
602  |   	 wileyonlinelibrary.com/journal/imm� Immunology. 2021;164:602–616.© 2021 John Wiley & Sons Ltd

Received: 24 July 2020  |  Accepted: 12 July 2021

DOI: 10.1111/imm.13396  

O R I G I N A L  A R T I C L E

Vascular and immunopathological role of Asymmetric 
Dimethylarginine (ADMA) in Experimental Autoimmune 
Encephalomyelitis

Inderjit Singh1,2   |   Judong Kim1   |   Nishant Saxena1  |   Seungho Choi1  |   
S. M. Touhidul Islam1  |   Avtar K. Singh3,4  |   Mushfiquddin Khan1   |   Jeseong Won3

1Department of Pediatrics, Medical University of South Carolina, Charleston, South Carolina, USA
2Research Service, Ralph H. Johnson Veterans Administration Medical Center, Charleston, South Carolina, USA
3Department of Pathology and Laboratory Medicine, Medical University of South Carolina, Charleston, South Carolina, USA
4Pathology and Laboratory Medicine Service, Ralph H. Johnson Veterans Administration Medical Center, Charleston, South Carolina, USA

Abbreviations: ADMA, asymmetric dimethylarginine; AdoHcyase, S-adenosylhomocysteine hydrolase; Arg, arginine; AUC, area under the curve; 
BBB, blood–brain barrier; CFA, complete Freund's adjuvant; CNS, central nervous system; CVD, cardiovascular disease; DDAH, dimethylarginine 
dimethylamino-hydrolases; EAE, experimental autoimmune encephalomyelitis; eNOS, endothelial nitric oxide synthase; Fig, figure; GSH, 
glutathione; GSNO, S-nitrosoglutathione; H&E, haemotoxylin and eosin; Hcy, homocysteine; iNOS, inducible nitric oxide synthase; LFB, Luxol fast 
blue; MBP, myelin basic protein; MMP, matrix metalloprotease; MOG, myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; nNOS, neuronal 
nitric oxide synthase; NO, nitric oxide; NOS, nitric oxide synthase; ONOOˉ, peroxynitrite; PTX, pertussis toxin; SAH, S-adenosylhomocysteine; SAM, 
S-adenosylmethionine; TH1, type 1 T helper cell; TH17, type 17 T helper cell; Treg, regulatory T cell; Tyr, tyrosine; VEGF, vascular endothelial growth 
factor.

Correspondence
Inderjit Singh, Department of 
Pediatrics, Medical University of 
South Carolina, 509 Children’s 
Research Institute, 173 Ashley Avenue, 
Charleston, SC 29425, USA.
Email: singhi@musc.edu

Jeseong Won, Department of Pathology 
and Laboratory Medicine, Medical 
University of South Carolina, 510 
Children’s Research Institute, 173 
Ashley Avenue, Charleston, SC 29425, 
USA.
Email: wonj@musc.edu

Senior author: Inderjit Singh

Funding information
This work was supported in part by the 
U.S. Department of Veterans Affairs 
(BX002829) and the National Institutes 
of Health (NS037766).

Summary
Asymmetric dimethylarginine (ADMA) is an endogenous nitric oxide synthase (NOS) 
inhibitor/uncoupler inducing vascular pathology. Vascular pathology is an impor-
tant factor for the development and progression of CNS pathology of MS, yet the role 
of ADMA in MS remains elusive. Patients with multiple sclerosis (MS) are reported 
to have elevated blood levels of ADMA, and mice with experimental autoimmune 
encephalomyelitis (EAE, an animal model of MS) generated by auto-immunization 
of myelin oligodendrocyte glycoprotein (MOG) and blood–brain barrier (BBB) dis-
ruption by pertussis toxin also had increased blood ADMA levels in parallel with in-
duction of clinical disease. To explore the role of ADMA in EAE pathogenesis, EAE 
mice were treated with a daily dose of ADMA. It is of special interest that ADMA 
treatment enhanced the BBB disruption in EAE mice and exacerbated the clinical 
and CNS disease of EAE. ADMA treatment also induced the BBB disruption and 
EAE disease in MOG-immunized mice even without pertussis toxin treatment, sug-
gesting the role of ADMA in BBB dysfunction in EAE. T-cell polarization studies also 
documented that ADMA treatment promotes TH1- and TH17-mediated immune re-
sponses but without affecting Treg-mediated immune response in EAE mice as well 
as in in vitro T-cell culture. Taken together, these data, for the first time, document 
the vascular and immunopathogenic roles of ADMA in EAE, thus pointing to the 
potential of ADMA-mediated mechanism as a new target of potential therapy for MS.

mailto:﻿
https://orcid.org/0000-0003-1013-5569
https://orcid.org/0000-0001-5901-689X
https://orcid.org/0000-0001-7945-3237
mailto:﻿
https://orcid.org/0000-0003-2408-0386
mailto:singhi@musc.edu
mailto:wonj@musc.edu


      |  603VASCULAR AND IMMUNOPATHOGENIC ROLE OF AMDA IN EAE

INTRODUCTION

Multiple sclerosis (MS) is the most common debilitating 
neurologic disease affecting individuals in their most pro-
ductive years. The disease is induced by peripheral activa-
tion of myelin-specific autoreactive lymphocytes and their 
CNS infiltration across the blood–brain barrier (BBB) lead-
ing to encephalitogenic demyelination. Accordingly, im-
mune modulation has been the major target for Food and 
Drug Administration (FDA)-approved disease-modifying 
drugs for MS but with limited efficacies as CNS disease 
progression continues.

Nitric oxide (NO) has been shown to have diverse 
actions in the mammalian vascular and immune sys-
tems. NO exerts its vascular effects principally by acti-
vating soluble guanylyl cyclase, which increases the 
intracellular concentration of cGMP. Alternatively, NO 
also exerts its action via the formation of secondary 
redox metabolites, such as peroxynitrite (ONOOˉ) or S-
nitrosoglutathione (GSNO). ONOOˉ is generated by the 
reaction between NO and superoxide anion (•O2ˉ) under 
pathological conditions [1]. ONOOˉ is the most power-
ful oxidative and nitrosative agent that has been impli-
cated in CNS pathogenesis of MS and its animal model, 
experimental autoimmune encephalomyelitis (EAE) [2]. 
On the other hand, GSNO is a physiological NO carrier 
molecule generated by the reaction between NO and glu-
tathione (GSH).

GSNO by itself does not release free NO efficiently; 
rather, it exerts its biological regulation/activity via mod-
ifying protein thiols, a process termed S-nitrosylation 
[1]. GSNO-induced S-nitrosylation is now known to 
participate in various cell signalling processes for the 
maintenance of vascular haemodynamics [3] and anti-
inflammatory processes [4,5]. Our laboratory has docu-
mented that GSNO-mediated S-nitrosylation mechanism 
modulates proinflammatory processes via inhibiting NF-
κB and STAT3 pathways [6,7]. We also reported that the 
GSNO-mediated mechanism regulates TH17 vs. Treg cell 
balance and their CNS infiltration under EAE conditions 
[5,8–11]. More recently, we reported that the GSNO-
mediated mechanism also regulates endothelial actin 
cytoskeleton dynamics and protects BBB against the ex-
travasation of peripheral immune cells [5,11], thereby 
documenting NO metabolism as a potential target for MS/
EAE therapy.

NO is synthesized by three isoforms of NO synthase 
(NOS): neuronal NOS (nNOS), inducible NOS (iNOS) 

and endothelial NOS (eNOS). Under physiological con-
ditions, NOS catalyses the oxidation of L-Arg to produce 
NO. Under the pathological conditions, however, NOS 
is uncoupled from its cofactor (tetrahydrobiopterin) 
and/or substrate (L-Arg) and produces more •O2ˉ and 
less NO, thus increasing ONOOˉ generation, a process 
known as ‘NOS uncoupling’ [12]. NOS is uncoupled by 
endogenous NOS inhibitor, asymmetric dimethylargi-
nine (ADMA), a by-product of L-Arg metabolism that 
competes with L-Arg for all isoforms of NOS [13,14]. 
Recently, a growing body of evidence points to ADMA 
as a risk factor for vascular dysfunction based on the ef-
fect of ADMA on eNOS inhibition and uncoupling [15]. 
Elevated ADMA levels have been reported in a variety 
of cardiovascular diseases (CVD), and ADMA infusion 
has been shown to induce pathologies associated with 
CVD and stroke [15]. Patients with MS are known to 
have significantly increased levels of ADMA in the blood 
[16]. Accordingly, MS patients are known to have a very 
high incidence of CVD and ischaemic stroke [17,18]. 
However, the role of ADMA in the MS/EAE pathogene-
sis is not understood at present.

The majority of ADMA (>80%) is cleared by its enzy-
matic degradation by dimethylarginine dimethylamino-
hydrolases (DDAH-1 and DDHA-2), and the rest is 
excreted through the renal system [15]. Sulfhydryl 
groups (cysteines) at the active sites of DDAHs are 
essential for their activities [19]. Various studies re-
ported that oxidative stress or reactive thiols, such as 
L-homocysteine (HCy), inhibit DDAH activities for 
ADMA degradation by modifying the sulfhydryl groups 
in the active sites [20–22]. It is of interest that MS pa-
tients have elevated plasma levels of HCy (hyperho-
mocysteinaemia) [23–27] as well as ADMA [16], thus 
suggesting the potential role of impaired ADMA catab-
olism in MS/EAE pathogenesis. Based on these studies, 
here, we investigated the role of ADMA homeostasis 
and its participation in autoimmune pathogenesis using 
an animal model of EAE.

MATERIALS AND METHODS

EAE induction and clinical score 
assessment

C57BL/6 mice were purchased from Jackson Laboratory 
(Stock no: 000664, Bar Harbor, ME). Mice were supplied 
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with food and water ad libitum and kept in ventilated 
cages in a specific pathogen-free animal care facility 
maintained by the Medical University of South Carolina 
throughout the entire study. They were housed at con-
trolled temperature (22°C), humidity (45–55%) and 12-h 
light/dark cycle. All animal studies were reviewed and 
approved by the Medical University of South Carolina's 
Institutional Animal Care and Use Committee (IACUC) 
(AR # 2019-00761). The mice were randomly assigned to 
0, 7, 11, 19 and 44 days of post-immunization or control 
group, vehicle-treated EAE group and ADMA-treated EAE 
group. The induction of EAE and vehicle/ADMA treat-
ment was blinded to the personnel performing the experi-
ments. EAE was induced by the subcutaneous injection of 
female C57BL/6 mice (8–12 weeks old) with myelin oli-
godendrocyte glycoprotein (MOG)35-55 peptide emulsified 
in the complete Freund's adjuvant (CFA) as described in 
the kit instruction (Hook Laboratories, Lawrence, MA). 
Two hundred nanograms of pertussis toxin was injected 
intraperitoneally on days 0 and 1. Mice were weighed and 
assessed for clinical signs every day starting from day 0 
through the day of experiment termination. Alternatively, 
MOG-immunized mice received daily ADMA (50 mg/kg 
body weight /day/ip; Sigma-Aldrich, St. Louis, MO, USA) 
starting day 0 and ending day 10 post-immunization in-
stead of PTX treatments. EAE score was evaluated as fol-
lows: 0  =  no clinical signs of disease; 0·5  =  partial tail 
paralysis; 1 =  limp tail or waddling gait with tail tonic-
ity; 2 = waddling gait with limp tail (ataxia); 2·5 = ataxia 
with partial limb paralysis; 3 = full paralysis of one limb; 
3·5 =  full paralysis of one limb with partial paralysis of 
second limb; 4 = full paralysis of two limbs; 4·5 = mori-
bund stage; 5 = death. EAE mice were treated with daily 
doses of a vehicle (100  μl of 10% DMSO in saline) or 
ADMA (50 mg/Kg body weight/day/ip) starting the dis-
ease onset (day 11 of post-immunization).

ELISA for serum ADMA, L-Arg, 
VEGF and HCy

Serum levels of ADMA, L-arginine, VEGF and HCy were 
determined with commercial enzyme-linked immuno-
sorbent assay (ELISA) kits according to the manufactur-
ers’ instructions (MyBioSource, San Diego, CA, USA, 
Cat# mbs705936 for ADMA, mbs726317 for L-arginine, 
mbs165329 for VEGF and mbs7252797 for HCy).

Assay of DDAH activity

DDAH activity was measured as reported previously [28]. 
Briefly, kidneys and livers were homogenized in sodium 

phosphate buffer containing 0·1% Triton X-100, preincu-
bated with urease (100 U/ml) for elimination urea. The 
samples were mixed with 1 mM ADMA, incubated at 37°C 
and treated with the sample volume of 4% sulfosalicylic 
acid to stop the reaction and followed by centrifugation 
at 3000 g for 10 min. The supernatant was mixed with an 
equal amount of colour mixture (1 part of oxime reagent: 
2 parts of antipyrine/H2SO4) and incubated for 110  min 
at 60°C in the dark. The reaction was stopped by cooling 
samples at 20°C for 10  min, and the levels of citrulline 
were measured at 466 nm.

Histological and electron 
microscopic analysis

Control mice, EAE mice treated with vehicle or ADMA 
were anaesthetized and perfused first with saline and 
then 4% paraformaldehyde as described previously [29]. 
Tissue samples were paraffin-embedded and transversely 
sectioned (4 μm thick). Haematoxylin and eosin (H&E) 
staining was performed to assess the infiltration of mono-
nuclear cells, and Luxol fast blue (LFB) staining was per-
formed to evaluate the status of myelin (demyelination) 
in spinal cord sections. Pictures were taken using BX-60 
Olympus Microscope (Olympus, Tokyo, Japan). Electron 
microscopy was performed as we described previously 
[30]. Animals were anaesthetized and perfused with 
10  ml of normal saline containing 0·1% sodium nitrite 
followed by 15 ml of a mixture of 4% paraformaldehyde 
and 2% glutaraldehyde in 0·1  M phosphate buffer, pH 
7·4. Then, the spinal cords were fixed in the same fixative 
(above) and post-fixed with 1% osmium tetroxide-1·5% 
ferrocyanide for 2 h in the dark, then dehydrated and em-
bedded in Epon LX 112 resin. Semi-thin sections, approx-
imately 1 μm thick, were cut and stained with toluidine 
blue. Ultrathin sections (70 nm thick) were stained with 
uranyl acetate and lead citrate and examined by electron 
microscopy.

Western analysis: Western blot analysis

Western immunoblot analysis was performed by a stand-
ard method using 50μg of cell lysates. Following the 
SDS–PAGE electrophoresis, proteins were transferred 
from the gel onto the polyvinylidene fluoride membrane 
(GE Healthcare Life Sciences, Marlborough, MA, USA). 
Membranes were blocked with non-fat dry milk (Santa 
Cruz Biotechnology) and incubated with a primary anti-
body specific to myelin basic protein (MBP; Santa Cruz 
Biotech, Delaware Avenue, CA), Claudin-1 (Invitrogen-
Thermo Fisher Inc., Cat# 37–4900), β-actin (Cell Signaling 
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Technology, Danvers, MA), β-tubulin (Cell Signaling 
Technology) or MMP-9 (Cell Signaling Technology). 
Following washing, the membranes were incubated with 
horseradish peroxidase-conjugated secondary antibody 
(Jackson Immunoresearch Lab, West Grove, PA), washed 
and then incubated with ECL reagent (Amersham Life 
Science, Pittsburgh, PA), and exposed to Amersham 
Hyperfilm ECL film. The density of specific bands was 
analysed by ImageJ (NIH) software.

Evaluation of BBB disruption by Evans blue 
(EB) extravasation

BBB leakage was assessed as previously described from 
our laboratory [31,32]. The mice received 100 μl of a 5% so-
lution of EB in saline administered intravenously. At 24 h, 
cardiac perfusion was performed under deep anaesthesia 
with 200 ml of saline to clear the brain/spinal cord circula-
tion of EB. The brain and spinal cord were removed and 
sliced. The tissues were homogenized in 750 μl of N, N-
dimethylformamide (DMF) and centrifuged at 10,000 ×g 
for 25 min, and EB content in the supernatant was fluoro-
metrically analysed (λex 620 nm, λem 680 nm).

Fluorescence flow cytometry analysis of 
splenic TH1, TH17 and Treg cells and their 
cytokine production

Fluorescence flow cytometry analysis for each subset of 
CD4+ T cells (TH1, TH17, CD4+/CD25+/FOXP3+ Treg and 
CD4+/CD25+/FOXP3− Treg) was performed as reported 
previously with some modification [9]. Briefly, control 
and EAE mice were killed for the collection of the spleens. 
Following the preparation of single-cell suspension, 
red blood cells were lysed with Pharma lyse buffer (BD 
Pharmingen) and the remaining cells were washed with 
RPMI 1640. CD4+ T cells were purified with CD4 micro-
beads (Miltenyi Biotech) then resuspended with complete 
RPMI-media in 12-well plates (5 × 106 cells/2 ml per well) 
containing MOG peptide (25 μg/ml) for 48 h Following the 
centrifugation, the resulting supernatants were collected 
for ELISA for CD4+ subset-specific cytokines. The cell pel-
lets were washed with cell staining solution (Ebioscience, 
Waltham, MA, USA) and stained with a fluorescence-
labelled antibody specific to IFN-γ for TH1, IL-17/IL-23R 
for TH17 and CD25 and FOXP3+ for Treg (Ebioscience). 
The cells were counted and analysed using a Beckman 
Coulter instrument (Beckman Coulter, Inc., Brea, CA, 
USA). ELISA assay was performed for analysis of CD4+ 
T-cell subset-specific cytokines (IFN-γ, IL-17 and IL-10) 
released from cultured lymphocytes. The ELISA assay kits 

for IFN-γ, IL-17, GM-CSF and IL-10 were purchased from 
R&D Systems (Minneapolis, MN, USA).

For in vitro T-cell differentiation assay, naive CD4+ T 
cells were isolated from naïve C57BL/6 mice as described 
above. The CD4+ T cells (2  ×  105 cells/well) suspended 
in RPMI-complete media were pretreated with ADMA 
(200 µM) and then stimulated with plate-bound anti-CD3ε 
antibody and soluble anti-CD28 antibody and IL-2 (20 U/
ml) in the presence or absence of TH1 (10  ng/ml IL-12 
and 1 ug/ml anti-IL-4 mAb) or TH17 (30ng/ml IL-6, 2ng/
ml TGF-β, 5ng/ml IL-23, 1ug/ml anti-IFN-γ mAb, 1ug/ml 
anti-IL-4  mAb) polarization as described previously [8]. 
The cells were collected at 36–96 h, and the numbers of 
TH1, TH17, and FOXP3+ Treg cells and the levels of IFN-γ, 
GM-CSF, IL-17a and IL-10 in the cell culture media were 
analysed by fluorescence flow cytometric analysis and 
ELISA as described above. For fluorescence flow cytomet-
ric analysis, the cells were treated with phorbol myristate 
acetate (PMA: 50  ng/ml), ionomycin (1  μg/ml) and 1× 
Brefeldin A for 5 h before the analysis.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 
(version 8.2: GraphPad Software, Inc.). Values are ex-
pressed as mean ±standard deviation (SD). All data were 
subjected to Shapiro–Wilk normality test, and then, the 
group means were statistically compared by ordinary one-
way ANOVA with Tukey's multiple comparisons test. 
Comparisons among means of two groups were made 
with a two-tailed unpaired t test. Results were considered 
statistically significant if p < 0·05.

RESULT

EAE increases the blood ratio of ADMA vs. 
L-Arg with reduction of DDAH activity

Our laboratory has recently reported that ADMA induces 
endothelial/vascular dysfunction by interacting with 
VEGF [33]. Based on these studies, we analysed blood 
levels of ADMA and VEGF in EAE mice. For induction 
of EAE, female C57BL/6 mice were treated with com-
plete Freund's adjuvant (CFA) and myelin oligodendro-
cyte glycoprotein peptide (MOG) with/without pertussis 
toxin (PTX) treatment. Following the induction of EAE, 
we analysed blood (serum) levels ADMA and VEGF 
on day 0 (control), before the onset of the EAE disease 
(day 7 post-immunization), at the disease onset (day 11 
post-immunization), at the peak of disease (day 19 post-
immunization) and during the chronic disease phase 
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F I G U R E  1   ADMA is elevated in the blood of EAE animals: Female C57BL/6 mice were treated with complete Freund's adjuvant 
(CFA), myelin oligodendrocyte glycoprotein peptide (MOG) and pertussis toxin (PTX) for induction of EAE; then, blood (serum) levels 
ADMA (A-i) and VEGF (A-ii) were analysed in control (0-day post-immunization) and EAE mice before the onset of the disease (day 7 post-
immunization), on the day of disease onset (day 11 of post-immunization), at the peak of disease (day 19 post-immunization), and during the 
chronic disease phase (day 44 of post-immunization) (A-iii). On the day of disease onset (day 11 post-immunization), blood levels of ADMA 
(B-i), L-arginine (L-Arg) (B-ii) and the ratio of [ADMA] vs. [L-Arg] (B-iii) were analysed in the mice immunized with CFA+MOG with or 
without PTX treatment. In EAE mice (CFA+MOG+PTX), the blood levels of L-homocysteine (C) and DDAH activities in the kidney and 
liver (D-i and ii) were analysed on the day of disease onset (Day 11 post-immunization). Data represent mean ±standard error mean (SEM) 
from n = 6 animals. N.S. (not significant: p ≥ 0·05); *p ≤ 0·05, **p ≤ 0·01, ***p ≤ 0·001 vs. control. +p ≤ 0·05, ++p ≤ 0·01, +++p ≤ 0·001 vs. as 
indicated. Six animals were used for mice for each group
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(day 44 post-immunization). Figure 1A-i, A-iii shows that 
ADMA levels were significantly increased on the day of 
disease onset (day 11 post-immunization) and stayed at 
high levels till day 44 post-immunization. The EAE mice 
also had increased blood VEGF levels even before the 
onset of disease (day 7 post-immunization) and which was 
decreased during the chronic phase of EAE disease (day 
44 post-immunization) (Figure 1A-ii, -iii).

On the day of disease onset (day 11 post-immunization), 
the animals treated with PTX or CFA+MOG or 
PTX+CFA+MOG were analysed for blood levels of 
ADMA, L-Arg and the ratio of ADMA vs. L-Arg (Figure 
1B). The blood levels of ADMA were increased by treat-
ment either with CFA+MOG treatments or with PTX 
treatment (Figure 1B-i) while the blood levels of L-Arg 
were reduced by these treatments (Figure 1B-ii). A combi-
nation of CFA+MOG and PTX further increased the blood 
levels of AMDA and further reduced the blood levels of L-
Arg (Figure 1B-i, ii). Accordingly, the ratio of blood levels 
of ADMA vs. L-Arg was increased either by CFA+MOG or 
by PTX treatment and further increased by their combina-
tion (Figure 1B-iii).

In the body, the majority of ADMA (>80%) is known 
to be cleared by its enzymatic degradation by DDAH in 
the liver and kidney by DDAH [15,34–36]. DDAH is a 
redox-sensitive enzyme [19] whose activity is affected by 
reactive thiols, such as L-homocysteine (HCy) [20–22]. 
Similar to the MS patients [23–27], we observed that the 
blood levels of HCy were greatly increased in EAE ani-
mals (CFA+MOG+PTX) (Figure 1C). Accordingly, we 
observed significant reductions in DDAH activities in the 
kidney and liver (Figure 1D-I, ii). Taken together, these 
data indicate the potential role of hyperhomocysteinae-
mia in the inhibition of DDAH-mediated ADMA catab-
olism and the increased accumulation of blood ADMA in 
EAE.

ADMA treatment exacerbates clinical 
EAE disease

Next, we investigated the effect of ADMA overburden 
on clinical EAE disease. Recently, we have reported that 
systemic treatment of C57BL/6 mice with a daily dose of 
ADMA (50mg/kg/day/ip) increases the levels of ADMA 
in the blood [33]. Based on these data, we treated EAE 
mice with the same daily dose of ADMA starting on the 
day of disease onset (day 11 post-immunization). Figure 
2A shows that the treatment of EAE mice with ADMA 
had no significant effect till day 14 post-immunization. 
However, it significantly increased the disease starting 
day 15 post-immunization. The areas under the curves 
(AUC) of the daily clinical scores (Figure 2B) show that 

ADMA significantly increased the overall EAE disease 
symptom.

ADMA treatment increases myelin and 
axonal pathologies in the spinal cord of 
EAE animals

Next, we investigated the effect of ADMA overburden 
in EAE-induced demyelination and axonal degenera-
tion in the spinal cord. LFB staining in Figure 3A shows 
that EAE mice had decreased myelin content as com-
pared to the control mice and which was further de-
creased with ADMA treatment. Accordingly, Western 
analysis of myelin basic protein (MBP) in Figure 3B 
shows that ADMA treatment significantly enhanced 
the EAE-induced reduction in MBP levels in the spinal 
cord. Electron microscope study of the spinal cord for 
ultrastructural conformation of myelin and axonal loss 
(Figure 3C) shows that ADMA treatment also enhanced 
the loss of myelin ultrastructure as shown by the loss of 
doughnut-like structure of myelin sheet. ADMA treat-
ment also increased the loss of axons in the spinal cord 
of EAE mice as shown by Bielschowsky silver staining 
(Figure 3D) and β-tubulin (axonal marker) Western 
analysis (Figure 3E). Overall, these data document that 
ADMA overburden augmented EAE-induced demyeli-
nation and axonal loss.

EAE mice are known to exhibit widespread brain le-
sions under long-term and chronic disease conditions 
(e.g. day 66 post-immunization) [37]. We did not observe 
such widespread brain lesions during the acute disease 
conditions (day 30 post-immunization), but we observed 
localized lesions in certain brain areas. Haematoxylin and 
eosin (H&E) staining in Figure 3F shows that EAE mice 
had increased inflammatory infiltration near the leptome-
ninges underneath the hippocampal formation (Figure 
3F-i) and fornix (Figure 3F-ii) and which were further in-
creased by ADMA treatment.

ADMA treatment enhances BBB dysfunction 
in EAE animals and increases the CNS 
infiltration of peripheral effector T cells

Recently, our laboratory has reported that ADMA en-
hances endothelial/vascular dysfunction under neuro-
pathological conditions [33]. To investigate the effect 
of ADMA overburden on BBB functions and integrity 
in EAE animals, we performed Evans blue extravasa-
tion assay. We observed that daily ADMA treatment 
increased Evans blue extravasation into the CNS (brain 
and spinal cord) in EAE mice (Figure 4A-i). However, 
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ADMA by itself had relatively little effect on Evans blue 
extravasation in the control mice (Figure 4A-i). Matrix 
metalloprotease-9 (MMP-9) is known to play a key role 
in BBB dysfunction in MS and EAE [38,39]. We observed 
that EAE mice had increased expression of MMP-9 in 

the spinal cord of EAE animals and which was further 
increased by daily ADMA treatment (Figure 4A-ii). 
Claudin-5 is one of the BBB tight junction proteins [40] 
which is decreased during EAE disease [41]. MMP-9 
is known to degrade claudin-5 [42]. Accordingly, we 
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F I G U R E  4   ADMA treatment induces BBB dysfunction and increases CNS infiltration of lymphocytes in EAE mice: Female 
C57BL/6 mice were treated with complete Freund's adjuvant (CFA), myelin oligodendrocyte glycoprotein (MOG) and pertussis toxin 
(PTX) for induction of EAE with/without daily exogenous ADMA treatment. At the peak of disease (day 19 post-immunization), the effect 
of ADMA on EAE-induced BBB dysfunction, such as Evans blue extravasation into the CNS (brain and spinal cord) (A-i), and the spinal 
cord expression levels of MMP-9 (A-ii) and claudin-5 (A-iii) were analysed. At the peak of disease, infiltration of mononuclear cells into the 
lumbar area of the spinal cord was visualized as H&E staining (B). In addition, the numbers of infiltrated mononuclear cells (C-i) and % 
of CD4+ T cells in CNS infiltrated mononuclear cells (C-ii), % of IFN-γ+ TH1 cells (C-iii) and IL-17+ TH17 cells (C-iv) in CD4+ T cells, % of 
IL-23Rhi cells in TH17 cells (C-v), and % of CD25hiFOXP3+ Treg cells in CD4+ T cells (C-vi) were measured by fluorescent flow cytometry. 
Please see Figure S1 for the representative flow cytometry dot plots. Data represent mean ± standard error mean (SEM) from n = 6 animals. 
N.S. (not significant: p ≥ 0·05); *p ≤ 0·05, **p ≤ 0·01, ***p ≤ 0·001 vs. control; +p ≤ 0·05, ++p ≤ 0·01, +++p ≤ 0·001 vs. as indicated
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F I G U R E  3   ADMA treatment increases myelin and axonal pathologies in EAE mice: Female C57BL/6 mice were treated with complete 
Freund's adjuvant (CFA), myelin oligodendrocyte glycoprotein (MOG) and pertussis toxin (PTX) for induction of EAE. On day 30 of post-
immunization, lumbar spinal cord sections (A, C and D) and brain sections (F) were stained by Luxol fast blue (LFB) for visualization of 
myelin (blue colour) and hematoxylin and eosin (H&E) for mononuclear cells (dark brown dots) (A and F), electron microscope (EM) for 
visualization of axon-myelination ultrastructure (C) and Bielschowsky silver staining for visualization of axonal pathology (D). In the EM 
study, the green arrowhead indicates intact axon–myelin structure; the yellow arrowhead indicates demyelinating axon; the red arrowhead 
indicates demyelinated axon. Demyelination and axonal loss were also analysed by Western analysis for myelin basic protein (MBP) 
(B) and β-tubulin (E) using the spinal cord tissue lysates. β-Actin was used for the internal loading standard. The bar graphs represent 
mean ± standard error mean (SEM) from n = 6 animals. *p ≤ 0·05, **p ≤ 0·01, ***p ≤ 0·001 vs. control; +p ≤ 0·05, ++p ≤ 0·01, +++p ≤ 0·001 
vs. as indicated. AMF (anterior median fissure), WM (white matter), GM (grey matter)
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observed that the claudin-5  level was decreased in the 
spinal cord of EAE mice and ADMA treatment further 
reduced it (Figure 4A-iii).

Next, we investigated the effect of ADMA overburden 
in the extravasation of mononuclear cells into the CNS. 
H&E staining of the lumbar spinal cord sections (Figure 
4B) and counting of infiltrated mononuclear cells (Figure 
4C-i) show that daily ADMA treatment increased the ex-
travasation of mononuclear cells in the lumbar area of the 
spinal cord in EAE mice.

The activation and differentiation of myelin-reactive 
CD4+ T cells into effector (TH1 and TH17) and regula-
tory (Tregs) subsets at the peripheral tissues, and their 
subsequent infiltration into the CNS are decisive events 
in the pathogenesis of MS and EAE [43]. To investigate 
the effect of ADMA overburden on the CNS infiltration 
of peripheral CD4+ T cells, total T cells (CD3+) were iso-
lated from the spinal cord and the per cent of CD4+ T cells 
was analysed by fluorescence flow cytometry. Figure 4C-ii 
shows that ADMA treatment enhanced the EAE-induced 
CNS infiltration of CD4+ T cells. ADMA treatment also 
increased the CNS infiltrations of TH1 (CD4+ IFN-γ+) and 
TH17 (CD4+ IL-17+) cells (Figure 4C-iii, iv). IL-23R is one 
of the signature genes for the development of pathogenic 
TH17 cells [44]. We observed that daily ADMA treatment 
of EAE mice also increased IL-23Rhi TH17 cells (Figure 
4C-v), thus suggesting the role of ADMA in the induction 
of pathogenic TH17 cells. However, daily ADMA treat-
ment of EAE mice did not significantly affect CNS infiltra-
tion of Treg (CD4+ CD25hi FOXP3+) cells (Figure 4C-vi). 
These data indicate the potential role of ADMA in the dys-
function of BBB and the augment of peripheral effector 
T-cell (TH1 and TH17) infiltration into the CNS under EAE 
conditions.

ADMA treatment induces autoreactive 
effector T-cell immune responses 
in the spleen

Next, we investigated the potential role of ADMA in 
the development of autoreactive effector and regulatory 
T cells in the spleen. For it, CD4+ T cells, purified from 
spleens of naïve, EAE and ADMA-treated EAE mice on 
day 30 of post-immunization, were cultured ex vivo, and 
the per cent of CD4+ IFN-γ+ (TH1), CD4+ IL-17+ (TH17) 
and CD4+ CD25+ FOXP3+ (Treg) were analysed. Figure 
5A-i and ii shows that EAE animals had increased propor-
tions of splenic TH1 and TH17 cells and which were fur-
ther increased by daily ADMA treatment. EAE animals 
had decreased numbers of Treg cells in the spleens com-
pared to naïve mice, and ADMA treatment did not affect 
these decreases (Figure 5A-iii).

Similar to the proportions of CD4+ T-cell subsets, 
splenic CD4+ T cells isolated from EAE animals produced 
increased levels of proinflammatory cytokines, such as 
IFN-γ (Figure 5B-i), IL-17a (Figure 5B-ii) and GM-CSF 
(Figure 5B-iii), and which were further increased by 
ADMA treatment. However, ADMA treatment did not af-
fect EAE-induced reduction in IL-10 production in splenic 
CD4+ T cells (Figure 5B-iv).

Next, we investigated the effects of ADMA on the differ-
entiation of naïve CD4+ T cells under in vitro stimulatory 
conditions. For it, splenic naïve CD4+ T cells were stimu-
lated in vitro by treatment with anti-CD3 and CD28 mAbs 
and IL-2 under non-polarized conditions in the presence 
or absence of ADMA treatment (Figure 5C). ADMA treat-
ment had no obvious effect on the differentiation of CD4+ 
T cells under unstimulatory conditions but it enhanced 
the TH1 and TH17 differentiation under stimulatory con-
ditions (Figure 5C-i, C-ii). In contrast to ex vivo-cultured 
splenic CD4+ T cells from EAE animals (Figure 5A-iii), in 
vitro stimulation of naïve CD4+ T cells increased the num-
bers of Treg cells (Figure 5C-iii). However, ADMA treat-
ment did not affect these changes.

Next, we investigated the effects of ADMA on the po-
larization of TH1 or TH17 cells under each polarized con-
dition. For this, the stimulated CD4+ T cells were further 
polarized with IL-12 and anti-IL-4 mAb for TH1 cells or 
IL-6, TGF-β, anti-IFN-γ mAb and anti-IL-4 mAb for TH17 
cells in the presence/absence of ADMA. Figure 5D-i, D-ii 
shows that ADMA treatment increased TH1 and TH17 
polarization under each polarized condition. However, 
ADMA treatment had no obvious effect on IL-23R ex-
pression in TH17 cells (Figure 5D-iii). ADMA treatment 
increased IFN-γ and IL-17a productions under TH1- and 
TH17-polarized conditions, respectively (Figure 5E-i and 
E-iii). However, ADMA treatment did not affect GM-CSF 
release of T cells under both TH1- and TH17-polarized 
conditions (Figure 5E-ii, E-iv). Taken together, these data 
document the pathogenic role of ADMA in CD4+ T cell-
mediated autoimmune response in addition to its role in 
the induction of BBB disruption and peripheral immune 
cell extravasation.

ADMA treatment during the early phase of 
EAE induces BBB disruption and CNS 
infiltration of inflammatory T cells in the 
absence of PTX

Current EAE models are based on peripheral immuniza-
tion of animals with myelin–antigen (e.g. MOG) and CFA. 
However, the myelin immunization by itself is not enough 
for developing clinical EAE disease due to a lack of CNS in-
filtration of immunocytes [45]. Accordingly, we observed 
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F I G U R E  5   ADMA treatment enhances TH1 and TH17 polarization: Female C57BL/6 mice were treated with complete Freund's adjuvant 
(CFA), myelin oligodendrocyte glycoprotein (MOG), and pertussis toxin (PTX) for induction of EAE with or without daily ADMA treatment 
starting the day of disease onset. At the peak of disease (day 19 post-immunization), % of IFN-γ+ TH1 cells (A-i), IL-17+ TH17 cells (A-ii) and 
CD25hi FOXP3+ Treg cells (A-iii) in the splenic CD4+ cells of control, EAE and ADMA-treated EAE mice were analysed by fluorescence flow 
cytometry, and their secretion of IFN-γ (B-i), IL-17a (B-ii), GM-CSF (B-iii) and IL-10 (B-iv) was analysed by ELISA. Please see Figure S2 for 
the representative flow cytometry dot plots. The bar graphs on panels A and B represent mean ± standard error mean (SEM) from n = 4 
animals. In vitro-cultured naïve splenic CD4+ T cells were activated by IL-2 (5 ng/ml), anti-CD3 mAb (2 μg/ml) and anti-CD28 mAb (1 μg/
ml) under unpolarized conditions in the presence or absence of ADMA (400 μM) and % of IFN-γ+ TH1 cells (C-i), IL-17+ TH17 cells (C-ii) and 
CD25+ FOXP3+ Treg cells were analysed by fluorescence flow cytometry. In vitro-cultured naïve splenic CD4+ T cells were activated by IL-2 
and anti-CD3 and anti-CD28 mAbs under TH1 (10 ng/ml IL-12 and 1 ug/ml anti-IL-4 mAb)- or TH17 (30ng/ml IL-6, 2ng/ml TGF-β, 5ng/ml 
IL-23, 1ug/ml anti-IFN-γ mAb, 1ug/ml anti-IL-4 mAb)-polarized conditions in the presence or absence of ADMA and % of IFN-γ+ TH1 cells 
(D-i) and IL-17+ TH17 cells (D-ii) in CD4+ T cells, and % of IL-23Rhi cells in TH17 cells (D-iii) were analysed by fluorescence flow cytometry. 
Please see Figure S3 for the representative flow cytometry dot plots. Under the same experimental conditions, T-cell secretions of IFN-γ and 
GM-CSF under TH1-polarized conditions (E-i and ii) and secretions of IL-17a and GM-CSF under TH17-polarized conditions (E-iii and iv) 
were analysed by ELISA. The bar graphs on panels C, D and E represent mean ± standard error mean (SEM) from n = 3 independent cell 
cultures. N.S. (not significant: p ≥ 0·05); *p ≤ 0·05, **p ≤ 0·01, ***p ≤ 0·001 vs. control; +p ≤ 0·05, ++p ≤ 0·01, +++p ≤ 0·001 vs. as indicated
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no significant induction of EAE disease in CFA+MOG-
treated group (Figure 6A-i, ii) as well as no significant 
extravasation of Evans blue dye into the CNS (brain and 

spinal cord) in this group (Figure 6B). In addition, we ob-
served no obvious myelin pathology and mononuclear 
cell infiltration into the spinal cord in CFA+MOG-treated 

F I G U R E  6   ADMA treatment induces EAE disease in MOG-immunized mice in the absence of PTX: Female C57BL/6 mice were 
immunized with complete Freund's adjuvant (CFA) and myelin oligodendrocyte glycoprotein (MOG) with or without pertussis toxin (PTX) 
or ADMA treatment. PTX was treated on days 0 and 1 of post-immunization. ADMA (50mg/kg) was treated daily starting day 0 and ending 
day 10 post-immunization. Following immunization, daily clinical scores (A-i) and overall disease severity (AUC: area under the curve) 
(A-ii) were analysed. The line and bar graphs on panel A represent mean ± standard error mean (SEM) from n = 8 animals. On day 28 post-
immunization, CNS extravasation of Evans blue (B), mononuclear cell infiltration (H&E: hematoxylin and eosin staining) and myelin status 
(LFB: Luxol fast blue staining) in the lumbar area of spinal cord sections (C-i), and the number of mononuclear cells in the spinal cord (C-ii) 
were analysed. Under the same experimental conditions, % of CD4+ T cells in CNS-infiltrated mononuclear cells (D-i), % of IFN-γ+ TH1 
cells (D-ii), and IL-17+ TH17 cells (D-iii) in CNS infiltrated CD4+ T cells, and % of IL-23R+ cells in CNS infiltrated CD4+ IL-17+ TH17 cells 
(D-iv) were analysed by fluorescence flow cytometry. Please see Figure S4 for the representative flow cytometry dot plots. The bar graphs on 
panels B, C and D represent mean ± standard error mean (SEM) from n = 6 animals. N.S. (not significant: p ≥ 0·05); *p ≤ 0·05, **p ≤ 0·01, 
***p ≤ 0·001 vs. control; +p ≤ 0·05, ++p ≤ 0·01, +++p ≤ 0·001 vs. as indicated [Colour figure can be viewed at wileyonlinelibrary.com]
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group (Figure 6C-i, ii). Pertussis toxin (PTX) has been 
widely used to induce BBB pathology for facilitating the 
CNS infiltration of peripheral immunocytes and thus in-
duction of EAE disease [45]. Accordingly, we observed 
that PTX treatment in addition to CFA+MOG treatment 
induced the extravasation of Evans blue dye into the CNS 
(Figure 6B) and the infiltration of mononuclear cells into 
the spinal cord (Figure 6C-ii) that parallel with the clinical 
EAE disease induction (Figure 6A-i, ii).

Next, we examined whether daily ADMA treatment 
during the early phase of EAE induction (day 0 to day 
10 post-immunization) can substitute the role of PTX for 
induction of BBB disruption and mononuclear cell infil-
tration into the spinal cord and the clinical EAE disease. 
ADMA treatment of MOG-immunized mice (CFA+MOG) 
induced the CNS extravasation of Evans blue dye (Figure 
6B) and the spinal cord infiltration of immunocytes 
(Figure 6B-ii) without PTX treatment and accordingly in-
duced the spinal cord myelin pathology (Figure 6C-i) and 
clinical disease of EAE (Figure 6A-i, ii). We also observed 
that daily ADMA treatment of MOG-immunized mice 
(CFA+MOG) also increased the CNS infiltration of CD4+ 
T cells (Figure 6D-i), such as TH1 (Figure 6D-ii) and TH17 
(total and IL-23R+; Figure 6D-iii,d, D-iv), which were 
comparable to the levels observed in PTX treated MOG-
immunized mice. Taken together, these data document 
that ADMA induces BBB pathology, thus facilitating CNS 
infiltration of peripheral immunocytes for the develop-
ment of EAE.

DISCUSSION

In the present study, we investigated the potential role 
of ADMA in the vascular and immune pathogenesis of 
EAE. EAE animals had an increased blood level of HCy 
and reduced DDAH activities in the kidney and liver 
and thus elevation of blood levels of ADMA (Figure 1). 
Overburden of blood AMDA by daily treatment of ADMA 
[33] caused exacerbation of clinical EAE disease (Figure 
2) with increased loss of myelin and axons in the spinal 
cord (Figure 3) as well as increased BBB disruption and 
mononuclear cell infiltration into the CNS (Figure 4). 
ADMA treatment also promoted TH1- and TH17-mediated 
immune responses in the spleen but without affecting 
Treg-mediated immune response under EAE conditions 
(Figure 5). In addition, ADMA was also able to induce 
EAE disease in MOG-immunized mice by substituting 
PTX for BBB disruption and CNS infiltration of mononu-
clear cells (Figure 6). Taken together, these data, for the 
first time, document the role of ADMA in vascular and 
immune pathologies of ADMA and thus pointing to the 

potential of ADMA-mediated mechanisms in the clinical 
disease of EAE and MS.

A growing body of evidence points to ADMA as a risk 
factor for vascular dysfunction [15]. Elevated ADMA 
levels have been reported in a variety of cardiovascular 
diseases (CVD) and ADMA infusion has been shown 
to induce pathologies associated with CVD and stroke 
[15]. MS patients are known to have increased blood lev-
els of ADMA [16]. Accordingly, a meta-analysis showed 
that people with MS have an increased risk of develop-
ing stroke [17,18,46]. For instance, in a population-based 
cohort study including more than 8,000 patients, MS 
patients have 85% more heart attacks, 71% more strokes 
and 97% more heart failure as compared to age and sex-
matched healthy controls [18]. These studies suggest 
mechanistic interaction between the MS pathogenesis 
and CVD/stroke and the potential role of ADMA in these 
interactions. In the EAE model, whether the elevated 
blood ADMA levels induce cardiovascular dysfunction is 
not known at present. However, we observed that treat-
ment of MOG-immunized mice with a daily dose of exog-
enous ADMA before the onset of the disease induced the 
EAE disease without PTX treatment for BBB disruption 
(Figure 6A). Moreover, daily ADMA treatment during the 
effector phase of EAE disease further worsened the EAE 
disease severity (Figure 2). Accordingly, the induction 
or worsening of EAE disease by daily ADMA treatment 
involved cerebrovascular dysfunction as observed by in-
creased extravasation of Evans blue dye and inflammatory 
mononuclear cells into the CNS (Figures 4A, B and 6B, 
C). Recently, we also reported that systemic overburden 
of ADMA in healthy C57BL/6  mice, by daily treatment 
with the same dose of ADMA (50 mg/kg/day), caused el-
evation of mean arterial pressure but without any obvious 
effects on the cerebrovascular function as observed by no 
changes in the extravasation of Evans blue dye into the 
CNS [11]. These data suggest that systemic ADMA over-
burden by itself has no major effect on cerebrovascular 
function under healthy conditions, but it enhances cere-
brovascular dysfunction under EAE disease conditions 
and thus worsening the disease.

The eNOS-produced ONOOˉ (nitrotyrosine) is re-
ported to participate in the disruption of endothelial actin 
dynamics (F-actin stress fibre formation) and cerebrovas-
cular dysfunction under EAE conditions [11]. Recently, 
we also described the role of ADMA in brain endothelial 
barrier dysfunction using in vitro human brain microves-
sel endothelial cell (hBMVEC) culture model [11]. In hB-
MVECs, ADMA by itself did not induce the endothelial 
F-actin stress fibre formation and the barrier disruption. 
However, ADMA treatment in the presence of VEGF in-
duced the endothelial F-actin stress fibre formation and 
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the barrier disruption by inducing eNOS activity for the 
production of ONOOˉ [11]. In EAE mice, blood VEGF lev-
els began to elevate before the disease onset (day 7 post-
immunization) and blood ADMA levels began to increase 
on the day of the disease onset (day 11 post-immunization) 
(Figure 1A), thereby suggesting a potential role of ADMA 
and VEGF interaction in BBB dysfunction leading to CNS 
infiltration of immune cells causing CNS disease of EAE. 
Moreover, these data also explain why ADMA had no ob-
vious effect on BBB integrity in healthy mice (Figure 4C) 
having low levels of blood VEGF. It should be of interest to 
investigate the potential role of VEGF as a second vascular 
stressor in ADMA-mediated EAE pathogenesis.

In the body, ADMA can be excreted through the renal 
system but the majority of ADMA (>80%) is known to be 
cleared by its enzymatic degradation by DDAH in the liver 
and kidney [34–36]. DDAH activity is reported to be in-
hibited by oxidative stress, such as reactive oxygen species 
(ROS) and/or HCy [47, 48]. It is of interest to note that 
MS patients have elevated plasma levels of HCy (hyper-
homocysteinaemia) [23–27] and meta-analysis reported 
hyperhomocysteinaemia as a strong and modifiable risk 
factor for MS [49]. Accordingly, we observed increased 
blood levels of HCy (Figure 1C) and decreased DDAH 
activities in the kidney and liver in EAE animals (Figure 
1D). These studies suggest that hyperhomocysteinaemia 
plays a role in the elevation of blood ADMA levels. At 
present, the mechanism underlying the induction of hy-
perhomocysteinaemia under MS and EAE conditions is 
not fully understood. HCy is produced during the meth-
ylation process, in which S-adenosylmethionine (SAM), 
a methyl donor, is converted to S-adenosylhomocysteine 
(SAH) which is hydrolysed to HCy by SAH hydrolase 
(AdoHcyase) [50]. Expression of AdoHcyase is reported 
to be elevated by IFN-γ [51], thus suggesting that TH1-
mediated immune responses potentially participate in the 
induction of AdoHcyase expression and thus increased 
production of HCy and ADMA during the course of EAE/
MS. In support, pharmacological inhibitors of AdoHcyase 
were reported to inhibit ADMA accumulation [52] as well 
as EAE disease [53]. Therefore, these studies suggest a role 
for the HCy-DDAH-ADMA axis in the development and 
progression of EAE/MS pathogenesis.

Taken together, these data, for the first time, document 
the ADMA-mediated mechanisms in vascular (BBB dys-
function) and immune (induction of effector functions of 
TH1 and TH17 cells) dysfunctions and thus the clinical dis-
eases of EAE and MS and secondly HCy-DDAH-ADMA 
axis as a potential target for vascular and immune patho-
genesis of EAE and MS.
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