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Background: Reactive oxygen and nitrogen species (ROS and RNS) are involved in pathologic 
mechanisms underlying demyelination and exacerbation in multiple sclerosis (MS) lesions. 
P47phox is the most important subunit of an ROS-producing enzyme (NADPH oxidase) which 
is reportedly upregulated in MS plaques due to the intense activity of infiltrated immune cells and 
resident microglia. Leukadherin1 is a specific CD11b/CD18 agonist that inhibits signaling and 
transmigration of inflammatory cells to sites of injury. Based on this mechanism, we evaluated 
therapeutic effects of leukadherin1 in an animal model of targeted experimental autoimmune 
encephalomyelitis (EAE) through focal injection of inflammatory cytokines to the spinal cord.
Methods: For model induction, Lewis rats were first immunized with 15µg MOG 1–125 
emulsion. Twenty days later, animals were subjected to stereotaxic injection of IFNγ and 
TNFα to the specific spinal area (T8). One day after injection, all animals presented EAE 
clinical signs, and their behaviors were monitored for eight days through open-field locomo-
tion and grid-walking tests. Leukadherin1-treated animals received daily intraperitoneal 
injections of 1mg/kg of the drug. The specific spinal tissues were extracted on day 5 in 
order to measure nitric oxide (NO), malon di-aldehyde (MDA), and TNFα concentrations 
alongside P47phox real-time PCR analysis. In addition, spinal sections were prepared for 
immunohistochemical (IHC) observation of infiltrated leukocytes and activated microglia.
Results: Leukadherin1 exhibited promising improvements in EAE clinical scores and 
behavioral tests. Demyelination, CD45+ leukocyte infiltration, and Iba1+ microglia activa-
tion were reduced in spinal tissues of leukadherin1-treated animals. Furthermore, P47phox 
expression levels, MDA, and NO amounts were decreased in treated animals. However, 
TNFα concentrations did not differ following treatment.
Conclusion: Based on our results, we suggest that leukadherin1 may be used as a novel 
therapeutic agent in tackling the clinical challenge of multiple sclerosis, especially during the 
acute phase of the disease. This effect was possibly mediated through decreased leukocyte 
infiltration and oxidative stress.
Keywords: multiple sclerosis, experimental autoimmune encephalitis, leukadherin1, 
P47phox, targeted EAE, nitric oxide

Introduction
The progressive loss of neural structure and function observed in multiple sclerosis 
(MS) is initially mediated through focal infiltration of myelin-autoreactive CD4+ 

T cells into the central nervous system. Resident microglial cells are also involved 
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in the initial phases of MS lesion formation by presenting 
antigens and producing inflammatory cytokines such as 
TNFα.1 The lesions formed in the initial phase are further 
exacerbated by infiltration of the cellular components of 
innate immunity, i.e., neutrophils and monocytes.2,3 This 
exacerbation is mediated by increased inflammatory cyto-
kines and reactive oxygen and nitrogen species (ROS and 
RNS) that are produced by the infiltrating cells and resi-
dent microglia.4,5 As a result, microglial cells function 
during both the initiation and exacerbation phases of MS 
lesion. Phagocyte NADPH Oxidase (NOX) is a multi- 
subunit ROS-generating enzyme complex activated under 
pathological conditions in activated microglia, neutrophils, 
and monocytes. Neutrophil Cytosolic Factor 1, also known 
as P47phox, is the main regulator of the NOX enzyme and 
is responsible for organizing other NOX subunits for 
eventual superoxide production.6 Several studies have pre-
viously introduced novel therapies based on inhibiting 
ROS generation through downregulating P47phox 
expression.7 Inducible nitric oxide synthase (iNOS) is 
also documented as an important producer of nitric oxide 
(NO) in the inflammatory milieu of MS. Increased levels 
of NO (assessed in the forms of nitrite/nitrate) is reported 
to be correlated with more severe clinical signs in MS 
patients and animal models.8

Experimental autoimmune encephalomyelitis (EAE) is 
a common animal model used to study MS. In regular 
EAE induction, myelin oligodendrocyte peptide (MOG) 
is emulsified with adjuvant and then injected subcuta-
neously to initiate the autoimmune reaction. Freund’s adju-
vant is injected alongside MOG to enhance the immune 
response and demyelination. In a modified EAE induction 
method (targeted EAE induction), the role of microglia for 
antigen presentation and cytokines secretion is bypassed 
through direct injection of these factors to the desired area 
of the spinal cord. Therefore, it becomes possible to 
observe both the acute initial onset of the disease and the 
following lesion exacerbation through accurate behavioral 
tests which have been shown to correlate with lesion 
severity in previous studies. Moreover, as local structural 
damages are reflected in the clinical deficits, therapeutic 
approaches show more specific curative effects in targeted 
EAE induction models.9

Leukadherin1 is a CD11b/CD18 agonist that is 
reported to decrease transmigration and leukocyte recruit-
ment in sites of injury.10 This intervention in leukocyte 
migration is mediated by increasing adhesion of neutro-
phils and monocytes to the endothelial cells.11 In traumatic 

patients, leukadherin1 administration could alleviate the 
endothelial damage through blocking neutrophil transmi-
gration and motility.12 In addition, leukadherin1 has been 
shown to suppress inflammatory signaling in monocytes.13 

According to the previous reports, we hypothesize that 
leukadherin1 may exhibit therapeutic effects in localized 
EAE model through reduction of leukocyte infiltration and 
ROS production. In this study, lesion severity was assessed 
through behavioral tests alongside histological examina-
tion of demyelination. Moreover, immunostaining was 
performed to assess immune cell infiltration and microglial 
activation. Relevant molecular alterations were assessed 
by measuring TNFα, NO, and MDA concentrations in 
damaged areas. Finally, real-time PCR was conducted to 
measure P47phox expression as a major player responsible 
for ROS production.

Materials and Methods
Animals
Female adult Lewis rats weighing 150–200g were pro-
vided by the Department of Pharmacology (n=20 for beha-
vioral and n=18 for molecular and histologic studies) in 
Tehran University of Medical Sciences. Animals were kept 
in standardized temperature, humidity (60–67%) and 12 
h light/dark cycle. They had free access to food and water. 
All the experiments were in accordance with the guide-
lines of Tehran University of Medical Sciences and 
approved by the Animal Ethics Committee.

EAE Induction and Experimental Groups
EAE induction was performed as described by 
Kerschensteiner et al.9 Briefly, 100μL of recombinant rat 
MOG 1–125 (Anaspec, USA) emulsion in IFA (Sigma, 
Germany; in a 1:1 volume ratio containing 15µg MOG 
1–125) was injected subcutaneously to the base of the rats’ 
tails. Control animals received 100μL IFA through the 
same route. Based on previous reports, 18–20 days are 
needed until MOG antibodies reach their highest level in 
the subject’s circulation. On day 20 after immunization, 
rats were anesthetized using ketamine 100mg/kg and xyla-
zine 10mg/kg and were subjected to stereotaxic injection 
of a 2μL solution containing 150 U rat IFNγ and 250 ng 
rat TNFα (Peprotech, USA) to the predetermined area of 
the spinal cord. T8 vertebra was removed with laminect-
omy in order to expose the specific segment of spinal cord. 
Injection was performed in a 5-minute period 400μm 
lateral to the midline at a depth of 700μm. Starting from 
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the following day, animals were randomly assigned into 
two groups: a) the leukadherin1-treated animals (EAE + 
LAD1, n=5) which received daily intraperitoneal injec-
tions of 1mg/kg leukadherin1 (Sigma, Germany) solved 
in 2% DMSO (the effective dose of the drug was selected 
based on the previous experimental studies);14 and b) the 
untreated group (EAE, n=5) which received daily doses of 
equal volumes of intraperitoneal 2% DMSO solution in 
normal saline. For the control group (Control, n=5), an 
identical surgical procedure as before was performed to 
inject saline. As the saline-injected control group showed 
similar motor behaviors to naïve rats, we did not include 
the naïve animals in our analyses. In order to rule out any 
possible effects of leukadherin1 on locomotion behaviors, 
we also studied a group of naïve animals treated daily with 
the drug (n=5) which showed no difference with the con-
trol group (data not shown). To minimize animal suffering, 
the paralyzed animals were fed manually.

Clinical EAE scores were evaluated daily by a blind 
person according to the following scale: 0, without any 
deficit; 0.5, slight tail and muscle weakness; 1, distinct tail 
weakness; 1.5, abnormal gait; 2, hind limb paresis; 2.5, 
hind limb dragging; and 3, complete hind limb paralysis. 
The targeted EAE induction model does not require scor-
ing of forelimb functions. The follow-up period was cho-
sen to correspond to the critically important active phases 
of the disease. Based on our pilot studies and previous 
investigations,9 all animals start to recover from motor 
deficits starting at day 9–10 regardless of treatment. 
Since we believed leukadherin1’s therapeutic effects 
would be more pronounced in the lesion’s exacerbation 
phase based on its previously reported mechanisms of 
action, the behavioral functions of animals were monitored 
for 8 days. Similar to previous reports on local EAE, we 
observed that the peak clinical signs occur between days 
3–5 after stereotaxic surgery which indicates the highest 
activity of detrimental factors.9 In order to study the pro-
tective effects of leukadherin1 against these factors and 
histological features, two series of the same experimental 
animal groups were also generated through the above- 
mentioned methods (two series of EAE + LAD1 (n=3), 
EAE (n=3), Control (n=3)). All these animals were mon-
itored daily to ensure the similar trend of EAE scores. 
Further, these animals were anesthetized on day 5 and 
the site of injection in the spinal cord (T8 spinal segment) 
was dissected of each series of animals; one for histologi-
cal and the other for the molecular analyses.

Behavioral Analyses
Open-field locomotion and grid-walking tests were used to 
assess the motor function deficits. The Basso, Beattie, and 
Bresnahan (BBB) locomotor scale method was used to 
measure hind limb recovery in a 5-minute trial on day 5 
in the open field. This scoring scale has a minimum of 
0, i.e., no movement of hind limbs, and a maximum of 
21 which is seen in normal naïve animals.15 In the grid- 
walking test, the scoring system was designed to quantify 
the animals’ foot faults on a grid floor (45 cm x 45 cm) 
2.5 cm above the floor. In a 5-minute daily trial, animals 
were allowed to move freely on the grid. The percentage 
of complete foot faults in which the animal’s paw touched 
the floor were counted and given a “Grid score” from 
1 (0% to 10% of total steps) to 10 (90% to all steps).9 

The analyses were performed by an experimenter blinded 
to the identity of the treatment groups.

Histopathology and Immunostaining 
Studies
The spinal cord tissues at the site of cytokine injection 
(T8) were fixed with 10% formalin for three days at 4°C. 
Samples were then embedded in paraffin and 5μm sections 
were made using a microtome. In order to observe the 
focal inflammatory milieu in the site of the injection, 
Hematoxylin and Eosin (H&E) staining was used. Luxol 
fast blue (LFB) staining was also applied to ensure that the 
focal-demyelinated area was compatible with the inflam-
matory milieu. For quantifying the extent of demyelina-
tion, LFB/Cresyl violet staining was applied. The 
demyelinated area in the T8 spinal cord segment was 
measured using ImageJ software. For immunohistochem-
istry analyses, paraffin-embedded spinal segments (4 μm 
thickness) were mounted onto saline-coated slides. 
Following dewaxing and rehydration in a graded series 
of alcohol, the slides were rinsed in distilled water. 0.05 
M Tris-buffered saline (TBS) pH 7.4, 3% bovine serum 
albumin, 10% fetal calf serum, and 1% Triton were used to 
block spine sections for 1 h at room temperature. 
Afterward, the slides were incubated with anti-Iba-1 
(1:5000, Abcam; ab15690) and mouse anti-CD45 
(1:2000, Abcam; ab10558) at 4°C overnight. Then, sec-
ondary antibodies were applied for 2h at room tempera-
ture. For each animal, 5–6 sections were observed with 
a fluorescence microscope and the average percent of 
staining-positive area was calculated. The semiquantitative 
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calculation of Iba-1 and CD45 expression were performed 
using ImageJ software.16

Real-Time PCR
For molecular analyses, the spinal cord tissues at the site 
of cytokine injection (T8) were homogenized and total 
cellular RNA was extracted in Trizol reagent. Then, 1μg 
of total mRNA was reverse transcribed using cDNA kits. 
Specific mRNAs were amplified using the following pri-
mers: P47phox (Forward: AGCACTAGGAAGGTTGAG 
AAG; Reverse: TGGGATGCTGGGAATGGAAG) and rat 
β-actin as the housekeeping gene (Forward: ATTTGGCAC 
CACACTTTC; Reverse: AGCCAGGTCCAGACGCA). 
Quantitative real-time PCR was performed using 
Rotorgene 3000 thermocycler. Cycling conditions were 
consistent with previous studies.17 Samples were run in 
triplicate and mRNA fold-change was calculated accord-
ing to 2−ΔΔCt method.18

Enzyme-Linked Immunoassay, Nitric 
Oxide Assay, and Lipid Peroxidation 
Assay
Spinal cord homogenates were centrifuged at 12000g for 
5 minutes to determine the levels of TNFα using R&D 
systems ELISA kit. The amount of tissue homogenized 
and protein levels were used to normalize the cytokine 
levels. Using a Nitric oxide assay kit (Abcam, USA), 
levels of nitrite concentration were measured using the 
Griess reaction in microtiter plates. Homogenates were 
mixed with the kit reagents. After ten minutes of incuba-
tion in room temperature, absorbance of the sample was 
measured at 550 nm. Lipid peroxidation assay was per-
formed with MDA assay kit (Sigma, Germany) according 
to the manufacturer’s instruction. Concentrations of MDA 
in samples were measured through spectrophotometry at 
a wavelength of 532 nm.

Statistical Analysis
All data analyses were performed using R version 3.5.2. 
Results of the clinical scores and grid-walking tests were 
evaluated by a Linear Mixed Model analysis using the 
lmer4,19 lmerTest,20 and emmeans21 and plotted using 
the ggplot222 and ggpubr23 packages in R. Our model is 
described in Eq. 1. This strategy enables analysis of the 
effects and interactions of treatment (Group) and time 
elapsed after procedure (Time), i.e., the fixed effects, 
while controlling for any possible differences between 

individual rats in responding to these fixed effects 
(ratID), i.e., random effects. The model also contains 
a general error term (error (residual)) which shows the 
effect of all other factors not included in our study.

Clinical Score OpenFieldtestð Þ or Footfall Score Grid � walktestð Þ

¼ Groupþ Timeþ Group : Timeþ error ratIDð Þþerror residualð Þ

Satterthwaite approximation for degrees of freedom was 
used to evaluate significance of the main effects and 
interactions.24 Tukey’s HSD post hoc test was used for 
further exploration of the findings. Cumulative clinical 
scores, BBB scores, and results of molecular and histolo-
gical assays were compared using one-way analysis of 
variance (ANOVA) followed by Tukey’s HSD post hoc 
statistical test. The results for post hoc tests are expressed 
as mean ± SEM, and the significance level of α was set 
at 0.05.

Results
Leukadherin1 Improved Motor Function 
and Clinical Signs of EAE in Treated 
Animals
One day after the procedure, the animals began to show overt 
EAE clinical signs ranging from grade 2.5 to 3 in the EAE 
and EAE + LAD1 groups. The effects of Group and Time on 
clinical score had a significant interaction (F (14, 84) = 15.44, 
p < 0.001) with both Group (F (2, 12) = 822.17, p < 0.001) 
and Time (F (7, 84) = 37.59, p < 0.001) exerting significant 
main effects (Figure 1A).

The difference in EAE clinical score between the EAE 
+ LAD1 and EAE groups became significant from the 
3rd day onwards (Day 2: −.1 ± 0.14, p = 0.746; Day 3: 
−.5 ± 0.14, p = 0.001). However, clinical scores in both the 
EAE and EAE + LAD1 groups remained significantly 
higher than the Control group throughout the 8-day period 
(p < 0.001). Day-by-day clinical scores in the EAE group 
showed a close to significant decrease only between days 5 
and 6 (−.4 ± 0.13, p = 0.051). On the other hand, clinical 
scores in the EAE + LAD1 group first significantly 
decreased between days 2 and 3 (−.5 ± 0.13, p = 0.005) 
and the decreasing trend continued between days 3 and 
4 (−.4 ± 0.13, p = 0.051) (Figure 1A). Therefore, leukad-
herin1 accelerated the decline of clinical scores.

The cumulative clinical scores of the 8-day test period 
were significantly different between the three groups 
as determined by one-way ANOVA (F (2, 12) = 230.4, 
p < 0.001). Pairwise comparisons using Tukey’s HSD post 
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hoc test were significant for all pairs (EAE/Control: 19.9 ± 
2.54, p < 0.001; EAE + LAD1/Control: 14 ± 2.54, 
p < 0.001; EAE + LAD1/EAE: −5.9 ± 2.54, p < 0.001) 
(Figure 1B). Manifestation of EAE clinical scores in 
experimental groups is also presented (Figure 1B).

A similar pattern was observed in the grid-walking test 
where Group and Time had a significant interaction (F (14, 84) 
= 16.274, p < 0.001) and significant main effects (Group: 
F (2, 12) = 111.059, p < 0.001; Time: F (7, 84) = 27.057, 
p < 0.001). Leukadherin1 treatment (EAE + LAD1) signifi-
cantly decreased foot fault scores compared to the EAE group 
from day 3 onwards (Day 2: −.2 ± 0.67, p = 0.952; Day3: −3.2 
± 0.67, p < 0.001). Moreover, while scores in both groups 
showed a significant decrease during the 8 days (Day 8/Day 1 

EAE: −1.8 ± 0.45, p = 0.003; Day 8/Day 1 EAE + LAD1: 6 ± 
0.45, p < 0.001), they remained significantly higher than the 
Control group throughout. As was the case in the open-field 
test, foot fault scores in the EAE + LAD1 group showed 
a significant decreasing trend between days 2 and 3 (Day 2: 
−.2 ± 0.45, p = 0.999; Day 3: −2 ± 0.45, p < 0.001) and days 3 
and 4 (Day 4: −.1.4 ± 0.45, p = 0.049) (Figure 1C).

The BBB scores in the open-field locomotion test were 
significantly different between the groups (F(2,12) = 
205.8, p < 0.001) showing a partial reversal of the 
decrease in hind limb mobility by leukadherin1 treatment 
(EAE/Control: −12.6 ± 1.69, p < 0.001; EAE + LAD1/ 
Control: −4.2 ± 1.69, p < 0.001; EAE + LAD1/EAE: 8.4 ± 
1.69, p < 0.001) (Figure 1D).

Figure 1 Effects of leukadherin1 on EAE clinical scores and behavioral tests. (A) The progression of clinical scores in the 8-day follow-up period are shown. For each group, 
mean ± SEM of clinical score is depicted in each day. Statistical significance is shown by (*) in comparison of the leukadherin1-treated (EAE + LAD1, n=5) and untreated 
(EAE, n=5) groups. The EAE + LAD1 animals showed a significant decrease in clinical scores compared to the EAE group between days 2 and 3 (Day 2: −.1 ± 0.14, p = 0.746; 
Day 3: −.5 ± 0.14, **p = 0.001); individual datapoints shown in gray. (B) Cumulative EAE disability scores were significantly different between the three groups (F (2, 12) = 
230.4, ***p < 0.001), with leukadhering1 treatment significantly reducing the score compared to the EAE group (EAE + LAD1 (n=5)/EAE (n=5): −5.9 ± 2.54, ***p < 0.001). 
(C) The progression of foot fault scores in the 8-day follow-up period are shown. For each group, mean ± SEM of clinical score is depicted in each day. Statistical significance 
is shown by (*) in comparison of the leukadherin1-treated (EAE + LAD1, n=5) and untreated (EAE, n=5). The foot fault scores in the EAE + LAD1 group become significantly 
lower than the EAE group on day 3 (Day 2: −.2 ± 0.67, p = 0.952; Day3: −3.2 ± 0.67, ***p < 0.001)); individual datapoints shown in gray. (D) BBB scores in the open-field 
locomotion test on day 5 were significantly different between the three group (F (2,12) = 205.8, p < 0.001). leukadherin1 treatment significantly increased the BBB score 
(EAE + LAD1 (n=5)/EAE (n=5): 8.4 ± 1.69, ***p < 0.001). Significance of the results are depicted in all graphs as **p< 0.01, and ***p< 0.001.
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Histological Observations Showed 
Remission of Lesions and Reduced 
Demyelination
Inflammatory milieu and demyelinated area were observed 
in the site of cytokine injection in EAE+ group (Figure 2A 
and B). Extent of demyelination was quantified using 
LFB/Cresyl violet staining. As shown in Figure 2C, 
gross demyelination was not noticeable in leukadherin1- 
treated rats compared to the untreated group. The extent of 
myelination was compared between the three groups using 
one-way ANOVA, showing a statistically significant dif-
ference (F (2, 6) = 48, p < 0.001, Figure 2D). Tukey post 
hoc analysis demonstrated significant demyelination in the 
EAE group (−29.70 ± 9.45, p < 0.001) which was partially 
reversed by leukadherin1 treatment (EAE + LAD1/EAE: 
19.46 ± 9.45, p = 0.002; EAE + LAD1/Control: −10.25 ± 
9.45, p = 0.036).

Decreased Infiltration of CD45+ 
Leukocytes and Iba-1+ Activated 
Microglia is Observed in Spinal Tissues of 
Leukadherin1-Treated Animals
To assess leukocyte infiltration and microglial activation, 
we used immunohistochemistry to observe CD45+ and Iba- 
1+ cells, respectively. The number of cells expressing CD45 
and Iba-1 differed significantly between the three groups 

(F (2, 6) = 106.6, p < 0.001 and F (2, 6) = 272.3, p < 0.001, 
respectively). Cells expressing both markers were signifi-
cantly increased upon EAE induction compared to the con-
trol group (CD45: 37.00 ± 7.79, p < 0.001; Iba-1: 28.06 ± 
3.70, p < 0.001). Leukadherin1 treatment significantly 
decreased CD45+ leukocyte infiltration (−16.67 ± 7.79, 
p = 0.001) and Iba1+ microglial activation (−11.84 ± 3.70, 
p < 0.001) compared to the untreated group (Figure 3A 
and B). However, there remained significant numbers of 
both cells despite treatment compared to the control 
group (CD45: 20.33 ± 7.79, p < 0.001; Iba-1: 16.22 ± 
3.70, p < 0.001).

Effects of Leukaadherin1 on Expression of 
P47phox and Levels of NO, MDA and 
TNFα Concentration in Spine Tissues
Inflammation within the spinal cord tissue was studied using 
P47phox and TNFα as molecular markers (Figure 4A and B). 
P47phox mRNA levels were measured using RT-PCR. One- 
way ANOVA revealed significant alteration of P47phox 
between the study groups (F (2, 6) = 82.15, p < 0.001). 
Pairwise comparisons using the Tukey post hoc test showed 
a significant increase in P47phox expression in the EAE 
group compared to the control group (11.14 ± 2.76, 
p < 0.001). Leukadherin1 treatment significantly decreased 
P47phox expression (−2.94 ± 2.76, p = 0.039) compared to 
the EAE group even though P47phox mRNA levels 

Figure 2 Effects of leukadherin1 on inflammatory area and lesion demyelination. The micrographs show H&E (A), LFB (B) and LFB/Cresyl violet (C) staining of T8 spinal 
cord sections as the principal lesion area (x100). The white and black-dotted arrows show demyelinated areas in the EAE group spinal cord tissue. The black arrow shows 
focal infiltration of inflammatory cells to the site of injection. Upon gross inspection, no demyelinated area may be seen in the EAE + LAD1 group. (D) Quantification of 
tissue myelinated area showed a significant difference between the three groups (F (2, 6) = 48, ***p < 0.001) where leukadherin1 treatment decreased demyelination (EAE + 
LAD1 (n=3)/EAE (n=3): 19.46 ± 9.45, **p = 0.002). Significance of the results are depicted in all graphs as *p< 0.05, **p< 0.01, and ***p< 0.001.
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remained significantly higher compared to the control group 
(8.20 ± 2.76, p < 0.001). In contrast, TNFα levels did not 
differ significantly between the EAE + LAD1 and EAE 
groups (4.44 ± 8.69, p = 0.328) in pairwise comparisons 
following a significant one-way ANOVA (F (2, 6) = 109.6, 
p < 0.001).

Another indicator of tissue inflammation, oxidative 
stress, was also studied through assessment of NO produc-
tion and lipid peroxidation (Figure 4C and D). Both NO 
and MDA concentrations significantly differed between 
the study groups (F (2, 6) = 6.22, p = 0.034 and F (2, 6) 
= 24.86, p = 0.001, respectively). However, pairwise com-
parison of NO concentration between groups showed 
a significant difference only between the EAE and EAE 
+ LAD1 groups (−10.37 ± 9.71, p = 0.039). On the other 
hand, lipid peroxidation was significantly increased in the 
EAE group compared to controls (22.74 ± 9.92, 

p = 0.001). While still significantly higher than the control 
group (12.74 ± 9.92, p = 0.018), lipid peroxidation was 
significantly decreased by leukadherin1 treatment (−10.00 
± 9.92, p = 0.048).

Discussion
This study is in line with several previous attempts within the 
scientific community to capitalize on the therapeutic potential 
of blood-brain barrier breakdown inhibition and immune cell 
transmigration during the pathological cascade of multiple 
sclerosis.25,26 Previous studies have mostly used the conven-
tional EAE clinical scoring system to observe the effects of 
potential therapeutics. However, this system is imprecise in 
evaluating motor abilities of animals in correlation with spe-
cific EAE lesions. Specific therapeutic effects of several drugs 
(i.e., Siponimod, lipoic acid, valproic acid, etc.) have been 
studied in focal lesion models through various induction 

Figure 3 Effects of leukadherin1 on infiltration of CD45+ leukocytes and activation of Iba-1+ microglia. (A) T8 spinal cord sections were double-stained by DAPI and 
fluorescently labeled anti-CD45 for infiltrating leukocytes. The bar plot shows the percent of double-stained relative to DAPI+ cells. Leukadherin1 treatment significantly 
decreased CD45+ infiltration (n=3 in each group; −16.67 ± 7.79, **p = 0.001). (B) T8 spinal cord sections were double-stained by DAPI and fluorescently labeled anti- Iba1 
for active microglia and macrophages. The bar plot shows the percent of double-stained relative to DAPI+ cells. Leukadherin1 treatment significantly decreased Iba1+ 

microglial activation (n=3 in each group; −11.84 ± 3.70, ***p < 0.001) compared to the untreated group (n=3). Significance of the results are depicted in all graphs as 
**p< 0.01, and ***p< 0.001.
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methods. However, most of the mentioned drugs have been 
administered as a pretreatment and they have only shown 
preventive effects whereas leukadherin1 could alleviate clin-
ical symptoms during the active phase of the disease.27–30 In 
our study, leukadherin1 improved these motor abilities as 
evidenced not only by the clinical scoring system but also by 
foot fault and BBB scores in the grid walking and open-field 
locomotion tests, respectively. The results of the grid-walking 
test have been shown to be precisely correlated with lesion 
severity in the dorsal columns through measuring proper step-
ping, fine movement control, etc.9,31 Furthermore, the BBB 
scoring system evaluates hind limb function, assessing the 
function of dorsal spinal tracts in sensory-motor coordination. 
Therefore, it could be stated that the observed beneficial effects 
of leukadherin1 were directly associated with actual tissue 
defects.

Leukadherin1 has previously been shown to have ther-
apeutic effects in a number of animal models of peripheral 
and central inflammation. For example, beneficial effects of 

leukadherin1 through inhibition of immune cell transmigra-
tion have been reported in alleviating hyperoxia-induced 
influx of macrophages into the lungs, acute peritonitis, 
vascular injury, experimental models of chronic kidney 
allograft survival and bile duct fibrosis.14,32-34 In addition 
to inhibiting immune cell migration, leukadherin1 has been 
shown to suppress macrophage activation and inflammation 
in an animal model of sepsis.35 Leukadherin1 has been 
reported to exert similar effects on LPS-treated macro-
phages through suppression of TLR4 and the AKT/ 
FOXO3/IRF3/7 axis downstream to CD11b activation.36 

These protective effects have also been shown in experi-
mental models of neurologic diseases. For instance, leukad-
herin1 was able to enhance β-amyloid (Aβ) degradation in 
an animal model of Alzheimer’s disease, possibly by stimu-
lating the complement receptor 3 (CR3) on microglia.37

As reported in previous studies, infiltration by CD45+ 

inflammatory cells leads to progression of EAE lesions and 
substantial disabilities. Among these migratory immune 

Figure 4 Effects of leukadherin1 on indicators of oxidative stress, inflammation, and P47phox mRNA. (A) Comparison of P47phox expression levels as measured by RT-PCR 
and presented as fold-change compared to control animals (n=3). Expression was significantly decreased in treated animals (n=3; −2.94 ± 2.76, *p = 0.039) compared to the 
EAE group (n=3). (B) Comparison of tissue TNFα concentrations as measured by ELISA. Consistent with previous reports, control animals (n=3) had significantly lower 
TNFɑ levels in comparison with the EAE group (n=3; 33.89 ± 8.69, ***p < 0.001). However, TNFɑ levels did not differ significantly compared to the EAE group following 
leukadherin1 treatment (n=3; 4.44 ± 8.69, p = 0.328). (C) Nitric oxide levels as measured by nitrite concentration in spinal cord tissue using the Griess reaction. 
Leukadherin1 significantly inhibited the EAE-induced increase in NO (−10.37 ± 9.71, *p = 0.039). (D) Lipid peroxidation levels as measured by MDA concentrations in spinal 
cord tissue. There was a significant reduction in peroxidation as a result of leuakdherin1 administration (−10.00 ± 9.92, *p = 0.048). Significance of the results are depicted in 
all graphs as *p< 0.05, **p< 0.01, and ***p< 0.001.
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cells, monocytes differentiate into new macrophages which 
are phenotypically similar to the active resident Iba-1+ 

microglia.38 Migratory neutrophils and monocyte-derived 
macrophages are mainly responsible for the oxidative stress 
within active lesions.4 Importantly, these reactive oxygen 
species are strongly involved in damaging the BBB endothe-
lium and extending the demyelinated area through DNA 
damage and cell death induction.39,40 P47phox expression 
plays an important role in ROS production. Reactive nitrogen 
species are also upregulated as a consequence of elevated 
inflammatory cytokines during the course of MS.41

In our study, leukadherin1 decreased immune cell infiltra-
tion and microglial activation as expected. As mentioned 
before, the peak period for such infiltration occurs between 3 
and 5 days after model induction.9 The fact that LAD1’s 
therapeutic effects became significant during the third and 
fourth days supports the notion that this treatment prevented 
lesion exacerbation through prevention of immune cell infil-
tration. The observed concurrent reduction in oxidative stress, 
as indicated by lipid peroxidation and NO concentration, and 
P47phox expression may have been mediated through this 
decrease in infiltration of pro-inflammatory cells. However, 
leukadherin1 did not significantly alter TNFɑ levels in demye-
linated areas. Most previous studies have reported TNFα as 
a chief proinflammatory cytokine in MS. However, some 
studies have considered it as an important factor promoting 
remyelination and lesion remission. These contradictory data 
on TNFα may be attributed to its pleiotropic features and the 
various downstream signaling pathways activated by its 
receptor.42

Conclusion
In conclusion, this study showed the beneficial effects of 
leukadherin1 on clinical outcomes and pathological fea-
tures of a multiple sclerosis model in rats (EAE). These 
effects may have been mediated through reduction of 
immune cell infiltration and oxidative stress within the 
demyelinated lesions. Based on our results, we suggest 
that leukadherin1 may be used as a novel therapeutic 
agent in tackling the clinical challenge of multiple sclero-
sis, especially during the acute phase of the disease.

Abbreviations
MS, multiple sclerosis; MDA, malon di-aldehyde; ROS, 
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