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ABSTRACT

Introduction and Purpose: Multiple sclerosis (MS) is a prevalent autoimmune disease

affecting the central nervous system, particularly in young people. Characterized by

neurodegenerative and demyelinating processes, MS is influenced by genetic and

environmental factors. Research indicates that sufficient levels of vitamin D can reduce the

risk of developing MS. Studies show that higher sun exposure and dietary vitamin D intake

are associated with a lower incidence of MS. Moreover, vitamin D supplementation may

benefit those already diagnosed by alleviating symptoms and improving their quality of life.

This review explores the potential benefits of vitamin D and its neuroprotective mechanisms

in MS.

State of Knowledge: MS research and treatments have focused on immunomodulation, with

less emphasis on neuroprotection, including the role of vitamin D. It is well-established that

vitamin D has anti-inflammatory effects on the immune system in MS. It influences the

proliferation and differentiation of neural stem cells and oligodendrocytes, enhances

neurotrophin expression, reduces reactive astrogliosis, decreases oxidative stress, and

stabilizes the blood-brain barrier. Research suggests that adequate vitamin D levels and

supplementation might improve MS outcomes.

Conclusion: New diagnostic tools and therapeutic strategies are urgently needed to address

the complex nature of MS, which includes inflammation, neuronal death, demyelination, and

oxidative stress. Promoting vitamin D sufficiency and supplementation, alongside developing

new neuroprotective agents, remains a valuable approach in combating MS. Understanding
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the mechanisms of MS and the effects of vitamin D could lead to better management

strategies and enhanced quality of life for patients.

Keywords: vitamin D, multiple sclerosis, neuroprotection, neurodegeneration

1. Introduction and purpose:

Multiple sclerosis (MS) is a prevalent autoimmune disease affecting the central nervous

system, commonly seen in young individuals. It is characterized by neurodegenerative and

demyelinating processes that arise from a combination of genetic and environmental factors.

Research indicates that maintaining adequate vitamin D levels can reduce the risk of

developing MS. Studies have found that increased sun exposure and dietary intake of vitamin

D correlate with a lower incidence of MS. Vitamin D supplementation is considered a crucial

method for modifying disease risk. Additionally, some research suggests that vitamin D

supplementation may benefit individuals already diagnosed with MS, potentially leading to

milder symptoms and less frequent occurrences, thereby improving quality of life. This

review aims to highlight the potential benefits of vitamin D on nerve cells and summarize the

current evidence regarding the neuroprotective mechanisms of vitamin D in multiple sclerosis.

2. Description of the state of knowledge:

Multiple sclerosis

Multiple sclerosis (MS) is an inflammatory autoimmune disease of the central nervous system

and probably the most common cause of neurological dysfunctions in group of young people.

The disorder involves neurodegenerative and demyelinating components, which are results

from an interplay of environmental and genetic factors [1]. MS is initiated by immune cells

that cross the blood-brain barrier and cause abnormal immune responses leading to

demyelination and neuroaxonal damage in the brain, spinal cord and retina [2, 3]. Adaptive

immune cells play a significant role in the pathogenesis of the disease: cytotoxic T

lymphocytes (CD8+), helper T lymphocytes (CD4+) and as the disease progresses plasma

cells and B lymphocytes. Activation of immune system cells is associated with the secretion

of proinflammatory cytokines and the recruitment of subsequent cells, which leads to the

formation of perivascular cellular infiltration. The progression of the inflammatory process

leads to the destruction of the blood-brain barrier and allows T lymphocytes to enter the

central nervous system (CNS). The consequence of this process is the formation of

demyelinating foci, where activated microglia and macrophages absorb myelin debris, leading

to neurodegeneration and damage to axons deprived of the myelin sheath. In the course of MS,

secondary hypertrophy of astroglial also occurs. The development of lymphatic tissue takes
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place in the connective tissue compartments of the brain, which is responsible for the ongoing

inflammation and consequently, further progression of the disease [4]. The clinical symptoms

of the disease observed in patients, depend on the location of the lesions in the central nervous

system. Most patients, approximately 80%, present symptoms that are non-specific, including:

fatigue, spasticity, depression, euphoria, sexual dysfunction, and slight cognitive impairment

[5, 6]. More common symptoms of multiple sclerosis are neurological disorders such as

sensory and gait disorders, limb weakness, vision problems, urination disorders, and

constipation [7]. Other symptoms noticeable during the examination include: the Unthoff’s

phenomenon, characterized by a transient intensification or fluctuation of MS symptoms with

a rise in body temperature and the Lhermitte’s phenomenon, which is an abnormal sensation

of electric shock down the spine or limbs, caused by bending the head forward [8]. It should

be noted that the sudden appearance of focal neurological signs or symptoms, e.g. numbness,

aphasia, visual disturbances, paresthesia, are the main reason for hospitalization of patients [5,

6].

The diagnosis of multiple sclerosis is based on McDonald criteria. The diagnostic criteria

have undergone numerous changes in the past, but the original ones were published in 1965 as

the Schumacher criteria, based on temporal and spatial dissemination focal neurological

deficits [9]. Currently, the 2017 McDonald criteria facilitate the diagnosis of MS. They are

based on clinical grounds, but when clinical evidence is lacking, it is possible to use other

diagnostic methods like magnetic resonance imaging and try to prove the presence of

demyelinating lesions. This means that, the sensitivity of diagnosis is significantly increased

in patients with the first episode of the disease without compromising the specificity [10]. To

standardize terminology and enhance consistency in clinical trials, a 1996 study defined four

distinct MS phenotypes: relapsing-remitting (RRMS), primary progressive (PPMS),

secondary progressive (SPMS), and progressive-relapsing (PRMS) MS. In 2013, this

classification was revised to include the concepts of disease activity characterized by relapses

and/or lesion formation on MRI and disease progression. This updated framework categorizes

patients as either active or nonactive and progressing or nonprogressing, thus aiding in the

identification of patients who might benefit from disease-modifying treatments [11].

Multiple sclerosis (MS) manifests in various phenotypes, with 80% of cases initially

presenting as clinically isolated syndrome (CIS). CIS entails an acute attack on one or more

CNS sites and may transition to relapsing-remitting MS (RRMS); this occurs at a rate of 21%
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with normal baseline MRI versus 82% with silent white matter lesions. Early-stage RRMS

shows good relapse recovery, driven by inflammatory processes involving autoreactive

lymphocytes crossing the blood-brain barrier. Over 10-15 years, 80% of RRMS patients

progress to secondary progressive MS (SPMS), marked by axonal injury, grey and white

matter atrophy, and reduced inflammation. Around 10-15% of MS patients display primary

progressive MS (PPMS) from the onset, typically starting around age 40 and associated with

progressive spinal cord-related symptoms [8, 12].

Regrettably, there is no cure for MS, and the available therapies offer only partial

effectiveness, mainly delaying the disease's progression and they are mainly aimed at treating

the relapsing-remitting phases, not the progressive phase. At present, the primary focus of MS

treatments is on targeting the inflammatory phase of the disease, which, while significant, is

not the only critical aspect. Therefore, therapeutic strategies must address not only

inflammatory mechanisms but also other critical processes such as neuronal death,

demyelination, and oxidative stress. As the disease progresses, nerve dysfunction and

demyelination become more critical than inflammation. Approved medications do not alter

the disease's trajectory, highlighting the urgent need for new therapeutic strategies.

Developing novel diagnostic tools and treatments is essential to effectively combat MS and

reduce the severe side effects of existing treatments, such as cancer and liver damage,

ultimately improving patients' quality of life and reducing long-term consequences [13].

Treatments for multiple sclerosis encompass a variety of drugs, including interferon (IFN)

beta-1a and beta-1b, fingolimod, ozanimod, and siponimod (sphingosine-1-phosphate receptor

modulators), natalizumab (a monoclonal antibody targeting alpha4-integrin), dimethyl

fumarate, glatiramer acetate, teriflunomide, cladribine (2-chlorodeoxyadenosine), rituximab (a

chimeric anti-CD20 monoclonal antibody), ocrelizumab, ofatumumab (a humanized anti-

CD20 monoclonal antibodies), alemtuzumab (a humanized anti-CD52 monoclonal antibody)

and mitoxantrone (an inhibitor of the proliferation of B cells, T cells, and macrophages).

These medications aim to accelerate recovery from relapses, decelerate disease progression,

and manage symptoms. However, side effects often necessitate discontinuation of treatment

due to intolerance, and in rare instances, more severe adverse events may occur [9, 14, 15].

The etiology of multiple sclerosis (MS) is widely recognized as multifactorial, involving a

complex interaction between genetic predisposition and environmental influences like:

infectious agents, obesity, vitamin D deficiency and smoking that contribute to immune

system dysregulation and central nervous system (CNS) inflammation. Although the precise
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cause of MS remains elusive, an individual’s genetic profile is thought to significantly impact

their risk of developing the disease. Historically, the primary genetic risk factors identified

were the human leukocyte antigen (HLA) genes [16, 17]. The HLA genes significantly

influence T cell immune reactivity. HLA molecules present antigens to T cells, and certain

haplotypes increase disease susceptibility by potentially initiating or perpetuating autoimmune

responses against CNS components. Molecular mimicry, where pathogens resemble self-

antigens, can trigger cross-reactive immune responses. This can enhance autoimmune

cascades in MS, as specific HLA haplotypes might present both pathogen-derived and self-

antigens, leading to an attack on CNS tissues [16]. Genome-wide association studies (GWAS)

have identified over 200 genetic variants associated with MS risk [18], many in the MHC

region on chromosome 6, which is crucial for antigen presentation and T-cell activation.

Variants in genes related to immune regulation, like the interleukin 7 receptor (IL7R), also

increase MS risk by affecting T-cell function [19]. Despite identifying many variants, the

genetic complexity of MS suggests there are still numerous undiscovered factors contributing

to the disease's heritability [16]. Genetic studies have identified variants in immune function

that contribute to MS risk, offering insights into the disease's biology. However, genetic

factors alone are insufficient to cause MS; environmental factors like viral infections,

smoking, and vitamin D deficiency are also crucial. These factors interact with genetic

predisposition to influence disease susceptibility [17, 20-22]. For instance, variants in genes

involved in vitamin D metabolism are linked to an increased risk of MS, indicating that

vitamin D deficiency may play a role. Research shows low vitamin D levels are associated

with a higher MS risk and that supplementation might reduce disease activity [16, 23]. MS

prevalence is higher among individuals of Northern European descent, partly due to their

skin's efficiency in synthesizing vitamin D from sunlight [24]. Additionally, living far from

the equator during early childhood, which often correlates with lower levels of vitamin D, is

also considered a contributing factor [25]. A significant association exists between genetically

reduced 25-hydroxyvitamin D (25(OH)D) levels and an increased risk of developing multiple

sclerosis. Further long-term randomized controlled trials are needed to investigate whether

maintaining sufficient vitamin D levels can delay or prevent the onset of MS [26]. For nearly

a century, researchers have explored the link between viruses and the development of multiple

sclerosis. Jean-Martin Charcot and Pierre Marie, in the late 19th century, suggested an

infectious basis for MS. Initial evidence showed increased titers of rubella and measles in the

cerebrospinal fluid of MS patients. The viral hypothesis was further supported in the 1980s
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when studies revealed higher antibody levels against Epstein-Barr virus (EBV) and herpes

simplex virus 2 in MS patients compared to healthy controls. Other viruses such as varicella-

zoster, herpes simplex 1 and 2, HHV-6, and cytomegalovirus (CMV) have also been

implicated. These viruses can infiltrate the brain, establish chronic latent infections, and

potentially induce an autoimmune response against the myelin sheath, causing demyelination

and neurodegeneration. Moreover, viruses may modify host gene expression, leading to tissue

damage. While the infectious origin of MS remains debated, viruses are acknowledged as

potential risk factors in individuals with a genetic predisposition [16, 17]. Smoking is another

factor that increases MS risk and can lead to more severe disease progression. Cigarette

smoke impacts the immune system at the cellular level by promoting the production of

proinflammatory cytokines. Smokers exhibit elevated levels of these cytokines, such as IL-6,

along with increased concentrations of C-reactive protein, fibrinogen, and other inflammatory

markers. Chronic exposure to high levels of proinflammatory cytokines may lead to ongoing

autoimmune responses [21, 27]. Additionally, diet impacts MS risk; high saturated fat intake

and low consumption of fruits and vegetables are linked to higher risk, while diets rich in

omega-3 fatty acids and antioxidants may reduce disease activity [28].

The risk of developing multiple sclerosis tends to rise as one moves farther from the equator.

Populations in Northern Europe exhibit a higher prevalence of the disease. However, if people

relocate from high-risk regions to areas with a lower risk of developing multiple sclerosis

during their early childhood, their likelihood of developing the disease diminishes [22].

Multiple sclerosis is a condition predominantly affecting young adults, typically starting

between the ages of 20 and 40, with a higher incidence in women. It is estimated that around

2.3 million individuals globally have MS, but this number may be underestimated due to

incomplete data from some regions of the world​ [8, 26, 29]. Research underscores the

significant impact of MS on young adults. For instance, it is highlighted that MS is one of the

primary causes of neurological disability in this demographic, contributing to substantial

personal and societal burdens due to long-term disability [30]​ .

Increasing evidence suggests that lifestyle modification, which involves changing long-term

habits such as diet and physical activity, as well as adopting behaviours to reduce recognized

risk factors, effectively manages disease progression and symptom severity in multiple

sclerosis. Avoiding smoking, maintaining a healthy diet, engaging in physical activity,

ensuring adequate vitamin D levels, supplementing with omega-3 fatty acids are all associated
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with reducing the chronic inflammatory state of MS. These modifications lead to improved

health outcomes, including better mental and physical quality of life, a reduced relapse rate,

lower depression risk, and decreased clinically significant fatigue, thereby lessening the

overall burden of disability and symptoms [31].

Vitamin D

Vitamin D, a hormone with ancient evolutionary roots, plays essential roles in various human

physiological processes. It helps maintain calcium and phosphate balance, supports bone

growth, and regulates cardiometabolic and immune functions [32, 33]. Recent studies

highlight its significant impact on the composition and activity of the gut microbiota. Despite

its crucial role, vitamin D deficiency is prevalent worldwide, contributing to numerous health

issues, including chronic and autoimmune diseases. This deficiency is exacerbated by factors

such as decreased sun exposure due to lifestyle changes and migration to less sunny regions.

To combat this, vitamin D supplementation is widely recommended, usually in daily or

weekly/monthly bolus doses. However, the optimal supplementation regimen remains a

subject of ongoing research and debate [32]. Regions between latitudes 40° North and 40°

South receive sufficient UVB radiation throughout the year to enable the production of

vitamin D in the skin. In contrast, areas outside these latitudes lack available UVB radiation

during winter, requiring individuals in these regions to depend on dietary sources and

supplements to maintain adequate serum vitamin D levels [34]. Vitamin D can be sourced

from natural foods like fatty fish and egg yolks, and also from fortified items such as UV-

irradiated mushrooms and supplements including fish oil. In the dietary context, enzymes like

trypsin and pepsin are involved in vitamin D absorption by releasing it from binding proteins

found in food. Furthermore, in the duodenum, enzymes such as amylase, lipase, and protease

facilitate the release of vitamin D from the food matrix, improving its absorption in the small

intestine [33]. As a fat-soluble hormone, the absorption of dietary vitamin D depends on the

amount of fat consumed [35].

Vitamin D exists in two primary forms: vitamin D2 (ergocalciferol) and vitamin D3

(cholecalciferol). Vitamin D2 is produced by plants, specifically through the ultraviolet

irradiation of ergosterol in certain mushrooms and yeasts. In contrast, vitamin D3 is

synthesized in the skin's epidermis through a series of chemical reactions. These reactions

start when 7-dehydrocholesterol, a cholesterol type found in the skin, is exposed to UVB

radiation (in the spectral range of 290–320 nm) from sunlight [36]. This UVB radiation

converts 7-dehydrocholesterol into pre-vitamin D3, which then undergoes thermal
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isomerization to become cholecalciferol [23, 32, 37]. Vitamin D must undergo activation

through two sequential hydroxylation steps. The initial hydroxylation occurs in the liver,

where cholecalciferol is rapidly converted into 25-hydroxyvitamin D (25(OH)D) by the

enzyme 25-hydroxylase, also known as CYP2R1, which is CYP450-dependent. This process

is not regulated. The second hydroxylation happens mainly in the kidneys, but also in other

tissues, further activating the vitamin D [38]. Low plasma calcium or phosphate levels

regulate parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF-23) levels, which

in turn stimulate the 1α-hydroxylation of 25(OH)D in the kidneys. This process primarily

occurs in the mitochondria of proximal convoluted tubule cells and is facilitated by the

enzyme 1α-hydroxylase (CYP27B1), resulting in the production of active forms of vitamin D

(1,25(OH)2D2 - 1,25-dihydroxyvitamin D2 and 1,25(OH)2D3 - 1,25-dihydroxyvitamin D3) [39].

The process of 1α-hydroxylation can also take place in several extrarenal tissues, such as

epithelial tissues, placenta, bone, brain, endocrine glands, endothelium, liver [40, 41] and

notably in immune cells [40-44]. In target cells, both 1,25(OH)2D2 and 1,25(OH)2D3 bind to

the VDR (vitamin D receptor), forming a complex with the retinoid X receptor γ (RXR-γ).

This complex then binds to vitamin D response elements in DNA, modifying the transcription

rates of genes involved in numerous functions, including immune regulation and cellular

proliferation and differentiation [45]. However, because vitamin D3 is primarily synthesized

in the skin, 1,25(OH)2D3 is more commonly recognized as the active form of vitamin D in the

human body [42-44].

Mechanisms of vitamin D action

The vitamin D receptor (VDR) is a nuclear receptor for steroid hormones that acts as a ligand-

activated transcription factor, regulating gene expression. It is crucial for the genomic actions

of vitamin D and one of the most potent regulators of the vitamin D receptor's function is

1,25(OH)D [36]. The inner surface of the vitamin D receptor (VDR) has a ligand-binding

pocket that encloses and binds 1,25(OH)D with an exceptionally high affinity of 0.1 nM,

which is much higher compared to other nuclear receptors. When 1,25(OH)D activates the

VDR, it directly affects the epigenome and regulates the expression of over 1,000 genes in

various human tissues and cell types, leading to significant changes in both the transcriptome

and proteome. Remarkably, 1,25(OH)D uniquely targets the VDR within the cell nucleus [36,

46]. Vitamin D deficiency is associated not only with MS but also with several other

autoimmune disorders [45]. Studies conducted both in vitro and in vivo have demonstrated
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that 1,25(OH)2D3 exhibits anti-inflammatory effects by suppressing both the innate and

adaptive immune systems [47].

Oligodendrocyte proliferation and differentiation promotion

Key pathological features in MS demyelination include oligodendrocyte dystrophy and

apoptosis. Oligodendrocytes, which support neurons by producing myelin in the CNS, are

capable of remyelinating neuronal axons during tissue injury to ensure proper brain function.

This remyelination process is robust in early MS but declines during later stages.

Oligodendrocyte regeneration depends on the availability of neural stem cells (NSCs) and

oligodendrocyte progenitor cells (OPCs). In progressive MS, the capacity of NSCs and OPCs

to regenerate oligodendrocytes diminishes, leading to neuronal degeneration and impaired

axonal conduction [48]. Both OPCs and oligodendrocytes express the vitamin D receptor

(VDR) [49], which is essential for OPC differentiation through VDR-RXR signalling [48, 50].

Blocking VDR reduces the neuroprotective effects of 1,25(OH)2D3 on these cells [51].

Studies indicate that VDR is constitutively expressed in NSCs and that increasing vitamin D

levels upregulates VDR expression, enhancing NSC proliferation and their differentiation into

oligodendrocytes. In a lysolecithin-induced model in rats, treatment with 1,25(OH)2D3

resulted in a higher concentration of OPCs at lesion sites compared to controls, suggesting a

potential therapeutic effect of vitamin D in promoting remyelination and repair in MS [48]. In

a murine experimental autoimmune encephalomyelitis (EAE) model, administering

1,25(OH)2D3 led to increased concentrations of NSCs, OPCs, and oligodendrocytes. EAE

models, which display both immune-mediated inflammation and demyelination, are often

considered more representative of MS pathogenesis compared to demyelination-only models.

Furthermore, the administration of 1,25(OH)2D3 upregulated the expression of myelin basic

protein and proteolipid protein, both markers of myelin content. This upregulation indicates

that 1,25(OH)2D3 may reduce demyelination and/or enhance remyelination [52].

Neurotrophin expression enhancement

Inadequate neuroprotection in neurodegenerative disorders like MS is partly due to reduced

neurotrophin secretion. Neurotrophins, a family of proteins, stimulate the proliferation and

differentiation of neural stem cells (NSCs) and support the growth, survival, and function of

neuronal and glial cells. Various cell types, including NSCs, neurons, oligodendrocytes,

astrocytes, and M2 microglia, secrete neurotrophins. Key neurotrophins such as NT-3, BDNF,

CNTF, GDNF, and NGF play protective and regenerative roles. Vitamin D can increase
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neurotrophin secretion, potentially creating a less neurotoxic environment that promotes the

repair and regeneration of CNS cells [48, 53].

Mitigating reactive astrogliosis

Astrocytes make up a significant portion of glial cells in the CNS. They perform crucial roles

such as supporting neuronal growth metabolically, signaling immune cell entry into the CNS,

and being a key component of the blood-brain barrier (BBB). When the CNS is injured,

astrocytes become reactive and rapidly divide, a process known as astrogliosis, which has

both beneficial and detrimental effects [54]. Reactive astrocytes help recovery by forming a

glial scar at the site of demyelination, preventing the injury from spreading [55]. However, an

excessive increase in reactive astrocytes can contribute to the development of MS lesions [48]

by releasing pro-inflammatory cytokines and reactive oxygen species (ROS), which are

neurotoxic to OPCs, oligodendrocytes, and neurons [56]. Reducing astrocyte activation and

abundance could create a more favorable environment for neurodegeneration repair processes.

MS plaques with fewer reactive astrocytes show increased OPC content and enhanced

remyelination. In LPS-stimulated rats (rats that have been exposed to lipopolysaccharide),

astrocytes upregulated VDR and CYP27B1 expression, suggesting a potential vitamin D

response. Studies in rodent models of cuprizone-induced demyelination and LPS injection

demonstrated that intraperitoneal injections of 25(OH)D3 and 1,25(OH)2D3 reduced astrocyte

concentration and activation [48].

Reducing the activation of pro-inflammatory and neurodegenerative microglia

Microglia are essential for normal CNS development and maintenance. In multiple sclerosis,

activated microglia are prevalent in demyelination plaques and contribute to disease

progression. These activated microglia are polarized into two phenotypes: M1, which are pro-

inflammatory and neurotoxic, and M2, which are anti-inflammatory and neuroregenerative,

existing likely on a continuum [57, 58]. Evidence suggests that increased vitamin D exposure

can reduce the M1 phenotype. In cultured microglia exposed to 1,25(OH)2D3 and in vitamin

D-supplemented mouse models, there is a reduction in pro-inflammatory cytokines IL-12, IL-

6, IL-1β and TNF-α. This reduction supports the survival of oligodendrocytes and neurons

[48]. Additionally, vitamin D promotes a shift towards the neuroprotective M2 phenotype

[59]. Studies indicate that vitamin D is associated with increased levels of M2-associated

cytokines, including IL-4, IL-10, and TGF-β1. These cytokines are involved in regenerative

CNS functions such as oligodendrogenesis and neurogenesis [48, 60] .

Mitigating oxidative stress
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Oxidative stress is another crucial factor in the pathogenesis of MS. Normally, reactive

oxygen species (ROS) like nitric oxide, hydrogen peroxide and superoxide are produced

during cellular respiration when electrons escape the electron transport chain and react with

oxygen. Under normal conditions, low levels of ROS are neutralized by antioxidant enzymes

in cells [48]. However, in MS, the inflammatory environment continuously activates various

cells, including peripheral immune cells, microglia, and astrocytes, which release ROS and

pro-inflammatory cytokines, thereby amplifying inflammation through a positive feedback

loop [61]. Microglia and peripheral macrophages are the primary ROS producers in MS.

Despite the increased production of ROS in MS, their neutralization is hindered by decreased

expression of antioxidant enzymes [48]. Vitamin D has been shown to reduce oxidative stress

in the CNS tissue of EAE mice [62]. Treatment with 1,25(OH)2D3 lowered oxidative stress

biomarkers (lipid hydroxides and protein carbonyls) and restored the expression of

antioxidant enzymes (glutathione peroxidase, superoxide dismutase, and catalase) to normal

levels [63]. Additionally, vitamin D sufficiency and supplementation are associated with

reduced oxidative stress and elevated antioxidant biomarkers [48].

Stabilization of the blood-brain barrier

The blood-brain barrier (BBB) constitute a complex network that creates a continuous cellular

barrier between the CNS and systemic circulation [48, 64]. The BBB controls the entry of

molecules, ions, and cells from the blood into the CNS, thereby stabilizing and protecting the

neuronal environment [64, 65]. In MS, the BBB breakdown and increased permeability occur

early in the disease process [48]. Pro-inflammatory cytokines from various immune cells

stimulate endothelial cells of the BBB, leading to the downregulation of tight junctions and

upregulation of cell adhesion molecules [66]. This destabilizes the BBB, enhancing leukocyte

recruitment into the CNS, allowing CD4+ Th1 and Th17 cells to enter and release cytokines

that cause oligodendrocyte and myelinated axon degeneration [67]. Vitamin D is believed to

mitigate BBB hyperpermeability through several mechanisms. It has been shown that

1,25(OH)2D3 can directly act on endothelial cells to upregulate tight junction proteins and

downregulate cell adhesion molecules, both of which contribute to BBB stabilization [48].

Additionally, vitamin D may reduce matrix metalloproteinase-9 (MMP-9) expression, further

promoting BBB stabilization. 1,25(OH)2D3 has been found to lower MMP-9 expression in

mouse brain endothelial cells and in a rat model of ischemic stroke. MMPs degrade

extracellular matrix components, which contributes to BBB instability [59].

3. Conclusions:
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Multiple sclerosis is an autoimmune disease that affects the central nervous system,

characterized by neurodegenerative and demyelinating processes and continues to be serious

problem worldwide. These processes are influenced by both genetic and environmental

factors [1]. There is no cure for MS, current treatments focus on managing symptoms and

delaying disease progression, especially during the relapsing-remitting phases [13]. These

treatments include various drugs such as interferons, monoclonal antibodies, and

immunomodulators. However, these treatments have limitations and side effects, highlighting

the need for new therapeutic strategies that address not only inflammation but also

neuroprotection and remyelination [9, 14, 15]. Vitamin D plays a significant role in

modulating immune responses is considered potential neuroprotective agent in MS and may

help reduce MS progression [16, 23, 26]. Recent studies have shown positive results

regarding its neuroprotective effects. Vitamin D supports neurons by promoting neurotrophin

expression, which stimulate neurogenesis and protect against degeneration and apoptosis. It

also shifts microglia towards the M2 phenotype, reducing inflammation, and suppresses M1

microglia and reactive astrocytes, decreasing pro-inflammatory cytokines and ROS.

Additionally, vitamin D helps stabilize the blood-brain barrier, reducing the entry of

autoreactive T-cells. These effects collectively create a stable environment for CNS glial cells

to aid in neuronal repair and recovery [48, 52-56, 58, 64, 65]. Studies suggest that adequate

vitamin D levels and supplementation may improve MS outcomes [32]. MS is a multifactorial

disease involving genetic predisposition, environmental factors (e.g., smoking, obesity,

vitamin D deficiency), and infections. Genetic studies have identified multiple variants

associated with MS risk, and environmental factors interact with these genetic predispositions

to influence disease susceptibility [16, 17, 20-22]. There is an urgent need for new diagnostic

tools and therapeutic approaches that address the complex nature of MS, including

inflammation, neuronal death, demyelination, and oxidative stress. Enhancing our

understanding of MS mechanisms and the role of vitamin D could lead to better management

strategies and improved quality of life for patients [13, 26].
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