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Introduction
Multiple sclerosis (MS) lesions are characterized by the break-
down of blood-brain barrier (BBB), multifocal inflammation, 
demyelination, oligodendrocyte loss, reactive gliosis, and axonal 
degeneration. Critical features of MS lesions include (a) acti-
vated immune cells from the peripheral vascular compartment 
through dysfunctional BBB; (b) extensive immune cell infiltra-
tion into the perivascular space, oligodendrocyte death, demy-
elination, and axonal damage; and (c) vascular-derived insults 
initiating and/or contributing to neuronal degeneration.1–4 The 
hypothesis is that changes in the neurovascular unit (ie, the 
anatomical substrate of the BBB which includes microvascular 
endothelium, astrocytes, pericytes, neurons, and extracellular 
matrix) contribute to the disruption of tight junctions and 
increased BBB permeability, leading to neuroinflammation, 
neuronal dysfunction, and damage.5,6

Accumulating evidence indicates that vascular-derived 
insults result in decreased cerebral perfusion in MS.7–9 The 
effect of this reduction has been studied extensively at the 
molecular and cellular levels. Briefly, it may affect (a) protein 
synthesis that is required for the synaptic plasticity mediating 
learning and memory10; (b) adenosine triphosphate synthesis, 

diminishing (Na++K+) adenosine triphosphatase activity and 
the ability of neurons to generate action potentials11; and (c) 
electrolyte balance and water gradients, leading to the develop-
ment of edema and white matter lesions, and the accumulation 
of glutamate and toxins in the brain.12

Various pathophysiological mechanisms underlying the 
decreased cerebral perfusion in MS have been hypothesized: 
(1) primary vascular pathology in the context of the perivascu-
lar inflammation of MS lesions13; (2) deficiency in β2-
adrenergic receptors14 compromising cerebral blood flow 
(CBF) by astrocytes15; (3) overproduction of vasoconstrictor 
molecules, such as endothelin-1 (ET1)16,17; and, finally, (4) 
impaired vasodilation through the inhibition of endothelium-
derived relaxing factors, such as nitric oxide (NO).18

As vascular endothelium plays a key role in the local regula-
tion of vascular tone and vascular architecture, altered production 
of endothelium-derived vasoconstricting factors, such as endothe-
lin, and endothelium-derived relaxing factors, such as NO, may 
play an influential role in changing vascular resistance.

In fact, overproduction of ET1 has been documented in 
MS,16,17 which may induce severe and prolonged cerebral 
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vasoconstriction via endothelin receptor type A.19 On the con-
trary, elevation of asymmetric dimethylarginine (ADMA), an 
endogenous inhibitor of both constitutive (endothelial nitric 
oxide synthase [eNOS]) and inducible (inducible nitric oxide 
synthase [iNOS]) isoforms,20 is associated with impaired vas-
odilation.21 It is worth noting that during ischemic events, 
neurovascular dysfunction is characterized by the alteration of 
CBF, seemingly caused by the overproduction of reactive oxy-
gen (ROS) and nitrogen species at the level of the vascular 
endothelium.22 The resulting NO depletion and peroxynitrite 
production disrupt the normal regulation of vessel tone.23 
Both the depletion of NO and increased production of ROS 
initiate a proinflammatory trait in the vascular wall, character-
ized by leukocyte adhesion to the endothelium and vessel 
remodeling and damage.24

The main purpose of this study was to assess the relation-
ship between brain hypoperfusion (achieved by digital sub-
tracted angiography) and ET1 and ADMA plasma levels in 
MS patients with relapsing-remitting (RR) and secondary-
progressive (SP) forms. Perfusion parameters can be mathe-
matically extrapolated from many different technical 
approaches (computed tomography [CT], single-photon 
emission CT, magnetic resonance imaging [MRI] perfusion). 
However, the most accurate technique to obtain a direct 
measure of cerebral perfusion is the analysis of cerebral circu-
lation time (CCT) of the whole brain, achieved by digital 
subtracted angiography (DSA). It has already been demon-
strated that this perfusion parameter is consistently compro-
mised in patients with MS.25 Animal studies by direct 
microscopy have shown that CCT values depend mainly on 
capillary flow patterns. Increased capillary transit time 
reduces tissue oxygen tension, leading to capillary dysfunc-
tion and then cerebral hypoperfusion.26,27

Here, the whole-brain CCT was measured in MS patients 
with RR and SP forms. The former is characterized by clearly 
defined attacks of new or increasing neurologic symptoms,  
followed by periods of partial or complete recovery. During 
remission, there is no apparent progression of the disease. 
Secondary-progressive form (ie, a progressive worsening of 
neurologic function over time) follows an initial RR form and 
therefore occurs as a second phase of the disease. It is unknown 
why people progress from RR to SP.6 Furthermore, the so 
called disease-modifying drugs, which make relapses happen 
less often and symptoms less severe, do not work in SP patients.

Materials and Methods
Subject recruitment

The proposed study has undergone the evaluation by the ethi-
cal board of the AOUS General Hospital Santa Maria alle 
Scotte, Siena, and written informed consent was obtained from 
all the subjects. The degree of patient disability has been 
assessed using the Expanded Disability Status Scale (EDSS), 
arm/hand dexterity has been tested by the nine-hole peg test 

(NHPT), and leg function has been tested by timed 8-meter 
walk test (T8), prior to the angiographic and MRI studies. 
Pregnant or nursing women, heavy smokers, and patients 
within 30 days of previous therapy have been excluded from the 
study. A total of 64 patients with proven MS have been 
included: 39 (15 men and 24 women) with RR-MS form and 
25 (11 men and 14 women) with SP-MS disease. The primary-
progressive MS form has been excluded from the study. A 
group of 37 (13 men and 24 women) age- and sex-pair-
matched healthy control subjects (C) has been included in the 
study. In 64 patients with MS and 37 control subjects, periph-
eral blood samples were collected after 30 minutes of rest in a 
supine position from the brachial vein, and circulating ET1 
and ADMA levels were measured. Cerebral circulation time 
was calculated in all the subjects recruited. In 25 patients with 
MS, MRI acquisitions were evaluated to calculate the lesion 
load (LL). A parallel group of 44 age- and sex-pair-matched 
subjects with nonrelated disease to MS was enrolled for the 
evaluation of CCT.

Biochemical assessment

From the same patient/subject, only 1 sample was obtained. 
Plasma was aliquoted in 500 µL/vial (3-4/patient) at −80°C 
until the measurement of ET1, ADMA, and other vasoactive 
factors. Residual samples are stored at −80°C for further evalu-
ation, if required.

Plasma samples were aliquoted and stored at −80°C soon 
after blood collection and centrifugation at 2500 rpm for 
15 minutes. Samples with evident hemolysis were discarded. 
Commercially available enzyme-linked immunosorbent assay 
kits for the measurement of vasoactive mediators (ET1, 
ADMA) were run according to the manufacturers’ instructions 
(R&D Systems, Space Import Export Srl, Milan, Italy, and 
Alexis, Vinci-Biochem, Vinci, Firenze, Italy, respectively). 
Each sample was run in duplicate, and measurements were 
extrapolated by standard curve performed with the reference 
compound. Data were expressed as picogram per milliliter 
and micromolar for ET1 and ADMA, respectively.

Imaging techniques

Control group and patients with MS underwent DSA of the 
neck and cerebral vessels.

A standardized DSA protocol (a 2-dimensional DSA 
acquired at a variable frame rate between 2 and 4 frames/s, with 
a 4 mL/s contrast injection rate via power injector) was per-
formed. Intravascular contrast medium injection was done in 
the internal carotid artery. Images were analyzed to determine 
CCT, as previously described.25 Cerebral circulation time is the 
frame time between the beginning (arterial inflow) and the end 
(venous outflow) of the whole cerebral blood flow. Cerebral cir-
culation time measurement on the right carotid injection was 
considered conventionally because no statistical difference was 
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demonstrated between CCT of right and left internal carotid 
arteries. Two neuroradiologists with considerable expertise in 
clinical neuroimaging visually inspected all scans. Class mem-
bership of the subjects was unknown to the observers as a non-
related MS disease control group. All DSAs were obtained 
from anteroposterior, lateral, and working view acquisitions. In 
case of discrepancies, a third neuroradiologist independently 
reviewed examinations in a blinded fashion.

As a control group, 44 age-matched patients with sine 
materia subarachnoid hemorrhage (mean age: 50.73 years; 10 
men and 34 women), who had undergone 6 to 8 months of 
DSA follow-up, were retrospectively evaluated to confirm the 
absence of small vessel disease or other pathologic vascular 
patterns. In particular, these control subjects did not show 
pathological MRI, clinical, and DSA findings. To assume 
normality of cardiac output and systemic vascular resistance, 
all participants (patients with MS and controls) underwent a 
physical examination, including cardiovascular and respira-
tory evaluations.

Lesion loads (LL) were analyzed in a subsample of 25 
patients with MS, as previously described.25 The subsample 
was defined on the basis of the same MRI parameters, such as 
intensity fields, technical approach, and image quality. Two-
dimensional fluid attenuation inverse recovery images were 
obtained in the axial plain (echo time [TE] = 104 ms, repeti-
tion time [TR] = 9000 ms, slice thickness = 5 mm, slices = 26, 
matrix = 256 × 256, voxel size = 1 × 0.9 × 5, phase field of 
view = 87.5). Whole-brain magnetization-prepared rapid gra-
dient-echo T1 images were obtained in the sagittal plane 
(TE = 3.61 ms, TR = 2400 ms, flip angle = 8°, voxel size = 1.3 mm × 
 1.3 mm × 1.2 mm). A neuroradiologist visually inspected all 
scans with relevant expertise in clinical neuroimaging.

Segmentation and volume estimation of white matter 
lesions have been performed using an in-house pipeline based 
on Statistical Parametric Mapping software (SPM, Wellcome 
Department of Cognitive Neurology, Institute of Neurology, 
University College London; www.fil.ion.ucl.ac.uk/spm/) and 
ad hoc scripts developed in the MATLAB scientific comput-
ing environment (www.mathworks.com; MathWorks, Natick, 
MA, USA). Our approach allows for lesion identification and 
evaluation directly in each patient’s native space, providing 
increased accuracy compared with those procedures implying 
image spatial normalization to a normative space (eg, Montreal 
National Institute).

Statistical analysis

The entire data set was initially analyzed by sex and by group 
(control vs patients). The homogeneity of the sample composi-
tion by sex between the control group and the patient group, and 
between the MS forms was verified through the χ2 test (with 1 
degree of freedom). The assumptions of normal distribution 
were checked by the Shapiro-Wilk test. Accordingly, unpaired t 
test (with Welch correction for unequal standard deviation 

[SD]) or Mann-Whitney test was used to compare 2 samples. 
The 1-way analysis of variance test (or nonparametric Kruskal-
Wallis test) was used to verify the null hypothesis of equal levels 
of variables. The Holm-Šidak multiple comparison was used as 
a post hoc test. After testing whether the values come from a 
Gaussian distribution, analysis of correlation by 2-tailed Pearson 
coefficients or nonparametric Spearman test was performed 
among the following variables: CCT, ET1, ADMA, disease 
duration (DD), brain volume (BV), LL, and EDSS.

Results
Sample composition

The sample under analysis included 64 patients with MS and 
37 C subjects (13 men and 24 women) (Table 1). The composi-
tion of the MS sample by sex resulted in 40.63% of men 
(59.37% of women) in the control group and 35.14% of men 
(64.86% of women) in the patient group. The difference in the 
proportions was not significant: χ2 = 0.924 (degrees of free-
dom = 1); P = .3365.

The MS group composition was 39 RR-MS patients (15 
men and 24 women) and 25 SP-MS patients (11 men and 14 
women).

Pattern of clinical and biochemical data in patients 
with MS and healthy controls

Figure 1A reports CCT values (mean ± SD) in control subjects 
(2.745 ± 0.53) and in RR (4.687 ± 1.03) and SP (5.307 ± 1.13) 
MS subgroups. Both CCT-RR and CCT-SP were signifi-
cantly higher than control value (F = 72.94, P < .0001), and 
CCT values in SP were significantly higher than in RR sub-
group (P = .0215).

Figure 1B shows ET1 plasma levels in control 
(1.071 ± 0.39) and in RR (2.123 ± 0.39) and SP (2.470 ± 1.24) 
subjects. The results indicated a significant difference 
between control and patients with MS (F = 28.8, P < .0001). 
The Holm-Šidak post hoc test specified that there was no 
significant difference between ET1 plasma levels in RR-MS 
and SP-MS patients (P = .5729).

Asymmetric dimethylarginine plasma levels (Figure 1C) 
were significantly higher (F = 11.95, P < .0001) in patients 
with MS (0.5343 ± 0.09 in RR; 0.5500 ± 1.15 in SP) than in 
control subjects (0.4224 ± 0.09). Multiple comparisons dem-
onstrated no difference in ADMA levels between RR and SP 
patients (P = .6671).

Figure 1D shows DD (in years) in RR (11.640 ± 1.35) and 
SP (14.35 ± 1.69), and no significant difference between RR 
and SP mean values was observed (t = 1.234, P = .222).

Correlation analysis in control subjects and patients 
with MS

Analysis of the distribution of whole BV, LL, and CCT in MS 
subgroups has not demonstrated any difference in BV (mL) 

www.fil.ion.ucl.ac.uk/spm/
www.mathworks.com
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between RR (1120 ± 176.1) and SP (1227 ± 160.8) and in LL 
values (ml) between RR (12.130 ± 1.54) and SP (16.86 ± 2.081) 
(t = 1.868, P = .0847). Moreover, comparison among data of 
treated and nontreated RR-MS and SP-MS subgroups shows 
no significant differences in CCT values (F = 1.873, P = .1484). 
Indeed, the effect of interferon β treatment (20 RR-MS 
patients and 5 SP-MS patients) has been evaluated on CCT 
values: no significant difference (F = 1.873, P = .1484) was 
observed between nontreated (4.325 ± 1.06) and treated 
(4.881 ± 1.03) RR patients and between nontreated 
(5.122 ± 1.27) and treated (5.643 ± 1.24) SP patients. 
Considering a clinical score such as EDSS, this was signifi-
cantly higher in SP (6.325 ± 2.00) than in RR (3.931 ± 2.17) 
patients (t = 3.791, P = .0006).

Correlation analysis among biological parameters, such as 
age, has not demonstrated a significant relationship with CCT, 
ADMA, and ET1 in C group (F = 0.063, P = .385; F = 0.773, 
P = .802; F = 2.974, P = .092, respectively) and in patients with 
MS (F = 0.480, P = .492; F = 3.007, P = .088; F = 0.278, P = .599, 
respectively).

When ADMA and ET1 values were considered with 
respect to DD (years) in all patients with MS, no relation 
among these variables (RR: r = 0.0903, P = .6349; SP: r = 0.1586, 
P = .5042) was demonstrated in RR-MS and SP-MS patients. 
Therefore, ADMA and ET1 production were independent of 
DD (Figure 2C and D).

Figure 2A and B shows the relation between ET1 and 
ADMA levels. They proved to be independent, both in control 
subjects (r = 0.013) and in MS patients (RR: r = 0.115, P = .2507; 
SP: r = −0.0076, P = .8820). The slope of their regression lines 
fitted to experimental data (control = 0.1797; MS = 0.1797: 
1.524 and 0.2848 in RR and SP, respectively) demonstrated 
that their ratio remained relatively constant in patients with 
MS compared with healthy subjects. The absence of 

correlation among CCT and ADMA is shown in Figure 3A to 
B. Figure 3C to F illustrates the correlation between CCT and 
ET1 in RR (r = 0.0231, P = .8919) and SP (r = 0.6145, P = .0018) 
forms and shows the correlation between CCT and DD in RR 
(r = 0.5001, P = .0012) and SP (r = 0.0372, P = .7570).

Figure 3C to F illustrates opposite trend between RR-MS 
and SP-MS patients when DD and ET1 are considered. 
Comparing (E) and (C), RR-MS group shows a significant 
correlation with DD but not with ET1, whereas an opposite 
trend is demonstrated in SP-MS group. In (F) CCT in not 
correlated with DD, whereas in (D) ET1 is correlated with 
CCT.

Discussion
It is known that when cerebral blood flow value is greater than 
20 mL/100 g/min, the increased value of CCT depends on the 
capillary patency. It has been shown that when CCT is pro-
longed beyond 4 seconds, corresponding to 21 mL/100 g/min, 
cerebral blood flow, capillary patency, and oxygen availability in 
tissues change, leading to tissue hypoperfusion.27,28 In our sam-
ple, 87% RR-MS and 97% SP-MS subjects exhibited a CCT 
above the threshold value. Therefore, it is highly likely that 
capillary dysfunction with increased brain microcirculation 
resistance was the main factor responsible for CCT increase in 
patients with MS. Accordingly, this article focuses on the pos-
sible role of vasoconstrictors, such as ET1 and ADMA, in con-
tributing to the increased brain vessel resistance in MS. Before 
approaching the results related to the main aim, there are 
aspects that require comment. First, in control subjects, CCT, 
ET1, and ADMA values remained constant with age, and 
therefore, their possible changes in patients with MS were not 
influenced by age. Second, ADMA and ET1 plasma levels in 
MS were independent of DD, so their increase had to be in the 
very early stages of the disease (Figure 2C and D). This is 

Table 1.  Summary of relevant clinical and anagraphic data (reported as means ± SD).

Controls RR-MS SP-MS

ET1, pg/mL 1.071 ± 0.39 (n = 37) 2.123 ± 0.39 (n = 39) 2.470 ± 1.24 (n = 25)

ADMA, µM 0.4224 ± 0.09 (n = 37) 0.5343 ± 0.09 (n = 39) 0.5500 ± 1.15 (n = 25)

CCT, mL/s 2.745 ± 0.53 (n = 44) 4.687 ± 1.03 (n = 39) 5.307 ± 1.13 (n = 25)

Treated/total 20/39 5/25

DD 11.640 ± 1.35 14.35 ± 1.69

Age 50.49 ± 12.40 46.48 ± 8.79 48.38 ± 8.38

LL 12.130 ± 1.54 16.86 ± 2.081

CCT vs therapy 4.881 ± 1.03 5.643 ± 1.24

CCT vs no therapy 4.325 ± 1.06 5.122 ± 1.27

EDSS 3.931 ± 2.17 6.325 ± 2.00

Abbreviations: ADMA, asymmetric dimethylarginine; CCT, cerebral circulation time; DD, disease duration; EDSS, Expanded Disability Status Scale; ET1, endothelin-1; LL, 
lesion load; RR-MS, relapsing-remitting multiple sclerosis; SP-MS, secondary-progressive multiple sclerosis.
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coherent with the hypothesis that their overproduction may be 
a response to the initial, altered integrity of the BBB.29 Also, as 
there is abundant evidence that the production of NO is 

significantly raised within MS lesions,30 the possibility that 
NO-induced vasodilation was a trigger for ET1 and ADMA 
overproduction cannot be discarded (see below). Third, as can 

Figure 1.  (A-D) Box-plot analysis of mean values of CCT, ET1, ADMA, and DD among controls and MS subgroups (RR and SP).The figure represents the 

distribution of CCT measured in seconds in controls and in RR-MS and SP-MS patients. The control group showed significantly lower CCT. (A) The 

difference of the CCT mean between MS subgroups is statistically significant (P = .0215): CCT values in SP were significantly higher than in RR subgroup. 

(B) Distribution of the ET1 titration is statistically different between controls and patients with MS (F = 28.8, P < .0001), whereas the Holm-Šidak post hoc 

test specified that there was no significant difference between RR and SP patients (P = .5729). (C) ADMA titration is significantly different between controls 

and patients with MS (mean 0.4224 ± 0.09 SD; F = 11.95, P < .0001), but is not significantly different (P = .6671) between the MS forms (RR mean 

0.5343 ± 0.09 SD; SP mean 0.5500 ± 1.15 SD). (D) No significant difference has been demonstrated between RR-MS and SP-MS patients when DD is 

considered (t = 1.234, P = .222). ADMA indicates asymmetric dimethylarginine; CCT, cerebral circulation time; ET1, endothelin-1; MS, multiple sclerosis; 

RR, relapsing-remitting; SP, secondary-progressive.
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be deduced from the slope of the fitting line of the ratio 
between ET1 and ADMA, this did not change in patients with 
MS with respect to controls (Figure 2A and B). It is suggested 
that their high levels (about 2 times higher in MS than in con-
trols) (Figure 1B and C) can be interpreted as a resetting, rather 
than a dysregulation, of the mechanisms governing cerebral 
hemodynamics. Theoretically, these results strengthen the 
hypothesis of a common factor triggering ET1 and ADMA 
upregulation. Whole-brain circulation time correlated signifi-
cantly with ET1 levels only in SP subtype (Figure 3D). The 

CCT values rose with increasing ET1 plasma levels, the aver-
age rate being 0.16-second delay per 1 pg/mL ET1. 
Contrastingly, in RR subtype, CCT values correlated with DD: 
the former showed a 0.2-second CCT delay per year of disease. 
Therefore, while in the SP subtype a specific factor (ie, ET1) 
emerged in conditioning the CCT delay, in the RR subgroup 
the CCT correlated with a surrogate (DD) of a shadowy sub-
liminal factor. In view of the observed difference in CCT and 
its conditioning factors between RR and SP subtypes, all char-
acteristics shared by these 2 forms of MS could be excluded as 

Figure 2.  (A-D) Correlation analysis of evaluated biological parameters in MS and controls. In (A) and (B), correlation between ET1 and ADMA in C and 

MS groups: no significant correlations are demonstrated between ADMA and ET1 in both groups (MS and control). Note that the slope of fitting lines for 

ADMA and ET1 remained about the same in C and MS subjects. In (C) and (D), correlation between DD and ADMA, DD, and ET1: DD is not significantly 

correlated with these vasoactive factors. Different cohorts of patients have been highlighted: RR-MS (°) and SP-MS (•). ET1 and ADMA normal line value 

has been introduced and time (years) in x-axis has been set. Note that there is no difference between 2 MS subgroups over time. If the higher values of 

ET1 and ADMA were the late expression of disease, we should have demonstrated increasing values over the course of the disease. ADMA indicates 

asymmetric dimethylarginine; DD, disease duration; ET1, endothelin-1; LL, lesion load; MS, multiple sclerosis; RR, relapsing-remitting; SP-MS, 

secondary-progressive.
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factors responsible for CCT delay. Accordingly, CCT values 
were unrelated to both LL and brain atrophy. Although it is 
known that brain volume decreases with increasing DD,31 it is 
unlikely to have been the conditioning factor of CCT delay in 
RR patients. Indeed, it has been shown that the rate of tissue 
loss in patients with MS is independent of course and MS sub-
types.32 It follows that if brain atrophy was a conditioning fac-
tor for CCT delay, then the relationship between CCT delay 

and DD had to be observed in both RR and SP subtypes. 
Actually, we found that CCT values and DD were independent 
variables in SP patients.

Focusing on the unshared features of RR and SP subtypes, 
the most immediate differential characteristic is that the former 
is subject to compensatory mechanisms that cause the remitting 
phases. It is generally believed that once a threshold is surpassed, 
compensatory mechanisms fail and progressive neurologic 

Figure 3.  (A-F) Correlation analysis of evaluated biological parameters in RR-MS and SP-MS subgroups. In MS subgroups, CCT and ADMA correlation 

is not significant (A,B). When CCT is considered, different significance of DD and ET1 between RR-MS and SP-MS patients is obtained: comparing (C) 

and (E), RR-MS group shows a significant correlation between CCT with DD, but not with ET1, whereas an opposite trend is demonstrated in SP-MS 

group (D,F). ADMA indicates asymmetric dimethylarginine; DD, disease duration; ET1, endothelin-1; MS, multiple sclerosis; RR, relapsing-remitting; 

SP-MS, secondary-progressive.
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damage may ensue. In this sense, the SP subtype can be regarded 
as the failure of compensatory mechanisms.33 Although in RR 
the compensatory mechanisms are still effective, patients who 
are in the quiescent phase, however, accumulate tissue injuries 
caused by relapsing phases. For example, lesion of BBB persists 
in chronic plaques, although on a more limited level than in the 
active ones.34 Therefore, it seems plausible that the observed 
neurovascular alteration in patients with MS may be seen as the 
damage summation/accumulation over time, given as DD. It 
could be argued that if the DD in RR actually reflected the 
accumulation of neurovascular injuries, then a relationship 
between LL and CCT also had to be observed. In fact, although 
vessel wall damage was found in all acute plaques, it has been 
demonstrated that microvascular injuries also occur without 
white matter involvement.35 It follows that the level of vascular 
damage cannot be deduced by LL values.

As mentioned above, despite the fact that the ET1 plasma 
level was similar in RR and SP subtypes, it correlated with CCT 
values in SP, but not in RR patients. One possible explanation 
may be found in the evidence that the activity of the same ET1 
plasma level is increased when the BBB is severely altered. This 
is indirectly confirmed in this study, showing a significantly 
40-second higher CCT delay in SP-MS than in RR-MS forms.

Therefore, we conclude that the statistical correlation 
between ET1 plasma level and CCT values is conditioned by 
the level of neurovascular unit dysfunction. If the relationship 
between CCT and ET1 is confirmed in SP form, though not 
in RR-MS form, this CCT-ET1 coupling could be the bio-
marker able to identify when the RR became the SP form or to 
differentiate RR versus progressive form ab initio. The strength 
of this finding is to ameliorate clinical assessment. The prog-
nosis accuracy could be improved, leading to precision medi-
cine, and could modify therapeutic approaches.

On the contrary, CCT in both RR and SP subgroups was 
shown to be statistically independent of ADMA plasma levels. 
It is known that vessel reactivity is the vasodilation and vaso-
constriction balance among multiple vascular factors, and the 
exact molecular interaction is not yet known in MS, as well as 
in other neurodegenerative diseases. The absence of significant 
correlation of ADMA with any parameters chosen in this 
study could be covered and mediated by other vascular factors 
and not be enhanced using clinical laboratory titration. 
However, it does not rule out having a role in MS. Based on the 
evidence that endothelial NOS is highly expressed in intra-
parenchymal vascular endothelial cells of patients with MS,36 
here we recall the above-mentioned hypothesis that 
NO-induced vasodilation was the common trigger for ET1 
and ADMA overproduction. Nitric oxide has 2 major effects 
on cerebral vessels, both of which may be involved in the 
pathogenesis of MS lesions, namely, vasodilation and alteration 
of the BBB. Vasodilation by itself may facilitate inflammation 
by decreasing the velocity of blood flow, thereby aiding leuko-
cyte transmigration—the latter facilitated by NO-induced 
BBB breakdown. In addition, NO may cause conduction block, 

perhaps by impairing the function of sodium channels, and 
demyelinated axons are particularly vulnerable to this effect.37 
Furthermore, raised concentrations of NO and related reactive 
species may impair synaptic transmission which, in addition to 
compromising transmission in motor and sensory pathways, 
may contribute to the loss of function in patients with MS. 
Due to this, it seems plausible that production of ADMA and 
ET1 can be seen as a compensatory response aimed at oppos-
ing the effects of NO overproduction: ADMA by inhibiting 
both eNOS and iNOS and ET1 by opposing the NO-induced 
vasodilation. The response effectiveness to NO overproduction 
could be one of the factors contributing to the compensatory 
mechanisms causing the remission phase in RR patients.

It might be argued that ET1-induced vasoconstriction 
response may cause hypoperfusion and therefore tissue 
hypoxic/ischemic stress. However, it has been shown that 
ET1 has an important function of protecting the astrocytes 
against hypoxic/ischemic stress so that these cells can either 
repair their neighboring damaged neurons or participate in 
forming a protective boundary of the injured cells of the 
brain. In fact, astrocytes regulate glutamate uptake, prevent-
ing excitotoxic neuronal injury, control the levels of critical 
extracellular ions such as K+ and H+, and promote antioxidant 
defense in the brain.15

Therefore, we suggest that ET1 and ADMA overproduc-
tion reflects a protective response to the early vascular-derived 
insults in MS, possibly contributing to the remitting phase in 
RR patients. Later, due to their persistent high levels, the det-
rimental effects of these vasoactive molecules could prevail and 
contribute to functional/structural abnormalities of the brain 
microvasculature.38 When it begins to interfere with basic laws 
of fluid dynamics, hemorheological compromise will result in 
cerebral capillary resistance, abnormal flow patterns, and 
changes in shear stress and shear rate in vessel walls.
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