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Abstract
Dysfunction in the epithelium, breakdown of the blood–brain barrier, and consequent leukocyte and T-cell infiltration into the central
nervous system define Vascular Multiple Sclerosis. Multiple sclerosis (MS) affects around 2.5 million individuals worldwide, is the
leading cause of neurological impairment in young adults, and can have a variety of progressions and consequences. Despite
significant discoveries in immunology and molecular biology, the root cause of MS is still not fully understood, as do the immu-
nological triggers and causative pathways. Recent research into vascular anomalies associated with MS suggests that a vascular
component may be pivotal to the etiology of MS, and there can be actually a completely new entity in the already available clas-
sification of MS, which can be called ‘vascular multiple sclerosis’. Unlike the usual other causes of MS, vascular MS is not dependent
on autoimmune pathophysiologic mechanisms, instead, it is caused due to the blood vessels pathology. This review aims to
thoroughly analyze existing information and updates about the scattered available findings of genetics, pro-angiogenetic factors,
and vascular abnormalities in this important spectrum, the vascular facets of MS.
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Introduction

The chronic condition, multiple sclerosis (MS), that affects the
central nervous system (CNS) is characterized by inflammation
and damage to the protective myelin sheath around nerve fibers.
The autoimmune theory of the disease has been widely accepted
due to a significant amount of evidence supporting it[1–3]. But,

HIGHLIGHTS

• This review introduces the concept of ‘vascular multiple
sclerosis’, highlighting its distinct characteristics character-
ized by endothelial dysfunction, blood–brain barrier (BBB)
disruption, and immune cell infiltration into the central
nervous system.

• The review sheds light on recent research suggesting that
vascular anomalies play a crucial role in the etiology of
multiple sclerosis (MS). It proposes the existence of a new
entity, ‘vascular multiple sclerosis’, which is not dependent
on autoimmune mechanisms but rather on pathology
related to blood vessels.

• Despite significant advances in immunology and molecular
biology, the root cause of MS and its immunological
triggers remain unclear. This review aims to fill existing
knowledge gaps by thoroughly analyzing available infor-
mation on genetics, pro-angiogenetic factors, and vascular
abnormalities associated with vascular MS.

• By focusing on the vascular facets of MS, this review
contributes to a better understanding of the disease and its
diverse advancements and outcomes.

• The review extensively analyzes scattered findings, con-
solidating information on vascular abnormalities in MS.
Examining the role of endothelial dysfunction, BBB dis-
ruption, and immune cell infiltration offers insights into the
complex interplay between vascular pathology and the
development of vascular MS.
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recent research into vascular anomalies associated with MS
suggests that a vascular component plays an important role in the
development of MS and can lead to vascular-specific signs and
symptoms, thereby contributing to the rare subtype of MS, vas-
cular MS. ‘Vascular MS’ is an emerging interest among the
researchers and it could well be added as one of the various types
of MS in the near future depending upon the novelty and wide
difference in its pathogenesis and immunology from the usual
relapsing–remitting, primary-progressive, and secondary-pro-
gressive types of MS.

Essentially, various types of vascular anomalies have been
linked to MS, including disruption of the blood–brain barrier
(BBB)[4], endothelial cell dysfunction[5], an elevated risk for
ischemic disease due to hypoxia and inflammation[6], decreased
brain blood flow[7], and poor drainage of blood from veins[8].
Studies have demonstrated that the alterations in the BBB and the
transmigration of inflammatory cells and leukocytes from the
peripheral circulation across the endothelial barrier are among
the initial and most prevalent anomalies detected in the brains of
persons withMS. It is believed that breaching the BBB process is a
critical component in the formation of demyelinating lesions[9].
Once these leukocytes become active in the CNS, they trigger a
destructive wave that results in the loss of both myelin and oli-
godendrocytes, as well as neuronal degeneration. Numerous
clinical and scientific findings suggest that stress and apoptosis of
endothelial cells are defining features of MS[10].

Hypoxia has been linked to MS and research suggests that a
decrease in the overall metabolic rate in individuals with MSmay
indicate that ischemia is not limited to lesions, but instead affects
the CNS as a whole. The hypoxic response pathway is closely
related to the inflammatory pathway and involves a group of
oxygen-sensing molecules called prolyl hydroxylases (PHDs)[11].

A study by Laupacis et al.[12] found that the pathogenesis of
MS involves aberrations in the direction and pathway of blood
flow in the cerebral veins, resulting in iron accumulating in the
brain, and this causes an autoimmune reaction to be triggered.
One such condition is chronic cerebrospinal venous insufficiency
(CCSVI), which is a long-lasting condition characterized by
insufficient drainage of blood from the CNS[13]. The presence of
CCSVI, characterized by anomalies in the anatomy and flow of
internal jugular, deep cerebral, vertebral, and azygous veins, is
more prevalent among individuals with MS compared to those
without the disease[12].

This review aims to thoroughly analyze the existing informa-
tion about the connection between vascular comorbidities and
MS. Based on the available evidence, there appears to be a higher
likelihood of developing MS among individuals with vascular
abnormalities.

Risk factors for vascular MS

Hypertension

Hypertension is a common vascular risk factor that increases the
risk of developing chronic diseases, including vascular
MS[14–16] (Table 1). Hypertension affects the blood vessels and
disrupts the BBB, which functions as a physiological partition
that separates the CNS from the peripheral tissues. This barrier is
made up of densely packed cells that keep noxious substances out
of the brain and spinal cord. The breach of the BBB allows for the
infiltration of immune cells into the brain, leading to the onset of
inflammation, potentially leading to the development of vascular
anomalies triggering the vascular MS.

The existing literature on the incidence of hypertension among
individuals with MS presents conflicting findings. Several inves-
tigations have reported comparable or reduced occurrences of
hypertension among individuals with MS in comparison to the
control group[17–19]. Kang et al.[20] reported a higher incidence of
hypertension among individuals with MS (n= 898) in compar-
ison to the control group.

Cigarette smoking

Smoking is a well-known and significant risk factor for vascular
facets ofMS. A large body of research has consistently shown that
individuals who engage in smoking behavior are at an increased
likelihood of developing MS in comparison to those who do not
smoke[21–23]. Furthermore, smoking has been linked to an
increase in the severity and progression of MS symptoms[22]. It is
hypothesized that smoking could potentially play a role in the
pathogenesis of MS by inducing vascular damage and compro-
mising BBB integrity. This may lead to the infiltration of immune
cells and pro-inflammatory molecules into the CNS, ultimately
resulting in tissue damage and clinical manifestations of the dis-
ease. Studies have demonstrated that smoking can elevate oxi-
dative stress and inflammation levels, which are believed to
contribute to the pathogenesis of this disorder[24].

Table 1
Different risk factors implemented in the pathogenesis of vascular multiple sclerosis and their proposed mechanism.

Risk factor Description Mechanism

Smoking Cigarette smoking May damage blood vessels and increase inflammation, which can lead to vascular MS
Hypertension Elevated blood pressure Damages blood vessels and disrupts the blood–brain barrier, which may increase the

risk of developing vascular MS
Obesity Excess body weight, often defined as a body mass index (BMI) of 30 or

higher
Studies have shown that excess body weight and obesity during adolescence increase
the risk of developing vascular and usual MS later in life

Diabetes Impairment of the ability of the body to produce or use insulin effectively Individuals with type 1 diabetes have been shown to have a higher risk of developing MS
in comparison to the general population

Dyslipidemia Elevated concentrations of lipids in the bloodstream, encompass
heightened levels of cholesterol and triglycerides

This condition can increase the risk of developing vascular MS by damaging blood
vessels and disrupting the blood–brain barrier

Vitamin D deficiency Low vitamin D levels in the blood This may contribute to an imbalance in the immune system and the development of
autoimmunity, as well as a disruption of the blood–brain barrier

Inactivity Sedentary lifestyle with little or no physical activity May increase inflammation and contribute to the development of vascular MS
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Obesity

Obesity is one of the major risk factors that can lead to vascular
MS[25]. The correlation between being overweight or obese dur-
ing adolescence and an elevated likelihood of developing MS in
later stages of life has been established through scientific
research[26,27]. Several studies conducted during childhood and
adolescence found a link between body mass index (BMI) and the
risk of MS development[28]. One another study reported a
decreased obesity prevalence among individuals with MS in
comparison to their counterparts without the condition[29,30].

Obesity is also linked to other vascular risk factors that have
been linked to an increased risk of MS, such as hypertension,
dyslipidemia, and insulin resistance[31]. The available evidence
suggests that obesity could potentially exacerbate pre-existing
symptoms, such as fatigue, disability, and depression in indivi-
duals with MS[32,33]. Interestingly, there is enough evidence to
suggest that losing weight may be beneficial in managing MS
symptoms. A recent study discovered that a low-calorie diet fol-
lowed by a 6-month weight maintenance period improved fati-
gue, life quality, and disability in patients living with MS who
were overweight or obese[34].

Diabetes

There exists a correlation between diabetes, particularly type 1
diabetes (T1D), as a vascular risk factor in the development of
MS[35]. Type 1 diabetes mellitus is a pathological condition
characterized by an aberrant immune response that leads to the
destruction of pancreatic beta cells, which are responsible for the
production of insulin[36]. Elevated blood glucose levels can lead to
vascular impairment and elevate the likelihood of vascular MS
onset[37].

A higher risk has been identified in individuals with T1D for
the development of MS than in the general population.
Furthermore, a recent study discovered that people with T1D
who also had high levels of antibodies against a protein known as
myelin oligodendrocyte glycoprotein (MOG) had a significantly
higher MS risk than those who did not[38]. In a cohort study,
which encompassed 98% of the pediatric diabetic population
under 21 years of age in Austria and Germany, the risk ratio (RR)
of MS co-occurrence was investigated. The study revealed that
the RR for MS in T1D was three to almost five times greater than
in the non-diabetic population[39,40].

Dyslipidemia

Dyslipidemia is a medical condition that is distinguished by aty-
pical lipid concentrations in the bloodstream, encompassing ele-
vated levels of cholesterol and triglycerides[41]. Dyslipidemia can
increase the risk of developing the vascular spectrum of MS by
damaging blood vessels and disrupting the BBB, increasing the
likelihood of immune cells entering the CNS and causing
inflammation[42]. The findings of a case–control study indicated
that individuals with MS exhibited elevated levels of total and
low-density lipoprotein (LDL) cholesterol in comparison to the
control group[43–45].

Vitamin D deficiency

The association between the vascular spectrum of MS and vita-
min D deficiency has been established in several studies[46].
Vitamin D is a crucial element for maintaining optimal bone

health and plays a significant role in regulating the metabolism of
both phosphorus and calcium[47]. It does, however, have immu-
nomodulatory properties and is involved in immune function
regulation[48–50].

Several hypotheses have attempted to explain the link between
vitamin D deficiency and vascular MS. One possibility is that low
vitamin D levels contribute to immune dysfunction, resulting in
autoimmunity and, eventually, MS[48]. Vitamin D has been
shown to have anti-inflammatory properties, and low levels may
increase inflammation and damage to the myelin sheath sur-
rounding nerves, which is a symptom of vascular MS[51].

Another proposed mechanism is that vitamin D may help to
maintain the BBB’s integrity[52]. This notion is supported by
studies showing that vitamin D deficiency resulted in greater
cortical and striatal infarction and behavioral impairments[52],
but its specific role in increasing stroke-induced BBB permeability
needed more investigation. Notwithstanding, the correlation
between vitamin D andMS remains incompletely comprehended,
and further investigation is required to establish the precise
underlying mechanisms.

Sedentary lifestyle

The state of being sedentary or engaging in minimal physical
activity is a widely recognized risk factor for various chronic ill-
nesses such as diabetes, cardiovascular disease, and obesity[53].
Physical activity may contribute to the development and pro-
gression of vascular and usual MS, according to emerging shreds
of evidence[54,55].

Individuals with MS who engage in regular physical activity
have better cardiovascular health, improved mood, and higher
levels of overall functioning than those who do not[56].
Furthermore, physical activity may help reduce inflammation,
improve immune function, and promote nerve cell growth and
survival, all of which may be beneficial in MS[57].

A protective effect against MS may be conferred by physical
activity, which can upregulate neurotrophic factors synthesis, a
protein class that facilitates the growth and survival of neurons.
Research studies have demonstrated that physical exercise has the
potential to elevate brain-derived neurotrophic factor (BDNF)
levels. This protein has been associated with neuroprotection and
nerve regeneration in individuals with MS[58].

Pathophysiology of vascular MS

Endothelial microparticles

Endothelial microparticles (EMPs) are minute vesicles that are
discharged from the plasma membranes of endothelial cells when
these cells are activated, damaged, or undergo apoptosis. These
particles are recognized to have a crucial role in various biological
processes, such as inflammation, vascular injury, angiogenesis,
and thrombosis. EMPs have been associated with the disease
pathophysiology of various conditions, including atherosclerosis
and hematological and systemic inflammatory diseases, including
the vascular spectrum of MS (Fig. 1)[59].

Endothelial disruption, a hallmark process in the patho-
physiology of MS, has been linked to EMPs. The effect of
purified microparticles (MPs) on endothelial barriers was
assessed by Marcos-Ramiro et al. using electric cell-substrate
impedance sensing. MPs from samples of patients with
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relapsing–remitting MS (RRMS) resulted in more pronounced
disruption of endothelial barriers in vitro when compared to
those acquired from healthy donors or individuals with clini-
cally isolated syndrome (CIS)[60]. Minagar et al.[10] suggested
the involvement of plasma factors in endothelial dysfunction,
as evidenced by the MS plasma-induced release of CD31 + and
CD51 + EMPs from microvascular endothelial cell (MVEC)
culture in-vitro studies[10].

Following endothelial dysfunction and BBB disruption, the
transmigration of activated monocytes and T cells is an estab-
lished process in MS pathophysiology. EMPs have been impli-
cated in this scenario too. Jy et al.[61] found that EMPs bound
preferentially to monocytes as compared to other leukocytes, and
observed that during periods of exacerbation in MS patients,
there was a significant increase in EMP–monocyte conjugate
(EMP–MoC) levels compared to remissions and controls, sug-
gesting the possible role of these conjugates as markers of disease
activity. Furthermore, the EMPs in these conjugates activated

their bound monocytes and facilitated their trans-endothelial
migration (TEMIG). The addition of MS plasma increased the
ability of monocytes to migrate through cerebral endothelial cells
(CECs) and pre-treating monocytes with EMPs also enhanced
their migration in an in-vitro model. The findings indicate that
EMP–monocyte complexes exhibit a greater propensity for
TEMIG in comparison to monocytes in isolation. Based on the
results obtained, it can be inferred that extracellular vesicles
known as EMPs play a crucial role in the development of MS.

Biomarkers based on EMPs for vascular MS

EMPs could serve as potential biomarkers for MS. Marcos-
Ramiro et al.[60] reported alterations in the levels of circulating
MPs in individuals suffering from MS as compared to healthy
subjects. The researchers employed flow cytometry to examine
the plasma collected from 95 patients exhibiting various clinical
forms of MS, as well as 49 healthy individuals, to detect the
existence of platelet-derived and endothelium-derived MPs. The

Figure 1. A summary of the mechanisms of the autoreactive T-cell response and the resultant autoimmune disease of multiple sclerosis in the central nervous
system. APCs, antigen-presenting cells.

Prajjwal et al. Annals of Medicine & Surgery (2023)

4931



findings indicate that there is a notable increase in the levels of
EMPs among individuals diagnosed with MS or CIS in compar-
ison to the control subjects.

Moreover, EMPs expressing distinct protein markers are dif-
ferentially elevated in various stages of MS. Minagar et al.[10]

assayed the plasma of patients for EMPs expressing CD31
(PECAM-1) and CD51 and found that during periods of
exacerbation in MS patients, there was a marked increase in the
levels of CD31+ EMPs, but this was not observed during
remission. In contrast, plasma CD51+ EMPs were consistently
elevated, irrespective of whether the patients were in exacerbation
or remission, suggesting that these may reflect chronic endothelial
injury. Similarly, Zinger et al.[62] found that there is a significant
increase in EMP levels among MS patients who have not
undergone treatment, as compared to both healthy individuals
and MS patients who have received Fingolimod treatment.

There exists a correlation between certain MP species and the
presence of depositions of iron in subcortical deep gray matter
structures. Alexander et al.[63] examined the sera of patients for
three types of MPs [CD31+ /PECAM-1, CD51+CD61+ (αV–
β3), and CD54+ (ICAM-1)], and cross-referenced these with
traditional magnetic resonance imaging (MRI) and newer MRI
techniques that evaluate iron levels using susceptibility-weighted
imaging (SWI)-filtered phase. The findings indicate that the
occurrence of different MP species differed among individuals
who were in good health, those who had RRMS, and those who
had secondary-progressiveMS (SPMS). Furthermore, amultitude
of MP variants (specifically those expressing CD31, CD51,
CD61, and CD54) exhibited a significant correlation with con-
ventional MRI and SWI characteristics of MS. Hence, it is sug-
gested that analyzing MP profiles has the potential to serve as an
additional, convenient, non-invasive method to MRI for mon-
itoring disease activity in MS.

Therapeutic advances in EMP and Fingolimod to manage
vascular MS

Fingolimod, a drug used in themanagement ofMS,may function,
in part, by altering EMP mechanisms. Zinger et al.[62] exposed
human brain endothelial cells (HBECs) to varying concentrations
of tumor necrosis factor and measured the release of MPs in the
presence and absence of Fingolimod. In the presence of
Fingolimod, TNF-induced EMP release was shown to be greatly
reduced. This suggests that a reduction in EMP release may be
one of the mechanisms by which Fingolimod prevents exacer-
bations and slows the progression of MS.

In a study by Sheremata et al.[64], IFN-β1a therapy given to
RRMS patients resulted in a significant reduction of plasma levels
of CD31+ EMPs, suggesting the potential for plasma CD31+
EMP levels to be used as a marker for monitoring response to
IFN-β1a.

Jimenez et al.[65] observed that the TEMIG of monocytes and
EMP–MoCs was inhibited by IFN-β1b. Pre-incubation of brain
MVEC (BMVEC) cultures with IFN-β1b resulted in a reduction
of TEMIG of monocytes and EMP–MoC complexes, as assessed
by flow cytometry. These findings suggest a novel mechanism for
the protective role of IFN-β1b in MS patients. Therefore, these
findings suggest that the identified targets hold promise as viable
therapeutic options for managing MS.

Pathophysiology of endothelial junctional abnormalities in
vascular MS

Asmentioned earlier, in vascularMS, the permeability of the BBB
is increased, and this is connected to the development of lesions as
well as problems with the tight junctions (TJs) in the micro-
vasculature. In their investigation, Kirk et al.[66] aimed to study TJ
disruption in different subtypes of MS patients, and their asso-
ciation with BBB leakage. The research entailed the examination
of cryosections of plaques and normal-appearing white matter
obtained from individuals diagnosed with MS, as well as those
with other neurological conditions, and compared them to
healthy control samples. Tissue samples from these groups were
evaluated for the presence of the protein zonula occludens-1 (ZO-
1), which is associated with the TJ, and its relationship to fibrin
leakage was assessed.

The study revealed that TJ abnormalities had notable varia-
tions in frequency across MS lesion types and white matter con-
trols. Additionally, the investigators observed that these
irregularities were more prominent in active MS lesions. They
concluded that the disintegration of TJs in MS plays a role in
promoting BBB leakage. Also, these findings were consistent
across different vessel sizes, suggesting the involvement of soluble
factors that can diffuse across vessels in mediating TJ injury.

TJ proteins, specifically occludin, and VE-cadherin, have been
implicated in BBB disruption in MS. The expression of these
proteins is likely affected by circulating inflammatory cytokines
like TNF-α and IFN-γ. When Minagar et al.[67] exposed cultured
endothelium cells to sera from MS patients who were in exacer-
bation, remission, and healthy controls, they saw that the
expression of occludin and VE-cadherin was decreased, with a
more significant reduction noticed for occludin compared to VE-
cadherin. The authors concluded that high levels of cytokines that
are pro-inflammatory in the serum during exacerbations led to
the suppression of VE-cadherin and occludin. In another study,
this was found to be true for IFN-γ also[68]. The role of occludin in
this scenario is further evidenced by the findings of Morgan
et al.[69], who examined proteins in rats with and without
experimental autoimmune encephalomyelitis (EAE), a model for
MS, in their spinal cords. Occludin was found to be depho-
sphorylated in EAE rats, and this dephosphorylation occurred
just before changes in BBB permeability, suggesting that this
process may be involved in regulating the response of the BBB to
inflammation.

Research toward using occludin and related proteins like ZO-1
as biomarkers for disease activity in MS has been inconclusive
and further studies with larger cohorts are required[70].

Padden et al.[71] studied the expression of other TJ proteins in
MS. Vascular endothelial junction-associated molecule (VE-
JAM), platelet F11 receptor (P-F11R), and β-catenin expression
levels were evaluated in blood vessels obtained from lesions that
are active in MS, dormant lesions, normal-appearing white
matter, as well as control white matter. P-F11R expression was
shown to be aberrant with greater frequency than other proteins
in active lesions of white matter. On the other hand, in both
normal and MS tissues, VE-JAM was discovered to be strongly
expressed in a small number of major blood vessels. Additionally,
β-catenin was expressed regularly across all categories of MS and
control tissue. The authors proposed that changes in the
expression of P-F11R might impact both the tightness of junc-
tions and leukocyte trafficking.
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Chronic cerebral venous insufficiency in vascular MS

A significant correlation was found recently between vascular
facets of MS and a condition called chronic cerebrospinal venous
insufficiency (CCSVI). CCSVI refers to a vascular condition that
impacts the primary extracranial cerebrospinal venous pathways,
resulting in abnormal blood outflow in MS patients[8].

CCSVI initiates a sequence of events caused by abnormal
venous hemodynamics that disrupts microcirculation. This leads
to the leakage of red blood cells (RBCs), which is the primary
source of iron accumulation. In MS patients with CCSVI, the
obstruction of extracranial veins is believed to overwhelm the
microcirculation in the brain, as confirmed by the presence of
RBCs outside the blood vessels in brain plaques located near the
veins[72].

Histopathological studies have revealed a unique pattern of
iron accumulation in MS patients, with the iron stores con-
sistently surrounding the walls of veins. The iron deposits take the
form of hemosiderin buildup and structures similar to ferritin
found within macrophages. Interestingly, this pattern is similar to
the perivenous iron accumulation commonly seen in peripheral
venous disease[73]. Various other studies suggest that venous
abnormalities can be found in the internal jugular veins, vertebral
veins, and azygous vein[72,74] and can be detected through
selective venography, extracranial venous echo-color Doppler
(ECD), andmagnetic resonance venography (MRV) with varying
degrees of accuracy[75]. The diagnosis of CCSVI relies on evalu-
ating a Doppler sonography protocol that utilizes both extra-
cranial and transcranial VH criteria. Various connections have
been found between abnormal hemodynamic MRI results, clin-
ical outcomes, and CCSVI in MS patients[76].

A study was conducted on a group of 65 patients with CCSVI
who had undergone selective venography which allowed them to
identify venous obstructions and treat them with balloon angio-
plasty during the diagnostic evaluation. Patients were monitored
for 18 months to evaluate their vascular and neurological out-
comes related to MS[72].

Role of genetics in MS

It has beenwell established that there is a genetic predisposition to
developing vascular facets of MS. Studies on families have shown
varying degrees of heritability, with a recent large cohort in
Sweden demonstrating a significantly increased risk among
siblings[77]. Through genome-wide association studies (GWAS),
more than 100 distinct loci have been identified as potential
contributors to the development of MS, most of which have been
linked to immune function. While these genes are crucial for the
pathological immune response in vascular MS, they may also
play independent roles in the early dysfunction of the BBB[78]. It is
worth noting that there exists a certain degree of genetic corre-
lation between MS and cardiovascular disease, indicating a
potential genetic impact on the vasculature or endothelium,
contributing to the vascular manifestations[79].

The results indicate that transcription factors and regulators have
a significant impact on connecting changes in vascular functionwith
MS pathology. Additionally, these findings provide evidence for the
presence of pleiotropic loci among MS and cardiovascular comor-
bidities. LEF1 and SMARCA4, both members of the WNT/beta-
catenin pathway, have been linked to vascular remodeling,
post-stroke angiogenesis, and cardio-cerebral-peripheral vascular
diseases[80,81].

The genes SMARCA4, AFF1, and NR1D1/Rev-Erbα are
interconnected with immunity, lipid metabolism, and vascular
function. Additionally, SMARCA4 and AFF1 have been
observed to correlate with plasma lipid levels. This information is
supported by previous research[80].

Both ischemic stroke and MS have the CAMKG2/CaMKIIγ
protein implicated. Vascular smooth muscle proliferation and
remodeling are both functions of this protein. The study suggests
that CD86 and BATF are associated with both MS and cardio-
vascular disease risk factors. Specifically, CD86 is found to be
responsible for driving the atherogenic process, while BATF is
linked to HDL (high-density lipoprotein) cholesterol and systolic
blood pressure. The study has identified the 5′UTR CD86
rs11575853 as a significant factor associated with decreased
expression of IQCB1, a gene that plays a crucial role in retinal
diseases and may be linked to neurodegeneration.

The venous tissue of MS patients, particularly in the internal
jugular vein, has shown differential expression of several
genes[82]. Among these genes, 16 were previously identified by
GWAS, while seven genes were not previously identified but have
functional interaction with MS candidates. The majority of these
genes are associated with vascular or neuronal traits/diseases,
along with MS, and nine of them encode transcriptional factors/
regulators. Additionally, a set of eight genes have been identified
as having a correlation with plasma lipid levels, providing further
evidence for the connection between lipids and immune-mediated
disorders[83].

Pro-angiogenetic factors in vascular MS

A series of orchestrated modifications in the endothelial cells
characterizes the process of angiogenesis within the CNS, ulti-
mately resulting in the development of a highly impermeable
barrier. This barrier has several features that selectively allow
certain molecules to pass through, thereby maintaining CNS
homeostasis and preventing unwanted substances from entering
the tissue[84]. The mechanisms and cell types involved in reg-
ulating the formation of this barrier during developmental
angiogenesis have been described. The occurrence of angiogenesis
has been noted in CNS disorders that exhibit impaired barrier
function, including MS and stroke.

Angiogenesis in MS lesions leading to the vascular manifesta-
tions is influenced by several factors, including the hypoxic
environment present in active lesions in patients withMS[85]. As a
result of diverse alterations in the surrounding pathological
milieu, the hypoxic insult occurs. For instance, active MS lesions
express hypoxia-inducible factor 1-alpha (HIF-1α) to a great
extent. Upregulating the expression of Na+ channels that are
prone to leakage is the way these axons that have lost their myelin
sheath compensate for the inefficient propagation of saltatory
action potentials. This results in an increased demand for energy
in the affected tissue. Furthermore, there is an elevated inducible
nitric oxide synthase (NOs) level exhibited by the active lesions in
MS, resulting in heightened NO concentrations that impede
mitochondrial respiration[86]. The augmented energy require-
ments and immune cell infiltration, in conjunction with paracrine
signaling, culminating in a state of hypoxia characterized by an
inadequate supply of oxygen relative to demand, thereby stimu-
lating the formation of new blood vessels.

Given that hypoxia-like conditions play a crucial role in the
pathology of vascularMS, it is plausible that molecules that act as
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angiogenic signals in ischemic diseases such as stroke or tumor-
induced angiogenesis could potentially stimulate angiogenesis in
it. Studies have found high levels of HIF-1 and vascular endo-
thelial growth factor (VEGF), which are crucial factors for VEGF-
induced angiogenesis, in active lesions of MS patients[87]. The
serum ofMS patients exhibits elevated levels of Endothelin-1 and
angiopoietin-2, both of which augment the angiogenic properties
of VEGF[88]. The presence of NOs has been found to play a role in
the development of new blood vessels in inflammatory diseases.
In patients with MS, there is an increase in NOs levels, which is
associated with inflammation and MRI markers indicating the
progression of the disease. The involvement of fibroblast growth
factor (FGF) in angiogenesis in MS has been reported, which can
also contribute to the vascular manifestations. Transcript analy-
sis has revealed increased expression of FGF-12 and FGF-2
homolog in MS lesions, and MS patients have shown elevated
serum FGF levels[89].

Alongside hypoxia-related factors, certain molecules impli-
cated in the pathogenesis of vascular MS possess properties that
modulate angiogenesis. The presence of TNF-α and INF-γ, which
are inflammatory cytokines found in MS, has been observed to
potentially stimulate angiogenesis[90]. Several matrix metallo-
proteinases (MMPs) have been found to play a role in promoting
inflammation and breaking down the extracellular matrix, which
aids in the growth of new blood vessels during the progression of
MS[91]. Additional investigation is necessary to ascertain the
precise impacts of these variables on neo-angiogenesis as opposed
to inflammation within the framework of MS pathology.

Vascular abnormalities

The relationship between demyelination and the impairment of
MS is significantly influenced by the vascular system. Prior
research has focused on exploring four principal vascular
anomalies linked to MS, which include: (i) inadequate delivery of
oxygen to brain tissues, a condition referred to as hypoxia[92], (ii)
reduced cerebral blood flow (CBF)[92], (iii) malfunctioning of the
BBB, and (iv) the infiltration of metabolites, including fibrin, into
the brain parenchyma is a consequence of the aforementioned
factors. Additionally, compromised drainage of harmful waste
products from the brain through the jugular veins is observed.
This is supported by previous research[93,94].

Hypoxia and inflammation

The association between hypoxia and MS has been established
for a considerable period[95]. Lesions classified as Type III in MS
brains exhibit similar histological characteristics as lesions
resulting from lack of oxygen or blood supply, which tend to
develop in regions of the brain that are more vulnerable to
hypoxia[96]. According to a previous study[11,] it has been
observed that there is a widespread presence of diffuse hypoxia in
MS, and this has led to the proposal of an interdependent rela-
tionship between hypoxia and inflammation in MS that fuels the
progression of the disease and vascular facets of it. Multiple
studies have employed MRI to demonstrate that individuals with
MS exhibit a lower amount of CBF in comparison to those
without the disease, and this reduction is most likely a con-
sequence of impaired vasodilation[97]. The correlation between
impaired vasodilation, decreased CBF, and gray matter loss,
along with cognitive impairment, indicates that inadequate blood

supply (and consequent hypoxic stress) could have a significant
contribution toward neurodegeneration in MS[98,99].

Inflammation has been identified as a significant contributor to
hypoxia in various conditions, including Crohn’s disease, sepsis,
and the no-reflow phenomenon evident in stroke[100,101]. The
enzyme PHD plays a crucial role in connecting the signaling
pathways for hypoxia and inflammation in a complex and
intertwined manner[102]. Low oxygen levels can lead to the inac-
tivation of PHD, which can trigger NF-κB activation, a primary
inflammation regulator[102]. The resulting increase in pro-
inflammatory leukocytes and cytokines can cause harm to vas-
cular endothelial cells, impair vasoreactivity, and mitochondrial
function, thus potentially worsening the state of hypoxia[11,102].
There exists a positive feedback loop between hypoxia and
inflammation (Fig. 2).

Blood–brain barrier damage

Disruption of the BBB can lead to inflammation in specific
areas of the brain, which in turn can initiate a series of patholo-
gical changes, including neurodegeneration and widespread
inflammation[103]. When the BBB breaks down, T lymphocytes
become activated in the periphery and then migrate across the
endothelium into the brain, resulting in rapid clinical deteriora-
tion if the BBB is breached in a critical area of the nervous
system[104]. The role of oxidative stress is frequently cited in the
development of brain injury, with reactive oxygen species (ROS)
and nitrogen species playing a key role in various mechanisms
that contribute to the development of MS lesions[105–108]. The
interaction of monocytes with brain endothelium can result in
the production of ROS, leading to changes in TJs and cytoske-
leton, BBB breakdown, and the entry of leukocytes into the
CNS[109,110]. In the vascular spectrum of MS, the dysfunction of
the BBB and the migration of activated leukocytes across the
endothelial lining of blood vessels in the brain are some of the first
abnormalities observed in the cerebrovascular system, and these
abnormalities occur simultaneously with the release of cytokines
and chemokines that promote inflammation[111].

Figure 2. The positive feedback loop between hypoxia and inflammation (ori-
ginal figure, created from Biorender, modified from Figure by Yang et al.[11]).
PHD, prolyl hydroxylase.
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Hindered venous drainage

Extensive research has been conducted on the vascular char-
acteristics associated with MS, and a specific MRI biomarker of
MS called the ‘central vein sign’ has been proposed[112,113]. The
cerebral vascular system, especially the veins, has been a focus of
investigation in the early MS stages due to the occurrence of
venous blood clots in the brains of MS patients[114]. In addition,
MS patients have been observed to develop demyelination pla-
ques around small and medium-sized veins in the CNS, along
with perivascular infiltrations of inflammatory cells[114]. Multiple
observations indicate that the vascular components play a role in
the complex interplay of factors involved in the development and
progression of MS, as well as the severity of the disease and the
development of comorbidities[115–117].

Vascular intervention in MS

Venous intervention, or endovascular treatment, forMS, involves
procedures designed to address CCSVI, a contentious theory
suggesting that narrowed or blocked veins in the head and neck
may have a contribution to MS development. The concept of
venous intervention in MS, coined by Italian surgeon Zamboni,
emerged from the hypothesis that improving blood flow in the
veins draining the brain and spinal cord could potentially alle-
viate MS symptoms and slow down disease progression[118].
However, the validity of CCSVI as a substantial factor in the
development of MS remains a topic of ongoing debate among
scientists, and further research is necessary to establish its con-
nection with MS. With his initial research lacking blinding and
comparison groups, there is insufficient scientific evidence to
support the association between CCSVI and MS, and the effec-
tiveness of the surgery in alleviating MS symptoms remains
inconclusive[119].

Minimally invasive techniques, such as venous percutaneous
transluminal angioplasty (PTA) or balloon angioplasty, more
popularly known as ‘liberation therapy’ are commonly used for
venous intervention in CCSVI associated with MS[117,120]. PTA
involves threading a catheter through a vein to the narrowed or
blocked area, followed by inflation of a balloon towiden the vein,
and in certain instances, a stent may be inserted to maintain the
vein’s patency[117,121]. Several independent studies have been
unable to replicate the findings reported by Zamboni and his
colleagues in their key studies[74,122–124]. Zamboni’s initial pub-
lished research lacked blinding and a comparison group, and he
did not disclose his financial ties to Esaote, the manufacturer of
the ultrasound equipment used in CCSVI diagnosis[119,125].

Various studies have found venous PTA to be safe but not
effective as an intervention for patients with MS, and therefore
cannot be recommended[72,117,126]. A study conducted in 2013
revealed that CCSVI occurs at a similar frequency in people with
and without MS, and narrowing of cervical veins is equally pre-
valent in both groups[127,128]. Furthermore, there have been
concerns regarding the safety of the venous intervention, with
potential risks of complications such as vein damage, thrombosis,
or restenosis[72,129,130]. The determination of whether to pursue
venous intervention for MS necessitates a comprehensive
assessment of the patient’s unique circumstances and medical
background, and a careful consideration of the potential advan-
tages and drawbacks[131]. It is important to remind patients that
all reputable organizations and patient advocacy groups view
vascular surgery for MS as an experimental approach[132].

Decision aids can assist patients in evaluating the risks and ben-
efits associated with a particular medical intervention, enabling
them to make informed decisions[132–135]. Recent reviews have
indicated that there is no significant disparity in the prevalence of
CCSVI between individuals with MS and those without and
assert that, due to the withdrawal or termination of all ongoing
trials, their updated review is conclusive and no further rando-
mized clinical studies are necessary[117,128].

Conclusion

Despite considerable advances in immunology and molecular
biology, the core cause of MS, including the triggers and path-
ways implicated in its development, remains unknown. Recent
research reveals that vascular abnormalities play an important
part in the genesis of MS, prompting the creation of a new clas-
sification called as vascular MS. Unlike other types of MS, vas-
cularMS is caused by disease inside the blood arteries rather than
by autoimmune processes. We aimed in this review to assess
current data and give updates on genetics, pro-angiogenic vari-
ables, and vascular anomalies in the context of vascular MS,
shining light on the significance of understanding the vascular
aspects of MS.
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