2013; Bermeo et 
al., 2015). 

MLIF diminishes the migration of inflammatory cells and their 
ability to produce free radicals. Additionally, this peptide 
enhances the Th2 response and upregulates interleukin-10 
(IL-10) and transforming growth factor-beta (TGFβ) expression 
(Bermeo et al., 2013). On the other hand, GSH-MEE is an 
excellent antioxidant that neutralizes free radicals (FR) 
diminishing LP. Likewise, GSH-MEE increases the activation, 
proliferation, and cellular differentiation of immune cells 
(especially T-lymphocytes) and promotes the upregulation 
of IL-2 and TGFβ (Martiñon et al., 2007). After 3–5 days of 
immunization, A91 peptide induces a Th2 response that 
modulates inflammatory response, diminishing LP and 
apoptosis. Aside from this, the induced Th2 response is 
capable of producing neurotrophic factors and promoting 
neurogenesis and axonal regeneration (Martiñon et al., 
2007; Rodriguez-Barrera et al., 2020). The beneficial effects 
of A91 peptide immunization are expected to initiate their 
action until the subacute phase of injury. The neural tissue is 
unprotected during the acute stage. The addition of MLIF and 
GSH-EE can protect the tissue from the beginning of injury by 
reducing inflammation, LP, and apoptosis, thereby enabling 
an earlier and better motor function recovery (Rodriguez-
Barrera et al., 2013). Furthermore, during the acute phase, 
MLIF and GSH-MEE support and enhance the anti-A91 
response. We anticipated that the separate actions of MLIF 
and GSH-MEE, from the beginning, will potentiate their effect 
on inflammation, FR production, and anti-A91 stimulation. 
In a continuum effect, A91-induced response will provide 
protective effects during the subacute stage, contributing to 
restoration of injured neural tissue. 

Therefore, the general objective of this work was to evaluate 
the neuroprotection induced by the combination of these 
immunomodulatory peptides in animal models of moderate 
SCI in terms of motor function recovery, the preservation of 
medullary parenchyma, ventral horn neurons and myelin, and 
the presence of collagen and axonal fibres at the site of injury.
 
Materials and Methods  
Ethical considerations
Rats were handled according to the National Institutes of 
Health (NIH) guidelines for handling laboratory animals, 
the Norma Oficial Mexicana NOM-062-ZOO-1999 technical 
specifications for the production, care, and use of laboratory 
animals, the Official Mexican Standard NOM-033-ZOO-1995 
on the humane slaughter of domestic and wild animals, and 
the Procedure Manual and Recommendations for Laboratory 
Animal Research from Instituto Mexicano del Seguro Social. 
In addition, the National Commission for Scientific Research 
on Bioethics and Biosafety of the Instituto Mexicano del 
Seguro Social (IMSS) approved the experimental procedures 
under registration number R-2015-785-116 (approval date 
November 30, 2015) and R-2017-3603-33 (approval date 
June 5, 2017). For all the anesthesia procedures, a mixture of 
xylazine (10 mg/kg, PiSA, México city, México) and ketamine 
(50 mg/kg, PiSA) was intramuscularly (i.m.) applied to the 
hind limb of animals. When required, 0.063 g of sodium 
pentobarbital in 1 mL vehicle (Pisapental, PiSA, México city, 
México) was intramuscularly injected in the animals that 
required to be euthanized).  

Animals
Sample size for this experiment was calculated using an 
alpha value of 0.05 and beta value of 0.20. Forty-eight female 
Sprague-Dawley rats, aged 12–15 weeks, weighing 230–250 g, 
were provided by the Animal Facility of the Proyecto Camina 
A.C. and included in this study.

Six groups (n = 8 rats/group) were used (GraphPad QuickCalcs: 
http://www.graphpad.com/quickcalcs/): 1) Sham (without 
SCI induction, and no treatment), 2) PBS (SCI induction, 
phosphate buffered saline intervention), 3) MLIF + A91 (SCI 
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induction, MLIF and A91 intervention), 4) MLIF + GSH-MEE (SCI 
induction, MLIF and GSH-MEE intervention), 5) A91 + GSH-
MEE (SCI induction, A91 + GSH-MEE intervention), and 6) MLIF 
+ A91 + GSH-MEE (SCI induction, MLIF, A91 and GSH-MEE 
intervention). After SCI, rats were housed in cages with good 
and water ad libitum under a 12-hour light/dark cycle at 21–
23°C. All rats were subjected to manual bladder voiding, three 
times a day for 2 weeks. Sterile bedding and filtered water 
were replaced daily. In order to avoid infection, Enrofloxacin 
(Marvel, México City, México) was diluted into their drinking 
water at 64 mg/kg/day for 1 week. These animals were 
carefully monitored for signs of infection, dehydration, or auto 
mutilation with appropriate veterinary assistance as needed. 

Spinal cord injury
The animals were anesthetized, and 30 minutes later, the 
thoracolumbar area was shaved, antiseptically prepared with 
iodopovidone, and a laminectomy was performed by removing 
the lamina at the thoracic vertebra 9 (T9) level to expose the 
spinal cord. A moderate injury was induced by dropping a 
10 g cylinder from a height of 25 mm directly on the spinal 
cord using the NYU impactor (NYU, New York, NY, USA). The 
corresponding treatment was applied, and the muscle and 
skin were repaired with absorbable sutures (polyglycolic acid) 
and 4/0 and 3/0 nylon wire, respectively. 

After treatment, specific care was provided, including 
verification of the persistence of neurogenic bladder 
function, manual emptying of the bladder three times a 
day, administration of 10% Enroxil antibiotic (5 mg/kg body 
weight) in drinking water and oral paracetamol (100 mg/kg 
body weight). In case of abscess formation at the surgical site, 
the area was debrided with the application of a disinfectant 
solution.

Preparation and administration of peptides
Immediately after SCI induction, 50 µL MLIF (44 µg/µL in PBS, 
pH = 7.4; American Peptide Company Co., Sunnyvale, CA, 
USA) or PBS was applied directly to the site of injury and then  
50 µL MLIF or PBS was intraperitoneally administered three 
times, once every 24 hours (Bermeo et al., 2013). 

One hour after SCI induction, 150 µg of A91 (1 µg/µL PBS; 
Invitrogen Life Technologies, San Diego, CA, USA) or emulsified 
PBS in an equal volume of Freund’s complete adjuvant (Sigma, 
St. Louis, MO, USA) containing 0.5 mg/mL of mycobacterium 
tuberculosis (Ibarra et al., 2010; Garcia et al., 2012) was 
subcutaneously injected at the base of the tail. 

After SCI induction, 12 mg/kg of GSH-MEE (Sigma) diluted in 
0.8 mL saline solution was intraperitoneally administered as 
follows: the first dose of 4 mg/kg GSH-MEE was administered 
at 20 minutes after SCI, and the remaining 8 mg/kg GSH-
MEE were divided into three equivalent doses (2.66 mg/kg), 
which were applied 4, 10, and 20 hours after SCI, respectively 
(Guizar-Sahagun et al., 2005).

Motor function recovery assessment
After SCI and treatment, double-blind evaluation was 
performed every 7 days for a period of 8 weeks. Motor 
function recovery was rated on a scale of 0 (complete 
paralysis) to 21 (complete mobility). Each rat was individually 
placed for 4 minutes in an open field of 1.5 m × 1.5 m, and 
movement recovery of the hip, knee, and ankle was evaluated 
using the Basso, Beattie and Bresnahan (BBB) locomotor 
rating scale (Basso et al., 1995). After the 8-week motor 
function evaluation period, four rats in each group were used 
to prepare spinal cord tissue sections, and the other four rats 
were used to prepare paraffin tissue sections. 

Tissue procurement
After the last BBB evaluation, the animals were sedated with 
sodium pentobarbital (100 mg/kg), and 1000 U of heparin 

was intraperitoneally delivered. Thoracotomy and intracardiac 
infusion were performed with a peristaltic pump (Thermo 
Fisher, Waltham, MA, USA). 250 mL of PBS, followed by 250 
mL of 4% paraformaldehyde and 30% sucrose in PBS (pH 
7.4) were administered at 4°C. A tissue segment of 1.8 cm 
was extracted from the central lesion zone of the spinal cord 
and kept overnight in the same fixative. The tissue was then 
transferred to 30% sucrose for 5 days at 4°C.

Procedure for spinal cold cuts
The tissues were placed in Tissue-Tek mounting medium 
(Sakura, Dubai, United Arab Emirates) and frozen at 
–20°C. Longitudinal sections were cut on a cryostat (Leica 
Biosystems). The first four 5 µm-thick sections were used to 
determine the deposition of collagen (Masson’s trichrome 
staining). The following four 5 µm-thick sections were 
used for determining spinal cord parenchyma preservation 
[hematoxylin and eosin staining (H&E)], and the final four 
40 µm-thick sections were used to determine axonal fibers 
(immunohistochemical staining) using the ependymal canal as 
a reference.

For histological staining (H&E and Masson’s trichrome 
staining), the tissues were placed on slides loaded with poly-
L-lysine (Sigma), fixed at 70°C/5 seconds, and dehydrated with 
distilled water, 70% ethanol/1 minute, 96% ethanol/1 minute, 
and absolute alcohol/1 minute. The slides were then placed in 
acetone for 10 minutes at 4°C and dried at room temperature. 
For immunohistochemical staining, the tissues were placed in 
16-well plates containing 1 mL of PBS solution at 7.4 pH where 
the technique was carried out by flotation.

Procedure for paraffin sections
To determine ventral horn motor neurons (H&E staining) 
and myelin preservation [Luxol Fast Blue staining (LFB)], the 
tissue was placed in a graded series of ethanol: 70%/24 hours, 
96%/20 minutes, 96%/20 minutes, 100%/30 minutes, and 
finally xylol/30 minutes. The dehydrated tissue was embedded 
in paraffin at 56°C for 2 hours and included in cassettes (Metrix 
Lab, México city, México). Serial cross-sections, 3 µm thick, 
were cut using a microtome (Leica Biosystems, Richmond, 
USA). Using the site of injury as a reference, sections were 
cut at 0.1 cm, 0.2 cm, 0.3 cm, 0.4 cm, and 0.5 cm in both the 
rostral and caudal directions from the epicentre of the lesion. 
The sections were placed on slides loaded with poly-L-lysine 
and dried at 70°C for 30 minute.

Preservation of the medullary parenchyma and ventral horn 
motor neurons (H&E)
The samples were hydrated as follows: Xylol (cold cuts, the 
tissue did not pass through this solvent), alcohol: absolute/30 
seconds, 96%/30 seconds, 70%/30 seconds and distilled 
water/30 seconds. 

The slides were placed in Harris hematoxylin for 5 minutes, 
washed with distilled water, washed twice with 0.1% absolute 
alcohol-hydrochloric acid, and washed again with distilled 
water. Five baths were made in 0.5% lithium carbonate and 
one bath in distilled water. The samples were stained with 
0.5% Eosin for 30 seconds, dehydrated in an inverse manner 
(destilled water-Xylol). The slides were mounted with Entellan 
(Merck Millipore, México City, México), a coverslip was placed 
on the tissue, and finally, the total tissue was scanned. Images 
were captured at 2× and 20× magnifications with an Aperio 
microscope (Leica Biosystems, Chicago, IL, USA).

To determine the preservation of the medullary parenchyma 
in longitudinal sections, an area of 1 cm (0.5 cm rostral/0.5 
cm caudal to the site of injury) was delimited and normalized 
to the pixel density obtained with respect to uninjured tissue 
(Sham group) using ImageJ v150B software (NIH, Bethesda, 
MD, USA).  
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For ventral horn neurons in cross-sections, sections 
corresponding to tissue in quadrants were delimited with 
the Fiji tool of ImageJ software, and only cells in which the 
nucleus could be delimited were counted in the area 0.5 cm 
rostral/0.5 cm caudal to the site of injury. 

White matter determination (Luxol Fast Blue staining)
The samples were hydrated in the following order: Xylol/30 
seconds, alcohol: absolute/30 seconds, 96%/30 seconds, 
70%/30 seconds, and distilled water/30 seconds. The slides 
were placed in 0.1% LFB solution/2 minutes and rinsed with 
distilled water. Then, the slides were washed 20–30 times in 
0.05% lithium carbonate solution, which was freshly prepared, 
until the white matter (blue color) was differentiated from the 
gray matter, and the samples were then rinsed with distilled 
water. The tissue was placed in the cresyl violet solution for 
4 minutes and dehydrated in an inverse manner (distilled 
water-xylol). The slides were mounted with Entellan (Merck 
Millipore), a coverslip was placed on the tissue, and images (2× 
and 20×) were captured with a Leica Aperio microscope by 
total tissue scanning.

To determine the preservation of myelin, the white matter and 
the grey matter were delimited with the ImageJ software; the 
gray matter pixels were subsequently discarded by adjusting 
the saturation percentage of the density at the bottom to 80% 
and adjusting the pixel units to 1 mm to analyze the area of 
each tissue sample. The sections were evaluated at 0.5 cm 
rostral/0.5 flow rate (every 0.1 cm) from the epicentre of the 
lesion.

Collagen deposition determination (Masson’s trichrome 
staining)
To determine collagen deposition, the blue-dyed area 
representing the glial scar was delimited and, adjusting the 
pixel unit to 1 mm, Masson’s trichrome-stained area in each 
tissue was analysed with ImageJ software.

The samples were hydrated in a graded series of alcohol 
as follows: absolute/30 seconds, 96%/30 seconds, 70%/30 
seconds and distilled water/30 seconds. The samples were 
placed in Bouin’s solution for 40 minutes, washed with 
running water, and then bathed with distilled water. They 
were placed in Weigert’s hematoxylin solution for 10 minutes, 
washed with running water, and then bathed with distilled 
water. The samples were then placed in Biebrich scarlet 
solution for 10 minutes, washed with distilled water, placed 
in phosphotungstic acid-phospholimbic acid solution for 15 
minutes and placed in aniline blue solution for 2 minutes. 
They were rinsed in distilled water and a 1% acetic acid bath. 
Slides were assembled with Entellan (Merck Millipore), placing 
a coverslip on the tissue, and images were captured at 0.8 × 
magnification with a Leica Aperio microscope through total 
tissue scanning.

To determine the presence of collagen, blue-stained area 
was delimited, and by adjusting the pixel unit to 1 mm, blue-
stained on each tissue sample was analysed with ImageJ 
software.

Axonal fibre detection (immunohistochemistry flotation)
The obtained sections were placed in 16 well-flat bottom 
plates containing 1 mL of PBS at 0.1 M and pH 7.4 under 
constant agitation during the whole process. Endogenous 
peroxidases were inactivated by incubation with 0.09% 
hydrogen peroxide for 15 minutes, washed three times for 15 
minutes each with 0.1 M PBS, incubated in epitope unmasking 
solution [(1× Immunoretreaver) (BioSB, Santa Barbara, CA, 
USA)], dried at 70°C for 30 minutes, washed three times for 
15 minutes each with 0.1 M PBS, incubated with the primary 
antibody [chicken anti-rat neurofilament H antibody; Cat# 
AB5539 (Merck Millipore)] in a 1:1000 dilution overnight at 
4°C, and washed three times for 15 minutes each with 0.1 M 

PBS/0.3% Triton solution. The sections were then incubated 
with the secondary antibody [rabbit anti-IgG-HRP antibody 
AB6734 (Merck Millipore)] at 4°C for 1 hour at a 1:1000 
dilution with PBS-Triton and washed three times for 15 
minutes each with 0.1 M PBS/Triton and once with distilled 
water. Diaminobenzidine solution was used to monitor the 
development under a microscope (2–10 minutes). Once the 
expected background was obtained by contrasting with the 
well-defined neurofilament fibres, the reaction was stopped 
by addition of distilled water. The sections were placed on 
slides with poly-L-lysine (Sigma), covered with Entellan (Merck 
Millipore), placing a coverslip on the tissue, and images were  
captured at 40× magnification with a Leica Aperio microscope 
through total tissue scanning.

To determine the amount of axonal fibres, the site of injury 
in the tissue section was located and delimited with parallel 
lines 0.5 cm rostral/0.5 caudal to the site of injury. Fibres were 
counted from top to bottom so as not to count the same axon 
twice. A marked axon was defined as the axon presenting well-
defined dark brown colouration protruding from the bottom. 
The images were scanned using the free access software 
ImageJ v1.50B.

Statistical analysis
The groups were descriptively analyzed to verify the 
distribution of data. Data are expressed as the mean ± SEM. 
Open field locomotion test and one-way analysis of variance 
(ANOVA) for repeated measures with Bonferroni´s post hoc 
test were performed. Two-way ANOVA for repeated measures 
was performed to evaluate survival of ventral horn motor 
neurons and white matter preservation. One-way ANOVA with 
Tukey´s post hoc test was performed to evaluate preservation 
of medullary parenchyma and axonal count. Kruskal-Wallis 
test followed by Mann-Whitney U test was performed to 
evaluate presence of collagen. The threshold for significance 
was defined as P < 0.05. GraphPad Prism 8 software (San 
Diego, CA, USA) was used to perform data analysis.

Results
Motor functional recovery of rats
The sham group had a BBB score of 21. SCI groups treated 
with different combinations of immunomodulatory peptides 
from the second post-injury week obtained better scores than 
the PBS-treated group. Nevertheless, the rats treated with 
three immunomodulatory peptides obtained the best scores 
with a maximum of 10.1 ± 0.4 points on the 8th week. This 
value was significantly higher than the one presented by A91 
+ GSH-MEE (8.7 ± 0.6; F = 2.19, P = 0.04; one-way ANOVA for 
repeated measures with Bonferroni´s post hoc test), MLIF + 
A91 (7.6 ± 0.4; F = 4.52, P = 0.005), MLIF + GSH-MEE (7.6 ± 0.2; 
F = 5.94, P < 0.001) or PBS (4.9 ± 0.4; F = 15.39, P < 0.0001) 
groups (Figure 1). 

Preservation of medullary parenchyma
Figure 2A shows representative spinal cord sections from 
each of the H&E-stained groups. The MLIF + A91 + GSH-MEE 
group presented the most complete tissue. The percentage 
of preserved tissue is presented in Figure 2B, with the Sham 
group at the T9 level taken as a reference corresponding 
to 100% integrity with the same caudal and rostral length. 
The percentage of preserved tissue in SCI rats was higher in 
the MLIF + A91 + GSH-MEE (67.5 ± 1) than that in the other 
groups: A91+ GSH-MEE (62.5 ± 0.8), MLIF + A91 (60.2 ± 1), 
MLIF + GSH-MEE (58.9 ± 0.7) and PBS (55.9 ± 1.4; F = 17.91, P 
< 0.001).

Ventral horn motor neurons
Figure 3A shows representative H&E stained spinal cord 
sections, which were taken at 0.5 cm cranial and 0.5 cm 
caudal to the epicentre of the lesion in each group. Fewer 
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Figure 1 ｜ Open field test for evaluation 
of motor function. 
The MLIF + A91 + GSH-MEE group showed 
better motor function recovery at the end 
of the observation period. *P < 0.05, **P 
< 0.01, ***P < 0.0001. One-way analysis 
of variance for repeated measures with 
Bonferroni’s post hoc test. The data are 
presented as the mean ± SEM of eight 
rats per group. BBB: Basso, Beattie and 
Bresnahan locomotor rating scale; GSH-
MEE:  glutathione monoethyl ester; MLIF: 
monocyte locomotion inhibitor factor; PBS: 
phosphate buffer saline.  

P
re

se
rv

at
io

n 
of

 th
e 

m
ed

ul
la

ry
 

pa
re

nc
hy

m
a 

(%
)

80

60

40

20

0

PBS
MLIF+A91
A91+GSH-MEE
MLIF+GSH-MEE
MLIF+A91+GSH-MEE

*

**

*

BA

Figure 2 ｜ Preservation of the medullary parenchyma 8 weeks after spinal cord injury.
(A) Representative hematoxylin & eosin-stained samples of each group, taken 0.5 cm rostral to and 0.5 
cm caudal to the epicenter of the lesion, which are shown to determine the percentage of preserved 
tissue. (B) Graphic representation of the percentage of preservation relative to the sham group. A higher 
percentage of preserved tissue in the group treated with the combined therapy of MLIF, A91 and GSH-
MEE was observed. One-way analysis of variance with Tukey’s post hoc test (*P < 0.05, **P = 0.001). The 
data are presented as the mean ± SEM of four rats per group. GSH-MEE: Glutathione monoethyl ester; 
MLIF: monocyte locomotion inhibitor factor.  
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Figure 3 ｜ The number of motor neurons of the residual ventral horn.
(A) Hematoxylin-eosin staining: The arrows indicate some motor neurons in each group (representative) 
at the epicentre of the lesion and at 0.5 cm rostral to and 0.5 cm caudal to the epicenter of the lesion.  (B) 
Graphical representation of the number of motor neurons in each group in the rostral and caudal regions 
(every 0.1 cm). Two-way repeated measures analysis of variance was performed to reveal the difference 
among the groups. The data are presented as the mean ± SEM of four rats per group. *P = 0.01, **P = 
0.005, ***P = 0.0001. GSH-MEE: Glutathione monoethyl ester; MLIF: monocyte locomotion inhibitor 
factor.  

residual motoneurons of the ventral 
horn (capable of innervating posterior 
tracts, evidenced by the Nissl-stained 
nuclei) were observed in the PBS group 
than in the MLIF + A91 +GSH-MEE 
group. The graphical analysis (Figure 
3B) shows that there was no significant 
difference in the cell count at the cranial 
level among the SCI groups. However, 
cell count at the caudal level in the MLIF 
+ A91 + GSH-MEE group was significantly 
higher than that in the PBS group (F = 
6.60, P = 0.0001) and that in the MLIF + 
A91, A91 + GSH-MEE, MLIF + GSH-MEE 
groups (F = 1.82, P = 0.01). There was 
no significant difference in the cell count 
at the caudal level among PBS, MLIF + 
A91, and MLIF + GSH-MEE groups, and 
significant difference was compared 
when compared with the PBS group (F = 
1.98, P = 0.005).

Preservation of white matter (myelin)
Figure 4A shows representative LFB-
stained samples of each group. Dark 
blue colouration was observed in 
the white matter, which is defined as 
functional myelin attached to the axons. 
Figure 4B shows the densitometric 
analysis (every 0.1 cm). There was no 
significant difference in preservation 
of white matter at the cranial level 
among MLIF + A91, MLIF + GSH-MEE, 
A91 + GSH-MEE, and MLIF + A91 + GSH-
MEE groups.  The preservation of white 
matter at the caudal level in the MLIF + 
A91 + GSH-MEE group was significantly 
higher than that in the PBS (F = 5.06, P 
< 0.001) and MLIF + A91, MLIF + GSH-
MEE, A91 + GSH-MEE groups (F = 2.61, 
P < 0.05). There was no significant 
difference in preservation of white 
matter at the caudal level among MLIF + 
A91, MLIF + GSH-MEE, and A91 + GSH-
MEE groups, but significant difference 
was found between MLIF + A91, MLIF + 
GSH-MEE, and A91 + GSH-MEE groups 
and PBS group (F = 3.46, P < 0.01).

Collagen deposition at the site of injury
F i g u re  5 A  s h ows  re p re s e ntat i ve 
Masson’s trichrome-stained samples 
depicting collagen deposition (in blue) 
at the site of injury. Figure 5B shows 
the densitometric analysis of each 
group. The MLIF + A91 + GSH-MEE 
group presented a significant reduction 
of collagen deposition as compared 
to the PBS, MLIF + A91, MLIF + GSH-
MEE, and A91 + GSH-MEE groups (P < 
0.0001, P < 0.05, respectively). The MLIF 
+ A91, MLIF + GSH-MEE, and A91 + GSH-
MEE groups exhibited a significantly 
lower amount of deposited collagen as 
compared to the PBS group (P < 0.01). 

The number of axons 
Figure 6A shows representative images 
of the spared axons at the rostral and 
caudal regions of each group. Figure 
6B shows the counts of axonal fibres. 
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Figure 4 ｜ Determination of preserved myelin. 
(A) Histological representation of sections of rats in each group. Outlines depict the exact myelinated 
assessed area. From left to right, sections represent proximal (0.5 cm), epicenter and distal (0.5 cm) 
segments. (B) Determination of the area (in mm2) of white matter (every 0.1 cm). Two-way analysis of 
variance for repeated measures revealed that there was significant difference in preserved myelin in the 
epicenter of the lesion (0 cm) between MLIF + A91 + GSH-MEE group and the PBS group. The data are 
presented as the mean ± SEM of four rats per group. *P < 0.05, **P < 0.01, ***P < 0.001. 

C
ol

la
ge

n 
ar

ea
 (m

m
2 )

2.0

1.5

1.0

0.5

0

PBS
MLIF+A91
A91+GSH-MEE
MLIF+GSH-MEE
MLIF+A91+GSH-MEE

***
***

BA

Figure 5 ｜ The presence of collagen. 
(A) Representative images of the deposition of 
collagen in different groups (framed by black line). 
(B) Densitometric analysis of the amount of collagen 
present in the area (in mm2). A smaller collagen 
deposition area was observed in the MLIF + A91 + GSH-
MEE group. The data are presented as the mean ± SEM 
of four rats per group. *P < 0.05, **P < 0.01, ***P < 0.001 
(Kruskal-Wallis test followed by Mann-Whitney U test). 

Axons were counted at the rostral (0.5 
cm), epicentre and caudal (0.5 cm) 
regions. The number of fibers at the 
lesion epicentre and at the caudal level 
in the MLIF + A91 + GSH-MEE group 
was significantly higher than that in the 
PBS group (F = 3.03, P = 0.049, and F = 
4.2, P < 0.01, respectively). The number 
of axons, but only at the caudal level, 
in the MLIF + A91 + GSH-MEE group 
was significantly higher than that in the 
MLIF + A91, MLIF + GSH-MEE, and A91 + 
GSH-MEE groups (F = 4.3, P = 0.02). The 
number of axons at the caudal level in 
the MLIF + A91, MLIF + GSH-MEE, and 
A91 + GSH-MEE groups was significantly 
higher than that in the PBS group (F = 
4.05, P = 0.03). 

Discussion
Previous studies have demonstrated 
that individual application of MLIF 
or GSH-MEE acts against destructive 
phenomena from the beginning of SCI. 
A91 peptide exerts its protective effect 
starting from 4–6 days after injury 
(Guizar-Sahagun et al., 2005; Ibarra et 
al., 2013; Bermeo et al., 2015). This 
attractive two-phase effect incited our 
research group to evaluate the effect 
of the three-peptide therapy on motor 
functional and morphological recovery. 
Based on the results of the individual 
action of each of these peptides, we 
can infer that the application of the 
proposed combination is synergistic 
and favors motor functional recovery 
more effectively than individual or dual 
treatments (Guizar-Sahagun et al., 2005; 
Martiñon et al., 2007; Bermeo et al., 
2015). 

The proposed three-peptide therapy 
potentiated motor functional recovery 
and also promoted neuroprotection. 
Regarding the latter, individual therapy 
with any of the peptides used in this 
work  has  shown neuroprotect ive 
effects by inhibiting apoptosis, lipid 
peroxidation, inflammation or even 
nitric oxide production (Guizar-Sahagun 

et al., 2005; Ibarra et al., 2010; Rodriguez-Barrera et al., 2013; 
Bermeo et al., 2015; Garcia et al., 2018). These beneficial 
effects have favored the preservation of neural tissue. For 
instance, studies by our group have shown that the three 
peptides (each one per separate) have a protective effect 
on red nucleus neurons that project axons below the site of 
injury that favor motor functional recovery (Martiñon et al., 
2007; Bermeo et al., 2015). The combined strategy used in 
this work, could then, support the preservation of this and 
other descending pathways, which together with the quantity 
and quality of the preserved tissue are essential in explaining 
the observed functional improvement. 

In the present study, the three-peptide strategy also exhibited 
a significant protective effect on myelin, which was greater 
than that observed in the other experimental groups. This 
beneficial effect could be induced, at least in part, by inhibiting 
lipid peroxidation, one of the main destructive phenomenon 

triggered after injury. With this respect, the central nervous 
system has been shown to exhibit a low antioxidant capacity 
(Profyris et al., 2004; Visavadiya et al., 2016) and high 
concentrations of polyunsaturated fatty acids (main target of 
the free radicals) in such a way that, it is not able to attenuate 
the oxidative response after mechanical damage. 

The overproduction of free radicals occurs during the first 
5 hours after injury (Rodriguez-Barrera et al., 2020); thus, 
the administration of MLIF and GSH-MEE covers this peak in 
free radical production. Afterwards, the myelin is attacked by 
other waves of free radicals, generating oxidative damage, 
thus propagating as a constant cycle of damage that expands 
throughout the injury (Hall et al., 2016: Hilton et al., 2017). 
At this time, the proposed treatment has the ability to 
neutralize these reactive species since A91-immunization 
likely exerts its inhibitory effect on lipid peroxidation (Figure 
7). Therefore, the three peptides used this study play an 
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Figure 6 ｜ Number of axons at different levels of the 
spinal cord. 
(A) Immunohistochemical results of axonal fibres (red 
arrows) in the spinal cord at the rostral and caudal regions. 
(B) Graphical representation of the axonal counts at 
proximal, epicenter and caudal levels. Significant difference 
in axons at the epicentre and caudal levels of injury was 
observed between the MLIF + A91 + GSH-MEE group and 
other groups. The data are presented as the mean ± SEM of 
four rats per group. aP = 0.049, vs. PBS group; bP = 0.01, vs. 
PBS group; cP = 0.02, MLIF + A91 + GSH-MEE group vs. MLIF 
+ A91, A91 + GSH-MEE or MLIF + GSH-MEE group;  dP =  0.03, 
MLIF + A91, A91 + GSH-MEE or MLIF + GSH-MEE group vs. 
PBS group. Immunohistochemistry was performed using the 
rat anti-neurofilament H as the primary antibody. GSH-MEE:  
Glutathione monoethyl ester; MLIF: monocyte locomotion 
inhibitor factor; PBS: phosphate buffer saline. 

Figure 7 ｜ Mechanisms of the combined therapy of MLIF, A91 and 
GSH-MEE. 
From acute to subacute and chronic phases, the three-peptide therapy 
exerts its beneficial effects. MLIF and GSH-MEE protect neural tissue by 
upregulating (+) the expression of the transforming growth factor-beta (TGF-β) 
and then diminishing (–) inflammation, lipid peroxidation (LP) and apoptosis. 
Furthermore, these peptides support the activation of T cells towards an anti-
inflammatory phenotype (TH2). Likewise, MLIF and GSH-MEE enhance the 
anti-A91 response, which will protect and restore neural tissue during the 
subacute and chronic phases. A91 peptide: The immunodominant epitope of 
sequence 87–99 of the myelin basic protein with a lysine substituted by an 
alanine at position 91 (Val-His-Phe-Phe-Ala-Asn-Ile-Val-Thr-Pro-Arg-Thr-Pro); 
GSH-MEE: Glutathione monoethyl ester [γ-Glu-Cys-Gly-OEt]; MLIF peptide: 
monocyte locomotion inhibitor factor [Met-Gln-Cys-Asn-Ser].

important role as antioxidants to eliminate or decrease these 
reactive species and then lipid peroxidation, favoring the 
preservation of myelin (Profyris et al., 2004; Guizar-Sahagun 
et al., 2005; Rodriguez-Barrera et al., 2013; Bermeo et al., 
2015; Garcia et al., 2018). Previous studies have shown 
that the administration of GSH-MEE and MLIF or analogues 
thereof provides neuroprotection after cerebral ischemia and 
significantly decreases lipid peroxidation after trauma (Bermeo 
et al., 2015; Kilanczyk et al., 2016; Vilchis et al., 2019).

At 14 days after injury, formation of glial scar begins with 
collagen synthesis (Wang et al., 2017). Our results showed 

that the area of collagen deposition was slightly decreased 
in the groups receiving combined treatments, in particular 
in the group treated with three-peptide therapy. It is worth 
mentioning that both MLIF and A91 peptides provide an anti-
inflammatory environment with a Th2 phenotype capable of 
diminishing glial scar. Therefore, the combination of these 
therapeutic strategies contributed to greater reduction of glial 
scar. This beneficial effect favors the possibility of a functional 
axonal regeneration, a possible effect that should be further 
investigated (Vilchis et al., 2019).

Neurofilaments are part of axonal cytoskeleton. They provide 
mechanical strength and stability and determine the diameter 
of axons, ensuring that the axons that meet the intact 
cytoskeleton are functional. In this investigation, we immuno-
labelled the axonal neurofilaments and determined the 
number of axonal fibres at the caudal and rostral regions of 
the SCI animals. A positive effect on the number of axons was 
observed for treatment with the peptides, but a significant 
difference in the number of these fibres was observed in the 
group treated with the triple therapy compared with the PBS 
group and the dual-treatment groups.

It is anticipated that the increased number of axons in the 
peptide-treated groups is attributable to the neuroprotective 
effect exerted by the treatment; however, especially at the 
caudal stump of the spinal cord it is likely the result of an axon 
regeneration process. Previous studies have reported that 
at least A91 peptide is capable of modulating the expression 
of neurotrophic factors and the formation of regenerating 
axons (Kilanczyk et al., 2016; Wang et al., 2017; Nathan and 
Li, 2017; Garcia et al., 2019). Therefore, we can infer that 
this modulatory effect could also participate, at least in part, 
in restorative process and thus, in neurological functional 
recovery of SCI rats. This preliminary investigation includes 
only one evaluation of functional recovery, and thus, to 
strength the findings, future studies should consider more 
clinical and also electrophysiological assessments.  

In conclusion, the results obtained indicate that MLIF + A91 
+ GSH-MEE therapy favors preservation of the medullary 
parenchyma, ventral horn, motor neurons, myelin, and the 
number of axonal fibers. Furthermore, it decreases the 
deposition of collagen, contributing to the pass of possible 
regenerating axons through the epicentre of lesion. Together, 
these beneficial effects can explain the better motor function 
recovery of rats in the MLIF + A91 + GSH-MEE group. 
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This neuroprotective strategy is useful not only for SCI, but 
also for other neurodegenerative and neuroinflammatory 
acute or chronic pathologies, such as cerebral ischemia, 
circulatory shock, chronic inflammation, other traumatic 
injuries, or diseases in which the CNS is damaged by infectious 
agents such as bacteria, viruses, and protozoa. The use 
of a combined strategy of immunomodulatory peptides 
contributes to a better functional recovery. 
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