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Introduction 

Multiple sclerosis (MS) is a chronic, progressive 

neurodegenerative disorder of the central nervous system (CNS), 

primarily characterised by demyelination and influenced by a 

complex interplay of genetic and environmental factors. This 

condition predominantly impacts younger adults, with a higher 

incidence in females, who are affected at a ratio of approximately 

1:3 compared to males (Compston & Coles, 2002: 1221–1231, 

Reich, Lucchinetti & Calabresi, 2018: 169-180). MS begins with the 

loss of myelin; as the disease progresses, axonal degeneration also 

contributes to long-term neurological impairment. MS is a leading 

cause of disability in young and middle-aged individuals, 

significantly affecting quality of life. It is notably more prevalent 

among Caucasians and is recognised as a significant health concern 

worldwide, with an estimated 2 million people currently affected 

(Koch-Henriksen & Sørensen, 2010: 520-532, GBD 2016 Multiple 

Sclerosis Collaborators, 2019: 269-285). The lesions resulting from 

MS can appear in the CNS’s white and grey matter, contributing to 

a wide array of neurological symptoms. These can include motor and 

sensory disturbances such as dizziness, imbalance, sensory loss, 

reduced motor strength, vision impairment, and cognitive and 

urinary problems. Common visual disturbances include diplopia 

(double vision), while other systemic issues, such as urinary 

incontinence, can also occur (Milo & Kahana, 2010: 387-394, Fox, 

Rae-Grant & Béthoux, 2018: 15-16, 45-51). In addition to these 

classic symptoms, fatigue, a hallmark of MS, and sleep disturbances 

are frequently reported, significantly affecting daily functioning and 

overall health (Fox, Rae-Grant & Béthoux, 2018: 45-51, 

Weerasinghe-Mudiyanselage et al., 2024: 84-91). 

Vitamin D (VitD) deficiency during childhood and 

adolescence represents a significant risk factor for the development 
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of MS. VitD is predominantly synthesised through cutaneous 

exposure to ultraviolet B (UVB) radiation or obtained via 

supplementation, with dietary sources playing a minimal role in 

most populations. Epidemiological data reveal a strong association 

between higher MS prevalence and earlier disease onset in regions 

with increased latitude and reduced sunlight exposure, while a diet 

rich in fatty fish—a primary natural source of VitD —may attenuate 

this latitude-associated risk. Human leukocyte antigen (HLA)-

DRB1*1501, the most robust genetic risk factor for MS, is directly 

regulated by 1,25-dihydroxyvitamin D3, underscoring the 

immunomodulatory role of VitD in MS pathogenesis. (Dobson & 

Giovannoni, 2019: 27-28, Bäärnhielm, Olsson & Alfredsson, 2014: 

726, Kampman & Brustad, 2008: 140, Marck & van der Meer, 2013: 

792-799, Ramagopalan et al., 2009: 1- 5, Cocco et al., 2012: 1-4, 

Kular et al., 2018: 1-13) 

Compelling longitudinal studies demonstrate that elevated 

serum 25-hydroxyvitamin D3 levels are associated with a 30–60% 

reduction in MS risk, with data from large U.S. and Scandinavian 

cohorts reinforcing the critical role of VitD as a modifiable 

determinant of MS susceptibility. (Munger et al., 2004: 60-65, 

Munger et al., 2006: 2832- 2837, Nielsen et al., 2017: 44-51, Munger 

et al., 2017: 1578- 1582). 

In the context of modulating disease activity following a 

diagnosis of MS, an expanding body of evidence suggests that VitD 

supplementation may reduce relapse rates and attenuate magnetic 

resonance imaging (MRI)-detected lesion activity in individuals 

with MS (pwMS) (Burton et al., 2010: 1852, Laursen et al., 2016: 

169-173, Goldberg, Fleming & Picard, 1986: 193-200, Achiron et 

al., 2015: 767-768, Ascherio et al., 2014: 306-313, Mowry et al., 

2012: 234-239).  
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However, conducting randomised controlled trials (RCTs) in 

this domain has considerable methodological and logistical 

challenges. These include the need for extensive sample sizes and 

prolonged follow-up periods, the inherent heterogeneity of disease 

expression, limited sensitivity to detect subtle clinical changes, 

participant attrition, and confounding factors such as environmental 

sun exposure and baseline VitD supplementation in control groups. 

Although several studies have demonstrated promising outcomes 

with high-dose VitD supplementation compared to placebo, 

consistent evidence supporting long-term clinical benefits remains 

elusive (Soilu-Hänninen et al., 2012: 565-571, Hupperts et al., 2019: 

1906-1914, Camu et al., 2019: 1-6, Kampman et al., 2012: 1144-

1150, Golan et al., 2013: 1-8). Ethical considerations further 

compound these challenges, as withholding VitD supplementation 

in control groups is considered ethically untenable. As a result, a 

definitive assessment of VitD’s therapeutic efficacy in MS may 

remain constrained by these enduring ethical and methodological 

obstacles (Scragg, 2018: 6-8). 

Both the circulating and biologically active forms of VitD —

25-hydroxyvitamin D3 (25(OH)D3) and 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3), respectively, can cross the blood-brain barrier 

(BBB) and exert their effects within the CNS. Once inside the CNS, 

these compounds influence various neuronal and glial cells 

(Pardridge, Sakiyama & Coty, 1985: 1138-1140, Yu et al., 2011: 

295-306). Notably, neurons, microglia, and astrocytes express the 

enzyme 1α-hydroxylase (CYP27B1), which catalyses the 

conversion of 25(OH)D3 into its active form, 1,25(OH)2D3  

(Smolders et al., 2013: 91-104, Eyles et al., 2005: 21-28, Boontanrart 

et al., 2016: 126-135, Jiao et al., 2017: 492–495). In addition to these 

cell types, oligodendrocytes also express the vitamin D receptor 

(VDR), making them responsive to VitD signalling. (Smolders et al., 

2013: 91-104, Eyles et al., 2005: 21-28, Boontanrart et al., 2016: 
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126-135, Jiao et al., 2017: 492–495, de la Fuente et al., 2015: 975–

980, Sloka et al., 2015: 1, 5-9, Lee et al., 2010: 1-2, 4-7). The active 

form 1,25(OH)2D3 may either be synthesised intracellularly or 

passively diffuse through the plasma membrane to bind to 

cytoplasmic VDR (Nurminen, Seuter & Carlberg, 2019: 1-11). Upon 

ligand binding, the VDR-1,25(OH)2D3 complex translocates to the 

nucleus, where it dimerises with the retinoid X receptor (RXR) and 

binds to vitamin D response elements (VDREs) on target genes 

(Nurminen, Seuter & Carlberg, 2019: 1-11). This binding modulates 

the transcription of numerous genes involved in processes ranging 

from bone health to CNS development and immunomodulation 

(Sangha et al., 2023: 2). 

MS is characterised by a complex pathophysiology involving 

inflammatory demyelination and progressive neurodegeneration. 

The autoimmune component of MS stems from T-cell-mediated 

attacks on the myelin sheath, impairing efficient impulse 

transmission and producing neurological deficits. This immune-

driven demyelination leads to focal inflammatory lesions in the 

CNS, chronic myelin destruction, axonal damage, and, ultimately, 

neuronal loss. While remyelination plays a critical role in mitigating 

permanent disability, its effectiveness diminishes as MS progresses. 

Unfortunately, neuroprotective strategies to preserve neural integrity 

or promote remyelination remain elusive (Van Schependom et al., 

2019: 1-13, Goverman, 2009: 393-405, Høglund & Maghazachi, 

2014: 27-33, Coggan et al., 2015: 21216-21230, Allanach et al., 

2022: 29-44, Klotz, Antel & Kuhlmann, 2023: 305-319, Stangel et 

al., 2017: 742-754, Sangha et al., 2023: 2).  

Understanding the interplay between VitD deficiency and its 

potential influence on immune regulation, myelination, and 

neurodegeneration is essential for identifying novel approaches to 

mitigate MS risk and modulate disease activity. Although the 

immunomodulatory role of VitD —particularly its capacity to 
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reduce inflammation—is well-established, evidence for its 

neuroprotective effects remains relatively limited. Nonetheless, 

emerging studies are beginning to elucidate the mechanisms by 

which VitD may protect against axonal degeneration and glial and 

neuronal loss (Cadden, Koven  & Ross, 2011: 198-204, Gandhi et 

al., 2021: 1-8, Gombash et al., 2022: 1-9).  

This book presents an in-depth analysis of the metabolism of 

VitD, its biological and immunological effects, its relationship with 

MS, and its emerging role in the therapeutic management of the 

disease. 

Sources and Metabolic Dynamics of Vitamin D 

Since the seminal elucidation of the chemical structure of 

VitD in 1930 by Nobel laureate Adolf Otto Reinhold Windaus, 

building upon the foundational contributions of preceding 

researchers (Wolf, 2004: 1299-1302), the field of VitD research has 

witnessed remarkable strides. Initially, investigations were centred 

on its metabolic effects on bone, thereby underscoring the 

indispensable role of VitD and its metabolites in maintaining 

calcium homeostasis and regulating bone metabolism. However, 

with the discovery of 25(OH)D in 1968 (Blunt, Tanaka & DeLuca, 

1968: 1503-1506, Ponchon, Kennan & DeLuca, 1969: 2032-2036), 

followed by the identification of 1,25-hydroxyvitamin D3 (Norman 

et al., 1971: 51-54, Holick, Schnoes & DeLuca, 1968: 803-804), the 

scope of research expanded to encompass a diverse array of 

physiological and pathological contexts, including immune-

mediated diseases, infections, oncogenesis, and cardiovascular 

disorders (DeLuca, 2004: 1689-1695). VitD exerts a multifaceted 

influence on immune system regulation, modulating the activity of 

suppressor T lymphocytes, cytokine synthesis, and apoptosis 

pathways at the cellular level (Dattola et al., 2020:  226–235). 

Furthermore, it plays a critical role in enhancing intestinal phosphate 
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absorption while concurrently preventing its renal excretion. Hence, 

while the established role of VitD in bone health remains 

indisputable, this constitutes merely one facet of its extensive 

pleiotropic functional repertoire (Dominguez et al., 2021: 1-2). 

Previtamin D3 is synthesised in the skin from 7-

dehydrocholesterol (provitamin D) through exposure to UV 

radiation within the 290–320 nm wavelength range. Due to its 

thermodynamic instability, pre-vitamin D3 undergoes 

photochemical isomerisation, resulting in a structural rearrangement 

of its triene system, forming vitamin D3 (cholecalciferol). The 

biosynthesis of vitamin D3 represents a complex physiological 

process integral to calcium and phosphate homeostasis and various 

immunomodulatory functions. This synthesis begins in the skin, 

where exposure to UVB radiation catalyses the conversion of 

provitamin D3 (7-dehydrocholesterol) within the epidermal basal 

layers into pre-vitamin D3. Subsequently, a thermally dependent 

isomerisation transforms pre-vitamin D3 into cholecalciferol.  

In addition to dermal synthesis, vitamin D3 can be sourced 

exogenously through dietary intake of natural and fortified foods and 

supplements containing either ergocalciferol (D2) or cholecalciferol. 

Upon absorption in the gastrointestinal tract, vitamin D3 associates 

with vitamin D-binding protein (DBP) for transport within the 

circulatory system. The liver plays a pivotal role in the initial 

metabolic activation of VitD. Both vitamin D2 and D3 undergo 

hydroxylation via hepatic 25-hydroxylases, forming 25(OH)D, also 

known as calcifediol or calcidiol (Dominguez et al., 2021: 3).  

The second critical hydroxylation occurs in the kidney under 

the enzymatic activity of 1α-hydroxylase, yielding the hormonally 

active secosteroid, 1,25(OH)2D, also termed calcitriol. The 

production of calcitriol is tightly regulated: it is stimulated by 

parathyroid hormone (PTH) in response to hypocalcemia and 
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modulated by feedback inhibition from elevated levels of calcium, 

phosphate, and calcitriol itself (Dominguez et al., 2021: 3) (Figure 

1).  

Figure 1: The synthesis of vitamin D3 

 

The extent and nature of UV exposure are critical 

determinants of VitD synthesis. Exposure to 25% of the minimum 

erythema dose (MED) over approximately 25% of the body surface 

area, typically involving the face, hands, and arms, yields an 

estimated 1000 IU of VitD (Webb & Engelsen, 2006: 1697-1703). 

Comprehensive whole-body exposure at midday during the summer 

for approximately 15 minutes, corresponding to 1 MED, can 

synthesise up to 10,000 IU (250 µg) of cholecalciferol (Holick, 

2004: 362-371, Dominguez et al., 2021: 3). Partial exposure limited 

to the face, hands, and arms, at one-third or one-sixth of the MED, 

generates the equivalent of 200 to 600 IU (Vieth, 1999: 842-856). 

Several intrinsic and extrinsic factors influence the 

efficiency of this endogenous synthesis process. Key determinants 

include age, skin pigmentation (melanin content), seasonal 

variability, weather conditions, geographic latitude, altitude, time of 

day, extent of clothing coverage, body surface area exposed, 
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recreational behaviours, sunscreen application, and individual skin 

characteristics. Of particular importance, ageing is associated with a 

marked reduction in the skin’s capacity to produce VitD 

(Dominguez et al., 2021: 3, Haddad, 1992:  1213–1215, Binkley et 

al., 2007: 2130-2135, Neville, Palmieri & Young, 2021: 1). 

VitD refers to a group of fat-soluble compounds with a 

structural backbone based on cholesterol rings. The primary 

circulating form, 25(OH)D, has a two to three-week half-life. In 

contrast, the active form, 1,25(OH)2D, has a much shorter half-life, 

ranging from four to eight hours. This active compound binds to the 

VDR, triggering its physiological effects and regulating its levels via 

a negative feedback loop (Christakos et al., 2016: 365-394). 

VitD production has been essential to life on Earth for 

millennia. Both plants and animals have evolved mechanisms for 

synthesising and metabolising VitD as life forms became 

increasingly complex. The capacity to convert VitD into more 

bioactive metabolites coincided with the rise of more specialised 

cellular functions. In more complex organisms, the VDR is found in 

virtually every cell, and the cells of these organisms are also capable 

of producing 1,25(OH)2D in response to various physiological 

needs (Binkley et al., 2007: 2130-2135, Bikle, 2011: 7-12). 

The VDR belongs to a broader family of receptors that also 

includes those for steroid hormones, thyroid hormones, the retinoid 

family (vitamin A derivatives), and a diverse group of compounds 

such as bile acids, fatty acids, isoprenoids, eicosanoids, and 

cholesterol metabolites. The receptor was first described in 1969 

(Haussler & Norman, 1969: 160-162) as a binding protein for a 

previously unidentified VitD metabolite, which was later determined 

to be 1,25(OH)2D. In 1987, the VDR was cloned and sequenced, 

revealing further insights into its role (McDonnell et al., 1987: 

1214). Experimental models with VDR knockout mutations 
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exhibited the complete range of symptoms associated with severe 

VitD deficiency, confirming that the VDR is the key mediator of 

VitD action (Sekine et al., 1997: 391-396). Although its expression 

is not universal, the VDR is widely distributed throughout various 

tissues in the human body (Bikle, 2011: 7-12, Walters, 1992: 719-

764). Upon binding to 1,25(OH)2D, the VDR dimerises with the 

RXR and this heterodimer then translocates to the nucleus. There, it 

binds to VDREs, modulating the transcription of specific genes 

(Bikle, 2011: 7-12) (Figure 2). 

Figure 2: Mechanistic Insights into Vitamin D Receptor Activation 

at Target Cells 
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Upon entering the bloodstream, VitD (D2 and D3) is weakly 

bound to the DBP, facilitating its transport and storage in adipose 

tissue. Subsequently, it undergoes hydroxylation in the liver to form 

25(OH)D, a process mediated by various enzymes, particularly 

cytochrome P450 isoforms such as CYP2R1 and CYP27A1. This 

hydroxylation can also occur in multiple tissues via an autocrine or 

paracrine mechanism (Christakos et al., 2016: 365-394). Notably, 

the conversion rate to 25(OH)D may be reduced in individuals 

receiving high doses of VitD (Smith & Goodman, 1971: 2159-

2166).  

The next step involves further hydroxylation in the renal 

tubule, yielding the biologically active 1,25-dihydroxyvitamin D 

(Christakos et al., 2016: 365-394,  Brown, 1999: 11-16). The entry 

of the DBP-25(OH)D complex into renal tubular cells is facilitated 

by the receptor-mediated action of proteins such as cubilin and 

megalin, which are essential for VitD metabolism. A reduction in 

the expression of these proteins leads to a loss of 25(OH)D in the 

urine, thereby contributing to VitD deficiency. In renal tubular cells, 

two hydroxylases from the cytochrome P450 family, 1-alpha-

hydroxylase (CYP27B1) and 24-alpha-hydroxylase (CYP24A1) 

mediate the conversion of 25(OH)D into either the active 

1,25(OH)2D or the inactive 24,25(OH)2D (van Driel et al., 2006: 

922-923, 929-932, Takeyama et al., 1997: 1827-1829). 

It is crucial to note that several key steps in VitD 

metabolism—such as the binding of vitamin D3, D2, and 25(OH)D 

to DBP, as well as the hepatic and renal hydroxylations that produce 

25(OH)D and 1,25(OH)2D—require magnesium as a cofactor. A 

magnesium deficiency impairs these processes, thereby hindering 

the transport and activation of VitD (Dominguez et al., 2021: 6-9). 

Magnesium is also involved in the synthesis and secretion of 

parathyroid hormone (PTH), and its deficiency can suppress PTH 

function (Anast et al., 1972: 606-608, Medalle, Waterhouse & Hahn, 



--14-- 

1976: 854-858, Rude et al., 1978: 800-806, Mutnuri, Fernandez & 

Kochar, 2016: 1-3). In addition, insufficient dietary magnesium 

intake may alter the PTH response to 25(OH)D, establishing a 

feedback loop where the deficits of magnesium and VitD exacerbate 

each other, potentially leading to a vicious cycle of nutritional 

insufficiencies (Cheung et al., 2019: 82-93). This interplay between 

magnesium and VitD deficiencies can have significant clinical 

consequences, including an increased risk of fragility fractures, 

particularly among women (Veronese et al., 2017: 1570–1575). A 

substantial study by Deng et al. delved into the potential interplay 

between VitD levels, magnesium intake, and mortality. The findings 

revealed that increased magnesium intake was independently linked 

to a lower risk of 25(OH)D deficiency (<12 ng/mL) or insufficiency 

(12–20 ng/mL). Moreover, the inverse relationship between serum 

25(OH)D levels and mortality—especially in cases of 

cardiovascular disease and colorectal cancer—was significantly 

modified by magnesium intake, with the strongest inverse 

correlation observed among individuals with magnesium 

consumption above the median level (Deng et al., 2013: 1-12). A 

recent randomised controlled trial nested within the Personalised 

Prevention of Colorectal Cancer Trial further corroborated these 

findings, demonstrating that optimal magnesium enhances 25(OH)D 

levels (Dai et al., 2018: 1249–1257). 

Recent investigations into human kidney function have 

revealed that, contrary to experimental models, the distal nephron is 

the principal site of 1-alpha-hydroxylase expression (Zehnder et al., 

1999: 2465–2473). The circulating concentration of 1,25(OH)2D is 

determined not only by the availability of 25(OH)D but also by the 

activities of the enzymes 1-alpha-hydroxylase and 24-alpha-

hydroxylase. The regulation of 1-alpha-hydroxylase activity is 

primarily governed by the concentrations of PTH, calcium, 

phosphorus, and fibroblast growth factor 23 (FGF23) (Christakos et 
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al., 2016: 365-408, Smith & Goodman, 1971: 2159-2166, Prié & 

Friedlander, 2010: 1717–1721). FGF23 acts to suppress 1-alpha-

hydroxylase (CYP27B1) activity, thereby inhibiting the renal 

synthesis of 1,25(OH)2D while simultaneously promoting the 

activity of 24-alpha-hydroxylase and the formation of 24,25(OH)2D 

(Prié & Friedlander, 2010: 1717–1721, Liu et al., 2006: 1305–1315). 

Additionally, 1,25(OH)2D stimulates FGF23, which decreases renal 

phosphate reabsorption, counteracting the enhanced intestinal 

absorption of phosphate induced by 1,25(OH)2D (Liu et al., 2006: 

1305–1315). Both the active form, 1,25(OH)2D, and its precursor, 

25(OH)D, are partially degraded by 24-hydroxylase, whose activity 

is modulated by 1,25(OH)2D and suppressed by elevated levels of 

PTH (Christakos et al., 2016: 365-408, Negri, 2006: 510–514). 

As previously noted, 1-alpha-hydroxylase is also expressed 

in various tissues outside the kidneys, including the gastrointestinal 

tract, vascular tissue, breast tissue, skin, osteoblasts, and osteoclasts 

(Hewison et al., 2007: 316-320). This broad tissue distribution 

accounts for the diverse clinical manifestations of certain diseases. 

For instance, in conditions like sarcoidosis, there is an increased 

production of 1,25(OH)2D by pulmonary macrophages and lymph 

nodes, which can lead to hypercalcemia (Zhou & Lower, 2020: 618–

625). 

Vitamin D as a Key Regulator of Innate and Adaptive Immunity 

The accumulating body of evidence emphasising the 

multifaceted role of VitD as both a regulator of calcium homeostasis 

and a key immunomodulatory agent calls for a deeper understanding 

of its immunological influence. The connection between VitD 

deficiency and the onset of various autoimmune disorders suggests 

that VitD’s involvement in immune regulation is far more intricate 

than previously acknowledged (Miclea et al., 2020: 2-4). 
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As the biologically active form, 1,25(OH)₂D₃ plays a central 

role in modulating innate and adaptive immune responses. It 

influences critical immune cell types, such as dendritic cells and 

macrophages, essential for orchestrating inflammatory responses. 

Through its regulation of cytokine production, 1,25(OH)₂D₃ serves 

to temper inflammatory cascades, thus mitigating the aberrant 

immune activation that characterises autoimmune conditions 

(White, 2012: 21-29, Barragan, Good & Kolls, 2015: 8127-8140, 

Piemonti et al., 2000: 4443-4450). Additionally, its modulation of 

T-cell differentiation—encouraging the development of regulatory 

T cells (Tregs) while suppressing helper T (Th)1 and Th17 

responses—emphasises its importance in preventing excessive 

immune reactions, which are frequently implicated in autoimmune 

pathologies (Cantorna, 2010: 286-288, Baeke et al., 2011: 132-141, 

Lemire et al., 1995: 1704-1708, Colotta, Jansson & Bonelli, 2017: 

78-97).  

The dual immunoregulatory capacities of VitD are critical in 

maintaining immune homeostasis and preventing chronic 

inflammation or autoimmunity. Given its profound 

immunomodulatory effects, VitD deficiency likely functions as a 

permissive factor in developing autoimmune diseases rather than 

merely being a consequence of the disease process itself. However, 

despite the growing body of evidence, the precise molecular and 

mechanistic pathways through which VitD exerts its protective 

effects remain incompletely understood (White, 2012: 21-29, 

Holick, Schnoes & DeLuca, 1971: 803-804, Colotta, Jansson & 

Bonelli, 2017: 78-97).  

The complex interplay between VitD and immune 

modulation underscores the necessity of elucidating the specific 

receptors, signalling pathways, and genetic factors that govern its 

immunological effects. Beyond that, the marked interindividual 

variability in VitD metabolism, along with the influence of genetic 
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and environmental determinants, offers potential explanations for 

the differential susceptibility to autoimmune diseases across diverse 

populations. The therapeutic implications of these insights are 

significant. Given VitD’s critical role in maintaining immune 

equilibrium, targeted supplementation or modulation of VitD 

signalling pathways holds the potential to revolutionise the 

management of autoimmune disorders. Nevertheless, the challenges 

associated with defining optimal dosing regimens, establishing 

robust monitoring protocols, and assessing long-term effects remain, 

particularly in immune-mediated conditions where precision in 

immune regulation is paramount. Addressing these complexities is 

essential for refining clinical strategies to prevent and treat 

autoimmune diseases. 

Vitamin D and Innate Immunity 

Upon engulfment of microbial invaders by macrophages, a 

cascade of immunological events is initiated, wherein Toll-like 

receptors (TLRs) are stimulated, thereby orchestrating a heightened 

expression of the VDR alongside 1-alpha-hydroxylase in both 

macrophagic and monocytic populations (Liu et al., 2006: 1770–

1773). Upon activation of TLRs, macrophages and dendritic cells 

elevate the expression of critical molecules such as major 

histocompatibility complex class II (MHC II), cluster of difference 

(CD)80/CD86, CD40, and various cytokines, all of which are 

indispensable for effective antigen presentation to T cells. VitD 

suppresses these molecules, fostering a state in which macrophages 

and dendritic cells adopt a more immature and tolerogenic 

phenotype (Piemonti et al., 2000: 4443-4450, Széles et al., 2009: 1-

10). The suppression of macrophage and dendritic cell activity may 

be attributed to the downregulation of TLRs (Liu et al., 2006: 1770–

1773, Li et al., 2014: 1-11, Martinez-Moreno, Hernandez & 

Urcuqui-Inchima, 2010: 169-180) or the inhibition of interleukin 
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(IL)-12 production through nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) signalling pathways 

(D’Ambrosio et al., 2020: 252-260), both of which are modulated by 

VitD. 

The active metabolite 1,25(OH)2D3, in conjunction with the 

VDR–RXR complex, facilitates the transcriptional activation of 

antimicrobial peptides, such as defensins and cathelicidins. 

Cathelicidin is crucial in combating infections by destabilising 

microbial membranes and disrupting viral envelopes. (Barlow et al., 

2011: 1-7, Shahmiri et al., 2016: 1-7, Sousa et al., 2017: 76–82, 

White, 2012: 21-29). Moreover, calcitriol exerts additional anti-

inflammatory effects through glucocorticoid-mediated pathways. 

Specifically, glucocorticoids stimulate monocytes to produce 

mitogen-activated kinase phosphatase-1 (MPK-1), an enzyme that 

attenuates the activity of pro-inflammatory mitogen-activated 

protein kinases (MAPKs) (Zhang, Leung & Goleva, 2013: 14544-

14549). These observations highlight the extensive 

immunoregulatory capacity of VitD signalling, which transcends its 

conventional endocrine functions. The interplay between VitD and 

glucocorticoid pathways implies a convergent, synergistic 

framework that meticulously modulates inflammatory cascades 

while safeguarding antimicrobial competence. 

Beyond its intrinsic antimicrobial properties, calcitriol 

profoundly influences immune homeostasis by orchestrating 

immune cell populations’ maturation and functional specialisation 

across multiple regulatory axes. Of particular significance is its 

capacity to drive the differentiation of hematopoietic stem cells 

toward the natural killer cell lineage, thereby augmenting innate 

immune surveillance. Simultaneously, calcitriol imposes a 

regulatory constraint on antigen-presenting cell dynamics by 

inhibiting monocyte-to-dendritic cell transition, impairing dendritic 

cell maturation, and attenuating the secretion of the pro-
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inflammatory cytokine IL-12. Furthermore, calcitriol modulates 

antigen presentation by downregulating the expression of MHC-II 

molecules, thus tempering excessive immune activation. In parallel, 

its pro-apoptotic effects on dendritic cells serve as an additional 

mechanism reinforcing immune tolerance and homeostatic 

equilibrium (Barragan, Good & Kolls, 2015: 8127-8140, Piemonti 

et al., 2000: 4443-4450, D’Ambrosio et al., 2020: 252-260). 

VitD is essential in regulating microglial function, 

modulating the inflammatory milieu and contributing to myelin 

damage during CNS autoimmunity. VitD has been shown to regulate 

microglial phenotype and oxidative stress across various models of 

CNS diseases and injury. In experimental autoimmune 

encephalomyelitis (EAE) models, calcitriol administration 

immediately following disease induction mitigates microglial 

activation, reduces oxidative stress, and decreases BBB 

permeability. Similarly, a reduction in neuronal VDR expression 

during early developmental stages rendered mice more susceptible 

to EAE, suggesting that neuronal VDR signalling exerts a protective 

role against CNS autoimmunity. Emerging evidence suggests that 

VitD effectively shifts microglia from a pro-inflammatory M1 

phenotype to a reparative M2 phenotype, thereby dampening 

inflammation and limiting demyelination (De Oliveria et al., 2020: 

1-2, Lee et al., 2020: 1-7, Evans et al., 2018: 147-156, Calvello et 

al., 2017: 327-328, Cui et al., 2019: 1-10, He et al., 2019: 1-8) 

VitD’s role in innate immunity extends far beyond its 

classical function in calcium homeostasis, positioning calcitriol as a 

pivotal immunoregulatory molecule with multifaceted biological 

effects. The convergence of TLR activation, VDR signalling, and 

antimicrobial peptide induction underscores a highly coordinated 

immune defence mechanism. Additionally, calcitriol’s capacity to 

fine-tune antigen presentation, modulate dendritic cell maturation, 

and orchestrate monocyte differentiation into immunologically 
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distinct phenotypes reflects its profound influence on the innate 

immune landscape. The intricate crosstalk between calcitriol and 

glucocorticoid-mediated pathways further reinforces its role in 

tempering excessive inflammatory responses while preserving host 

defence.  

Vitamin D and Adaptive Immunity 

The expression of the nuclear VDR in both T and B 

lymphocytes is a pivotal component of the immune system’s 

regulatory mechanisms. Although the basal expression of VDR is 

relatively low in these cells during their resting state, its induction 

upon immune activation underscores the dynamic role of VitD in 

immune modulation (Provvedini et al., 1983: 1181–1183).  

Calcitriol has been demonstrated to exert direct regulatory 

effects on B-cell homeostasis, encompassing the inhibition of 

memory and plasma cells as well as the induction of apoptosis in 

immunoglobulin B-producing cells. This mechanism is postulated to 

represent a pivotal pathophysiological link between VitD and 

autoimmunity, potentially influencing disease susceptibility and 

progression (Chen et al., 2007: 1634-1646). 

Calcitriol exerts a critical regulatory influence on T-cell 

responses by modulating the proliferation and differentiation of Th 

cells and orchestrating a nuanced cytokine production profile. It 

suppresses pro-inflammatory Th1 cytokines, including IL-2, 

interferon-γ (IFN-γ), and tumour necrosis factor (TNF), along with 

Th19 cytokines like IL-19 and Th22 cytokines such as IL-22. In 

contrast, calcitriol enhances the production of anti-inflammatory 

Th2 cytokines, notably IL-3, IL-4, IL-5, and IL-10. Additionally, 

calcitriol inhibits IL-17 production in Th17 cells, further cementing 

its role in immune modulation. While specific T-cell subsets directly 

respond to circulating calcitriol, others possess the enzymatic 

machinery to locally convert inactive VitD into its active form, 
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allowing for context-dependent immune regulation. (Cantorna, 

2010: 286-288, Baeke et al., 2011: 132-141, Lemire et al., 1995: 

1704-1708).  

Optimal VitD levels may attenuate the capacity of B cells to 

function as antigen-presenting cells. B-cell depletion therapies have 

demonstrated remarkable efficacy in treating MS, and the 

therapeutic benefits observed appear to be largely independent of 

antibody production. This observation, coupled with emerging 

evidence, suggests that B cells play a critical role as antigen-

presenting cells in the immunopathogenesis of MS (Cross et al., 

2006: 63-70, Lovett-Racke et al., 2019: 187-196, Lovett-Racke et 

al., 2021: 1-8). Immune profiling studies of MS patients receiving B 

cell depletion therapy have shown a favourable modulation of the T 

cell compartment, characterised by a reduction in memory T cells 

and an increase in Tregs (Lovett-Racke et al., 2019: 187-196, Lovett-

Racke et al., 2021: 1-8), further supporting the role of B cells in T 

cell activation. In this context, VitD deficiency may enhance the 

antigen-presenting capacity of B cells, thereby promoting T cell 

activation and differentiation and ultimately increasing the 

susceptibility to MS. 

This dual mechanism underscores the complexity of VitD’s 

role in shaping immune responses, suggesting that its effects are not 

only systemic but also finely tuned to local immune environments. 

Vitamin D and the Central Nervous System 

An expanding body of evidence indicates that VitD functions 

as a neurosteroid. The extensive expression of the VDR across both 

the developing and mature brain—including key regions such as the 

hippocampus, amygdala, hypothalamus, cortex, and cerebellum 

(Eyles et al., 2005: 21-28, Stumpf et al., 1982: 1403-1405, McGrath 

et al., 2004: 557–560)—emphasises its fundamental role in 

regulating gene expression within the CNS. Moreover, the presence 
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of 1α-hydroxylase and 25-hydroxylase enzymes in the brain enables 

the local biosynthesis of active VitD, thereby reinforcing its 

neurobiological significance (Eyles et al., 2005: 21-28, Zehnder et 

al., 2001: 888-889). While gene regulation constitutes a primary 

function of VitD, it also mediates non-genomic effects, most notably 

through the modulation of calcium signalling—an indispensable 

mechanism for preserving normal cellular physiology. 

VitD promotes cell differentiation and apoptosis, which are 

critical for embryonic development. When VitD is removed during 

gestation in model systems, multiple regions of the brain have 

increased cell proliferation and decreased apoptosis, as well as 

enhanced cell proliferation, leading to CNS anomalies (Eyles et al., 

2003: 641-653, Brown et al., 2003: 139-143, Ko et al., 2004: 61-68). 

The increased proliferation was mediated by increased expression of 

cyclin genes, which were regulated by VDR signalling (Sinkkonen 

et al., 2005: 2440-2450), while the reduction in apoptosis may have 

been due to increased levels of B-cell lymphoma (Bcl)-2 and Bcl -

2-associated X protein (BAX) (Ko et al., 2004: 61-68). Low VitD 

also leads to more neural stem cells, possibly due to a loss of 

regulation of cell proliferation or a failure in neural stems to 

efficiently differentiate into neural cell progenitors (Cui et al., 2007: 

227–232). Changes in brain morphology have been observed in 

rodents with VitD deficiency (Eyles et al., 2003: 641-653,   Al-Amin 

et al., 2019: 1315–1329). 

Accumulating evidence underscores the critical role of VitD 

in modulating brain structure and cellular differentiation. In humans, 

VitD deficiency has been associated with decreased brain volume 

and enlarged ventricles in older adults, highlighting its potential 

influence on neuroanatomical integrity (Annweiler et al., 2015: 41-

47). It has also been demonstrated that VitD suppresses the 

proliferation of hippocampal neurons while simultaneously 

promoting neurite outgrowth, suggesting a nuanced regulatory 
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function in neuronal development (Brown et al., 2003: 139-143). Of 

particular significance, studies on dopaminergic neurons indicate 

that VitD deficiency during embryogenesis reduces the expression 

of Nurr1 and P57kip2—genes indispensable for the development 

and homeostasis of dopaminergic systems (Cui et al., 2010: 220-

223). Additionally, VitD has been shown to regulate the 

transcription of genes vital to the proper functioning of 

dopaminergic neurons, further reinforcing its role in maintaining 

neuronal integrity (Orme, Bhangal & Fricker, 2013: 1-7, Pertile, Cui 

& Eyles, 2015: 193-194).  

Intriguingly, while VitD promotes neuronal differentiation, 

its influence on astrocyte development appears to be inhibitory 

under certain conditions; when adult neural stem cells are exposed 

to VitD, astrocyte differentiation is impaired (Shirazi et al., 2015: 

240). In contrast, VitD facilitates the differentiation of neural stem 

cells into oligodendrocytes—the myelinating cells of the CNS—a 

process that is disrupted when VDR signalling is inhibited, 

preventing the maturation of oligodendrocyte precursor cells 

(Shirazi et al., 2015: 240-245, De la Fuenta et al., 2015: 975-977). 

These findings collectively identify VitD as a pivotal neuronal and 

oligodendrocyte lineage commitment regulator. Given the essential 

bidirectional signalling between neurons and oligodendrocytes, this 

regulatory function of VitD is indispensable not only for the proper 

myelination of the CNS during early development but also for 

facilitating remyelination following CNS injury.  

Vitamin D: A Key Player in Neuroprotection 

VitD exerts its neuroprotective effects through multifaceted 

and interconnected mechanisms. Central to these actions are the 

regulation of neurotrophic factors and the mitigation of oxidative 

stress, which are fundamental to neuronal resilience and 

homeostasis. Neurotrophic factors are indispensable for neuronal 
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and glial populations’ differentiation, survival, and functional 

preservation. Notably, VitD enhances the expression of several 

pivotal neurotrophic factors, including nerve growth factor (NGF), 

brain-derived neurotrophic factor (BDNF), glial cell line-derived 

neurotrophic factor (GDNF), and neurotrophin-3 (NT3) (Di Somma, 

2017: 1-13). As the endogenous production of these factors 

diminishes with age, the residual levels become increasingly crucial 

for sustaining cellular integrity and facilitating neuroprotection. A 

deficiency in VitD compromises this regulatory axis, potentially 

diminishing neurotrophic support and rendering neural cells more 

vulnerable to external insults and neurodegenerative processes. 

Neurons are inherently susceptible to oxidative damage due 

to their elevated metabolic activity, which necessitates high oxygen 

consumption, the generation of reactive byproducts during 

neurotransmitter metabolism, susceptibility to excitotoxicity, and a 

lipid-rich cellular composition (Sivandzade et al., 2019: 1-12). 

Additional neuroinflammation will increase the reactive 

oxygen species (ROS) load. Adequate VitD levels downregulate 

intracellular oxidative-stress-related activities, while suboptimal 

levels result in increased oxidative damage and neuronal apoptosis 

(Wimalawansa, 2019: 1). Increased reactive oxygen production has 

been implicated in the pathogenesis of multiple neurodegenerative 

conditions, including Parkinson’s disease (Trist, Hare & Double, 

2019: 1-2), Alzheimer’s disease (Niedzielska et al., 2016: 4094-

4116), Huntington’s disease (Browne & Beal, 2006: 2061-2062), 

stroke (Rodrigo et al., 2013: 698-714) and MS (Di Filippo et al., 

2010: 369-376), and suboptimal serum VitD levels have been linked 

to these conditions. VitD is a potent regulator of the nuclear factor 

erythroid-2-related factor 2 (Nrf2) antioxidant pathway in neurons 

and glial cells, and intracellular Nrf2 levels are inversely correlated 

with the accumulation of mitochondrial ROS. Within the CNS, 

upregulation of Nrf2 target genes superoxide dismutase (SOD), 
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catalase (CAT), glutathione S-transferase (GST) and heme 

oxygenase-1 (HMOX1) makes neurons more resistant to oxidative 

insults (Brandes & Gray, 2020: 1-11). Furthermore, neurotrophic 

signalling pathways, such as the BDNF-tropomyosin-related kinase 

B (TrkB) pathway that is essential for mature neuron survival and 

normal function, also signal Nrf2 activation (Khairy & Attia, 2021: 

650-651,  Hannan et al., 2020: 1-14). VitD then has double the 

influence on neuronal survival – first in neurotrophic action by 

increasing levels of BDNF and second in oxidative defence by direct 

activation of Nrf2. The neuroprotective properties of VitD centre 

around its antioxidant function, and in conjunction with 

neurotrophic factor expression, likely enhance neural defence and 

repair mechanisms.  

Vitamin D as a Guardian of the Nervous System: Unlocking 

Antioxidant Pathways to Combat Multiple Sclerosis  

Oxidative stress and mitochondrial dysfunction are central 

hallmarks of MS pathophysiology, intricately shaping disease 

progression. Among the key players, T cells not only generate ROS 

but are also profoundly modulated by them, creating a sophisticated 

interplay that amplifies neuroinflammation and neuronal injury in 

MS (Ohl, Tenbrock & Kipp, 2016: 62). However, the most 

significant sources of elevated ROS in the disease are activated 

microglia and macrophages, which unleash a cascade of oxidative 

radicals—including superoxide, hydrogen peroxide, and nitric oxide 

(NO)—via potent ROS-generating enzymes such as 

myeloperoxidase (MPO), nicotinamide adenine dinucleotide 

phosphate hydrogen (NADPH) oxidase, and nitric oxide synthase 

(NOS). These oxidative mediators have been directly implicated in 

driving demyelination, a process consistently observed in MS and 

its experimental models (Ohl, Tenbrock & Kipp, 2016: 61-64, 

Genestra, 2007: 1807-1819). 
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Postmortem analyses of MS brains further underscore the 

pathogenic role of oxidative stress. MPO expression is markedly 

upregulated in activated macrophages and microglia adjacent to 

lesions, revealing a focal contribution to tissue damage. Strikingly, 

homogenates of demyelinated MS brain regions exhibit significantly 

higher levels of MPO compared to unaffected areas from the same 

individual, reinforcing the notion that oxidative injury is not merely 

a secondary byproduct but a primary force in MS pathology (Gray 

et al., 2008a: 86, Gray et al., 2008b: 195-196). 

Additional hallmarks of oxidative injury further underscore 

its pathogenic significance in MS. Among these, 4-hydroxy-2-

nonenal (4-HNE), a highly reactive byproduct of lipid peroxidation, 

serves as a key indicator of membrane oxidative damage. Likewise, 

nitrotyrosine, formed through NO reaction with superoxide, 

represents a molecular fingerprint of peroxynitrite-mediated 

nitrative stress. Both markers exhibit a striking accumulation within 

macrophages and astrocytes in MS lesions, reinforcing the notion 

that oxidative pathology is not merely a secondary consequence but 

an integral driver of neuroinflammatory and neurodegenerative 

processes in the disease (Cross et al., 1998: 45-46, Liu et al., 2001: 

2057-2058, van Horssen et al., 2008: 1729-1731, van Horssen et al., 

2011: 143). 

In the later stages of MS, ROS primarily originate from 

mitochondrial dysfunction within neurons. Mitochondrial 

impairment and the consequent ROS production have been 

implicated in the non-inflammatory axonal degeneration following 

chronic demyelination. It is postulated that mitochondria become 

increasingly burdened due to sodium channel redistribution, a 

compensatory mechanism triggered by demyelination. This 

redistribution results in substantial sodium influxes, placing 

significant metabolic demands on the adenosine triphosphate (ATP)-

dependent sodium-potassium pump (Craner et al., 2004: 8168–
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8172). The heightened ATP demand necessitates mitochondrial 

proliferation and increased energy production, inadvertently leading 

to excessive ROS generation. Notably, mitochondrial stress markers 

such as heat shock protein 70 (HSP70) have been observed at 

elevated levels in astrocytes and axons within MS lesions (Witte et 

al., 2009: 193-195, Campbell & Mahad, 2018: 1113,1118). 

However, a critical point of contention remains regarding whether 

mitochondrial-derived ROS predominantly arise from ATP 

upregulation and mitochondrial proliferation following chronic 

demyelination or whether oxidative mitochondrial damage is 

incurred during the acute inflammatory phase of MS (Waxman, 

2006: 192-195). 

The endogenous defence system against ROS within the 

CNS relies on antioxidant enzymes. Exposure to ROS activates 

Nrf2, which subsequently translocates to the nucleus and induces 

antioxidant response element (ARE) promoters, thereby driving the 

expression of antioxidant enzymes. Hundreds of Nrf2-responsive 

antioxidant genes have been identified (Hybertson et al., 2011: 236-

238). A growing body of evidence implicates Nrf2 dysregulation in 

MS pathogenesis. In EAE, an established animal model of MS, Nrf2-

deficient mice exhibit a more aggressive disease onset, exacerbated 

clinical symptoms, heightened glial activation, elevated pro-

inflammatory cytokine expression, and increased neurodegeneration 

compared to wild-type controls (Johnson et al., 2010: 239-241, 

Larabee et al., 2016: 1503-1504, Morales Pantoja et al., 2016: 645-

648). Conversely, pharmacological activation of Nrf2 in EAE mice 

attenuates disease severity (Linker et al., 2011: 678-679). 

Postmortem analyses of MS-affected brains reveal robust Nrf2 

upregulation within active MS lesions, with pronounced expression 

in degenerating neurons and glial cells, including oligodendrocytes 

(van Horssen et al., 2010:  1283-1288, Licht-Mayer et al., 2015: 267-

273). 
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Nrf2 activation is already leveraged in MS therapeutics. Both 

VitD and dimethyl fumarate (DMF) function as potent Nrf2 

activators. DMF, an approved oral therapy for relapsing-remitting 

MS (RRMS), has been demonstrated to attenuate disease activity 

and slow progression through its immunomodulatory and 

neuroprotective properties (Bresciani et al., 2023: 1-2). VitD and 

DMF mediate their antioxidant effects via the Nrf2/Kelch-like ECH-

associated protein (KEAP) 1 signalling axis, enhancing glutathione 

signalling and promoting neuroprotection. Additionally, these 

agents exert beneficial effects by suppressing pro-inflammatory 

cytokine expression while upregulating neurotrophic factors (Saha 

et al., 2020: 1-18, Salehi et al., 2019: 114-120). Notably, VitD and 

DMF derivatives exhibit a synergistic effect in upregulating VDR 

expression and enhancing Nrf2 activity, mechanisms that have been 

implicated in limiting leukaemia progression (Nachliely et al., 2019: 

8-9). However, despite their overlapping pathways, DMF presents a 

safer therapeutic profile, mitigating the risk of calcemic toxicity 

associated with prolonged high-dose VitD administration. Excessive 

VitD has been shown to exacerbate EAE, underscoring the necessity 

of a carefully calibrated approach to VitD-based interventions 

(Häusler et al.,  2019: 2737, 2741-2750). Furthermore, melatonin—

produced during the dark phase—demonstrates antioxidant 

properties akin to those of VitD in EAE models (Long et al., 2018: 

2-3,  Ghareghani et al., 2018:  233- 241). 

Unravelling Pathophysiological Mechanisms and Therapeutic 

Horizons in the Experimental Autoimmune Encephalitis Model 

Neural cells demonstrate the VDR expression, with neurons 

and microglia synthesising the active metabolite 1,25-

dihydroxyvitamin D₃, underscoring its pivotal role in regulating 

neurophysiological functions. The active form of VitD modulates 

the secretion of neurotrophic factors. Calcitriol emerges as a 
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fundamental agent in regulating neurotrophic factors while 

concurrently serving as a critical modulator of neuronal calcium flux 

through its interaction with L-type calcium channels. This 

interaction facilitates the intricate control of cellular homeostasis 

and is vital in refining synaptic plasticity (Gooch et al., 2019: 1-3, 

Fernandes de Abreu, Eyles & Féron, 2009: 265-277). By influencing 

these processes, calcitriol sustains neuronal integrity and underpins 

adaptive neuronal responses essential for cognitive and functional 

flexibility.  

In addition to its role in neuronal function, calcitriol has 

demonstrated the capacity to modulate the progression of EAE. This 

effect is primarily attributed to its ability to regulate T-cell 

infiltration into the CNS, suppress Th1-mediated inflammatory 

responses, and enhance the production of IL-10 (Waddell, Zhao & 

Cantorna, 2015: 237-243, Chauss et al., 2022: 62-74). Calcitriol 

exerts profound immunoregulatory effects through these 

mechanisms, thereby modulating the immune response and 

potentially mitigating the pathological processes underlying 

autoimmune neuroinflammation.  

Via the activation of microglia, 1,25-dihydroxyvitamin D₃ 

facilitates the efficient clearance of myelin debris and augments the 

phagocytosis of pathological proteins, including amyloid-β peptides. 

In parallel, it mitigates the expression of pro-inflammatory NOS, 

thereby attenuating demyelination. Additionally, calcitriol has been 

implicated in the promotion of remyelination, a process driven by its 

ability to enhance the maturation of oligodendrocytes and stimulate 

astrocyte activation (Nystad et al., 2014: 1178-1186, Mirarchi et al., 

2023: 1-14). These actions collectively reinforce its neuroprotective 

role, contributing to the prevention of neurodegeneration and the 

restoration of neural integrity in various neuropathological contexts.  
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Vitamin D and Autoimmunity: A Complex Role in Immune 

Regulation 

Autoimmune diseases result from a dysregulated immune 

system in which the body fails to recognise its own antigens, leading 

to the inadvertent destruction of its own tissues. These disorders are 

inherently multifactorial, arising from the intricate interaction of 

genetic susceptibility, epidemiological risk factors, and 

environmental influences. In this context, the role of VitD in 

autoimmune diseases is of paramount importance. Numerous 

epidemiological studies have consistently demonstrated a robust 

association between VitD deficiency and a variety of autoimmune 

conditions, including autoimmune encephalomyelitis, rheumatoid 

arthritis, MS, autoimmune thyroiditis, systemic lupus erythematosus 

(SLE), inflammatory bowel disease (IBD), and type 1 diabetes 

mellitus. Moreover, experimental animal models have provided 

compelling evidence that active VitD supplementation can 

significantly reduce or even prevent the onset of these autoimmune 

disorders (Bock, Pieber & Prietl, 2012: 1-7, Colotta, Jansson & 

Bonelli, 2017: 78-97, Cantorna, 2010: 286-288, Fletcher et al., 2022: 

1,6-10, Arnson, Amital & Shoenfeld, 2007: 1137, 1139-1140). This 

growing body of evidence underscores the potential therapeutic 

value of VitD in modulating immune responses and mitigating 

autoimmune pathology. 

Vitamin D and Multiple Sclerosis Risk: Investigating the 

Immunological Interplay and Clinical Implications 

Over time, a well-documented association has emerged 

between latitude and the risk of MS, with disease prevalence 

following a distinct geographical gradient—lowest in equatorial 

regions and progressively increasing toward higher latitudes (Sabel 

et al, 2021: 2038-2045, Shi et al., 2024: 1-12, Simpson Jr et al., 2011: 

1132, Koch-Henriksen & Sørensen, 2010: 520-532). Moreover, 
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extensive research has demonstrated a strong inverse correlation 

between MS prevalence and regional levels of solar radiation, 

further reinforcing the potential role of environmental factors, 

particularly sunlight exposure and its influence on VitD synthesis, 

in modulating disease susceptibility (Sintzel et al., 2018: 59-81, 

Sloka et al., 2011: 103-104). The impact of outdoor exposure on MS 

risk has also been a focus of investigation, with findings indicating 

that individuals who engaged in greater outdoor activities and, 

consequently, received more UVB exposure are at a significantly 

reduced risk of developing MS in later life (Ramagopalan et al., 

2011: 1411-1412, Orton et al., 2011: 428-429, Kampman, Wilsgaard 

& Mellgren, 2007: 471-477). Moreover, a growing body of 

compelling evidence indicates that maternal sun exposure during 

pregnancy plays a crucial role in shaping the risk of MS in offspring. 

Epidemiological studies have consistently demonstrated that 

individuals born to mothers with higher levels of sunlight exposure 

during gestation exhibit a substantially lower risk of developing MS 

compared to those whose maternal sun exposure was limited. This 

association highlights the potential influence of prenatal 

environmental factors, particularly the regulation of VitD synthesis, 

on fetal immune system programming and the subsequent 

modulation of autoimmune susceptibility later in life. Given the 

critical period of neurodevelopment during gestation, adequate 

maternal VitD levels may confer protection against MS and play a 

broader role in fostering optimal neuroimmune maturation. These 

findings suggest that maternal VitD status could represent a 

modifiable risk factor, offering a promising avenue for preventive 

interventions aimed at reducing the incidence of MS and other 

immune-mediated neurological disorders (Chang et al., 2025: 1, 9-

10, Rodríguez et al., 2016: 954- 960). Although specific studies have 

suggested that UVB radiation may exert immunomodulatory effects 

through mechanisms independent of VitD synthesis, the prevailing 
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scientific consensus underscores VitD as a pivotal mediator linking 

sun exposure to the risk of MS, with profound implications for 

prevention strategies (Ljubic et al., 2021: 1,  Breuer et al., 2014: 739-

740, DeLuca & Plum, 2017: 411-415). A nuanced understanding of 

these mechanisms may inform more precise preventive 

interventions, including optimising VitD supplementation and 

public health recommendations concerning safe sun exposure. 

The interplay between VitD and the susceptibility to MS is 

an intricate phenomenon shaped by a complex array of genetic, 

environmental, and immunological factors. Emerging research 

consistently highlights the substantial role of VitD in MS 

pathogenesis, with epidemiological data suggesting that early-life 

VitD supplementation, particularly during critical periods such as 

adolescence, coupled with dietary practices, including the 

consumption of fish liver oil and a diet rich in oily fish, may exert a 

protective effect, potentially reducing the long-term risk of MS 

development. (Fernandes de Abreu, Landel & Féron, 2011: 64, 

Pierrot-Deseilligny & Souberbielle, 35-45, Munger et al., 2004: 60-

61, Cortese et al., 2015: 1856, 1858-1863, Bäärnhielm et al., 2012: 

955). In a pivotal study, American soldiers exhibiting serum 25-OH-

D levels greater than 40 ng/ml experienced a 62% reduction in the 

risk of developing MS when compared to individuals with serum 

levels below 25 ng/ml (Munger et al., 2006: 2832- 2838). 

Analogously, an analysis conducted on Swedish pregnant women 

revealed that those with 25-OH-D levels exceeding 30 ng/ml 

demonstrated a 61% reduced risk of developing MS compared to 

those with lower 25-OH-D levels. (Salzer et al., 2012: 2140-2145). 

Additionally, a longitudinal study conducted on neonates showed 

that for every 20 ng/ml increase in 25-OH-D levels, there was a 

notable 60% reduction in the risk of developing MS over a 10 to 15-

year period (Nielsen et al., 2017: 44-51). These findings 

unequivocally establish that VitD deficiency, particularly during 



--33-- 

early life or insufficient sun exposure, is a substantial and 

independent risk factor for the eventual development of MS. In 

parallel, there is an expanding body of evidence recognising VitD 

deficiency as a dual risk factor for MS, operating not only as an 

environmental determinant but also as a genetic susceptibility. 

Genetic variations in the enzyme 1-alpha-hydroxylase are of 

particular significance, as it plays a critical role in converting VitD 

into its active form, calcitriol. These genetic aberrations have been 

shown to significantly modulate the biosynthesis of calcitriol, 

thereby influencing the immune response and dramatically altering 

individual susceptibility to MS. (Voltan et al., 2023: 1-11, Simon et 

al., 2011: 1976-1977, Karaky et al., 2016: 999–1006). Moreover, 

mutations in the CYP24A1 gene, which encodes the enzyme 

responsible for the catabolism of calcitriol, have been implicated in 

an elevated risk of developing MS. These mutations disrupt the 

regulatory balance of VitD metabolism, potentially leading to 

altered immune function and an increased predisposition to MS 

(Voltan et al., 2023: 1-11, Ramasamy et al., 2014: 211-212).  

The application of Mendelian randomisation studies has 

been instrumental in elucidating the role of VitD as both an 

environmental and genetic risk factor for MS. By examining large 

cohorts of MS patients and assessing various stages of VitD 

metabolism, these studies have leveraged genetic data from single-

nucleotide polymorphisms (SNPs) and employed advanced 

Mendelian randomisation techniques. The findings robustly suggest 

that genetically predisposed VitD deficiency substantially increases 

the risk of developing MS, while the full genetic aetiology of MS 

remains incompletely defined. The genetic variations leading to 

VitD insufficiency are rarely encountered; these variations are 

nonetheless recognised as independent and significant risk factors 

for the onset of MS. A key insight emerging from these studies is the 

dominant influence of VitD metabolism, rather than UVB exposure 
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alone, on immune system modulation and its subsequent impact on 

MS susceptibility. (Yu et al., 2024: 1-15, Mokry et al., 2015: 15-20, 

Rhead et al., 2016: 2-5).  

Oestrogen exerts a protective effect on MS. Oestrogen 

enhances VDR gene expression while suppressing CYP24A1, an 

enzyme responsible for VitD degradation. In turn, VitD stimulates 

the expression of the CYP19 gene, which encodes aromatase in glial 

cells, thereby enhancing oestrogen synthesis (Spanier et al., 2015: 

48-58, Nashfold et al., 2009: 3672-3679).  

The HLA-DRB1 locus, particularly the HLA-DRB1*1501 

allele, represents the most significant genetic determinant of MS 

susceptibility and heritability. Of particular interest, the promoter 

region of the HLA-DRB1*1501 gene contains a VDRE, suggesting 

a plausible mechanistic interaction between genetic predisposition 

and environmental influences, notably serum VitD concentrations 

(Alcina et al., 2012: 2-7, Ramagopalan et al., 2009: 1- 5).   

It has been well-established that calcitriol, VitD, and VDR 

engage in complex interactions with Epstein-Barr virus (EBV) 

nuclear antigens (EBNA), which are implicated as key factors in the 

pathogenesis of MS. In states of VitD deficiency, there is a marked 

increase in the reactivity of antibodies against EBNA-1, a critical 

component of EBV. This heightened immune response contributes 

to the autoimmune processes observed in MS. Conversely, the 

repletion of VitD reduces both the levels of EBNA-1 protein and the 

concentrations of antibodies against its fragments, thereby 

potentially mitigating the autoimmune response. In addition, it has 

been shown that EBNA-2 and VDR share common DNA binding 

sites, which have been associated with MS susceptibility. This 

finding suggests a direct molecular interaction between the viral 

antigens and the host’s genetic machinery, which could influence the 

progression of MS. Notably, the activation of VDR target genes, 
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which are central to the regulation of immune function and 

inflammation, is inhibited when EBNA-3, another EBV protein, 

binds to the VDR. This interaction may disrupt the normal immune 

regulatory functions of VitD, thereby exacerbating the autoimmune 

response and contributing to the pathogenesis of MS. These findings 

underscore the intricate interplay between environmental (VitD), 

viral (EBV), and genetic (VDR) factors in the development of MS, 

providing insight into potential therapeutic strategies targeting these 

pathways (Røsjø et al., 2017: 395-402, Marcucci & Obeidat, 2020: 

577116, Rolf et al., 2018: 1280–1285). 

Among the myriad potential effects of VitD, remyelination 

is one of its more intriguing possibilities. VitD plays a pivotal role 

in promoting the microenvironment essential for the differentiation 

and proliferation of neuronal stem cells into oligodendrocyte 

progenitor cells, thereby fostering the remyelination process 

(Sangha et al., 2023: 3, Matias-Guiu et al., 2018: 181). 

The growing corpus of evidence elegantly reveals the 

sophisticated interplay between environmental exposures, such as 

sunlight and dietary intake, and genetic predispositions that govern 

the regulation of VitD metabolism. Collectively, these findings 

imply that proactive measures to maintain optimal VitD levels, 

particularly in individuals genetically predisposed to MS, could 

offer a promising strategy to curb both the incidence and progression 

of the disease. As our understanding of the molecular underpinnings 

of MS deepens, it becomes increasingly evident that VitD occupies 

a central, multifaceted position within the intricate web of risk 

determinants, functioning as an environmental influence and a 

crucial modulator of immune function in MS pathogenesis. 



--36-- 

Immunoregulation versus Neuroprotection: A Dual Narrative in 

Multiple Sclerosis 

MS embodies a paradigmatic example of the convergence 

between immune dysregulation and neurodegeneration. It is 

increasingly understood not as a unidimensional autoimmune 

disease but as a dynamic interface where immunological and 

neurobiological processes collide. At the heart of MS pathology lies 

a complex bidirectional dialogue: immune cells infiltrate the CNS, 

instigating demyelination and axonal injury, while the CNS itself 

may shape the immune response through molecular vulnerability or 

resilience. This dual narrative—of immune provocation and neural 

susceptibility—offers a broader lens through which to re-examine 

disease onset and progression. 

Genomic studies continue to implicate immune-related loci 

as the primary genetic architecture underpinning MS susceptibility, 

affirming its status as an immune-mediated condition. However, the 

CNS is not a passive bystander. Its singular role as the exclusive 

target of this aberrant immune activity raises critical questions: Why 

the CNS? Is there a unique neurobiological condition—

developmental, metabolic, or structural—that predisposes it to such 

targeted immune aggression? 

VitD may offer a conceptual bridge between these two 

domains. Extensively studied for its immunomodulatory properties, 

VitD influences the differentiation, activation, and function of innate 

and adaptive immune cells. Deficiency in VitD disrupts immune 

tolerance and is strongly associated with increased MS risk. Yet 

emerging evidence suggests that VitD is not merely an 

immunological actor but also a neuroactive molecule that shapes 

CNS development, supports neurogenesis, and modulates synaptic 

plasticity. In this regard, VitD may serve as a molecular fulcrum, and 



--37-- 

its deficiency simultaneously compromises immune regulation and 

CNS integrity. 

Epidemiological data highlight the temporal sensitivity of 

VitD’s protective effects, particularly during gestation and early 

childhood—periods marked by rapid neurodevelopment and 

immune programming. During these early life stages, the immune 

system is subjected to frequent antigenic challenges, most of which 

are resolved without clinical consequence. Nonetheless, certain 

viruses with neurotropic potential—such as EBV, varicella-zoster 

virus, and selected influenza strains—can silently infect neural 

tissue. Although rarely symptomatic, these infections may act as 

environmental cofactors that shape neuroimmune imprinting and 

predispose to future autoimmunity. 

Thus, MS may not arise solely from a misdirected immune 

system or intrinsic CNS fragility but rather from a subtle 

orchestration of both—a misalignment of immune surveillance and 

neurodevelopmental cues. VitD, at the intersection of these systems, 

may represent a modifiable determinant of this delicate balance 

(Gombash et al., 2022: 9).   

It remains an open question whether certain viruses may 

exert differential effects on the CNS in children with suboptimal 

VitD levels, even in the absence of overt neurological 

manifestations. The partial deletion of the VDR, specifically in 

neurons during early development in mice, led to an increased 

susceptibility to EAE in adulthood, implying that diminished 

neuronal VitD signalling during critical developmental windows 

may heighten CNS vulnerability to inflammatory insults (Lee et al., 

2020: 2-7). There is considerable evidence indicating that viral 

infections are modulated by VitD status. Of particular relevance in 

MS is the EBV, which has long been hypothesised to be a crucial 

environmental risk factor in disease pathogenesis. This relevance 
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has been substantiated by a recent large-scale cohort study involving 

over 10 million young adults (Bjornevik et al., 2022: 296-300). 

Although numerous mechanistic hypotheses have been proposed, 

emerging data suggest that EBV may act as a precipitating agent by 

initiating molecular mimicry phenomena (Lang et al., 2002: 940-

943, Lindsey, 2017: 131-134, Tengvall et al., 2019: 16955, Lanz et 

al., 2022: 321-322). Notably, EBV-specific antibody titres in MS 

patients are inversely correlated with serum VitD levels (Pérez-

Pérez et al., 2018: 1446-1447), suggesting potential synergism 

between these two environmental factors. Furthermore, EBV has 

been implicated in the activation of endogenous retroviruses 

(ERVs), the expression of which in MS lesions correlates with 

disease activity (Mameli et al., 2013: 2-7). These ERVs may serve 

as neoantigens that propagate neuroinflammatory processes. VitD 

supplementation has been observed to attenuate EBV reactivation 

(Zwart et al., 2011: 692-696), which may, in turn, limit downstream 

ERV expression and associated inflammatory cascades. In a 

humanised murine model, HLA-DR15-restricted T cells were found 

to control EBV infection inadequately, implying a mechanistic 

interplay between the principal genetic susceptibility locus for MS 

(HLA-DR15) and EBV in modulating disease risk (Zdimerova et al., 

2021: 64-71). The intersection of ERVs, VitD, and MS is an area of 

increasing investigative focus, with some authors proposing that 

EBV may represent the mechanistic bridge linking VitD deficiency 

and ERV activation in the aetiology of MS (Brütting, Stangl & 

Staege, 2021: 233-235). Although numerous autoimmune disorders 

have been associated to varying degrees with insufficient VitD, the 

epidemiological data supporting its role in MS are particularly 

compelling, which suggests that inadequate VitD levels may 

contribute to increased MS risk through dysregulation of immune 

homeostasis and impairment of CNS immunological equilibrium.  
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A recent study demonstrated an inverse relationship between 

sun exposure and the incidence of MS. Moreover, elevated VitD 

concentrations in pwMS were associated with a reduced risk of 

relapses and a slower disability progression (Ostkamp et al., 2021: 

1-8). While the evidence implicating VitD deficiency in both MS 

susceptibility and disease course is robust, uncertainties remain 

regarding the clinical efficacy of supplementation in pwMS. Since 

most MS patients exhibit low serum VitD, supplementation has 

become routine clinical practice. Despite the widespread 

fortification of food products with VitD in numerous countries, 

whether such measures are sufficient to support optimal neurological 

and immunological function remains unclear. The rarity of rickets in 

countries with fortified foods suggests adequacy for skeletal health; 

however, whether these levels suffice to confer neuroprotection 

remains ambiguous. The relatively high prevalence of MS in regions 

such as the United States raises the possibility that current 

supplementation strategies may be insufficient. Children residing at 

higher latitudes, where sunlight exposure is seasonally restricted, 

may particularly benefit from targeted VitD supplementation. 

Similarly, those with a familial predisposition to MS may warrant 

more vigilant nutritional oversight, given their elevated genetic risk. 

The widespread use of sunscreen, which inhibits UVB-induced 

cutaneous VitD synthesis by up to 95%, may inadvertently 

compromise immune and neurological integrity, necessitating a 

nuanced risk-benefit assessment. Sunlight remains the most 

efficacious and natural source of VitD. Accordingly, encouraging 

outdoor activity in children may represent a pragmatic and effective 

public health strategy to counter the growing prevalence of VitD 

deficiency (Gombash et al., 2022: 9-10). 
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Circadian Ecologies of MS: From Sunlight to Gut 

Melatonin, often referred to as the chemical embodiment of 

darkness, is a chronobiotic neurohormone secreted primarily by the 

pineal gland in response to the absence of light stimuli (Reiter, 1991: 

153-158). As a photoperiod-dependent molecule, its secretion 

exhibits a marked circadian rhythm, governed by the light–dark 

cycle. Notably, serum melatonin concentrations have been 

correlated with a range of neuroimmunological disorders, and 

several studies have demonstrated an inverse relationship between 

circulating melatonin levels and both the severity and relapse rate of 

MS (Akpinar et al., 2008: 253-257, Ghorbani et al., 2013: 180-184, 

Melamud et al., 2012: 37-40, Sandyk, 1993: 209-225, Lopez-

Gonzalez et al., 2015: 173-177). These clinical associations have 

prompted preclinical investigations into melatonin’s potential 

immunomodulatory role in MS, primarily through its effects in EAE 

models—an established animal paradigm for MS research. In these 

studies, administration of melatonin significantly attenuated disease 

severity, supporting its putative neuroprotective and anti-

inflammatory properties (Kang et al., 2001: 85-89, Alvarez-Sanchez 

et al., 2015: 101-114, Chen et al., 2016: 169-177). However, 

previous findings suggest that the efficacy of melatonin in EAE may 

be modulated by age-related physiological variables, indicating a 

potentially age-dependent therapeutic window (Ghareghani et al., 

2017: 52-60). 

Clinically, the therapeutic potential of melatonin in MS has 

also been explored. In a longitudinal study, melatonin administered 

as a monotherapy over four years led to a functional improvement in 

MS patients, with Expanded Disability Status Scale (EDSS) scores 

improving from 8.0 to 6.0 (Lopez-Gonzalez et al., 2015: 173-177). 

While promising, these findings require further validation in large-

scale, controlled trials. 
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Parallel to melatonin, the role of VitD in MS has been 

extensively scrutinised. Although several clinical studies have 

examined its immunological functions, the precise mechanisms by 

which VitD and melatonin influence MS pathophysiology remain 

incompletely elucidated. Numerous observational studies have 

documented significantly lower serum VitD levels in pwMS 

compared to healthy controls, suggesting that hypovitaminosis D 

may constitute a modifiable environmental risk factor for MS onset 

and progression (Dudani, Kalhan & Sharma, 2011: 71-72). Despite 

this, interventional trials have produced inconsistent outcomes 

regarding the efficacy of VitD supplementation. Specifically, low-

dose VitD administration has not demonstrated statistically 

significant effects on EDSS scores or relapse frequency in MS 

cohorts (Shaygannejad et al., 2012: 1-6). In contrast, several studies 

have shown that elevated circulating levels of VitD are correlated 

with a reduced incidence of MS and a more favourable clinical 

trajectory. (Simpson et al., 2010: 193-202, Munger & Ascherio, 

2011: 1406-1410, Holmøy et al., 2012: 63-68). 

Intriguingly, recent evidence points towards a reciprocal 

regulatory relationship between VitD and melatonin. A study 

involving interferon beta (IFN-β)-treated MS patients revealed that 

high-dose VitD supplementation over three months resulted in a 

suppression of nocturnal melatonin secretion. Conversely, 

elevations in melatonin levels during the night were associated with 

reductions in serum VitD concentrations (Golan et al., 2013: 180-

185). These findings underscore a complex, possibly antagonistic 

interplay between VitD and melatonin, with potential implications 

for circadian biology, endocrine-immune crosstalk, and therapeutic 

strategies in MS. 

VitD and melatonin are each indispensable to cellular 

homeostasis, yet their physiological rhythms are characteristically 

antithetical. VitD is synthesised cutaneously via the photochemical 
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conversion of 7-dehydrocholesterol under UVB radiation, 

predominantly during daylight exposure. In contrast, melatonin, a 

chronobiotic hormone synthesised primarily by the pineal gland, is 

secreted nocturnally in response to darkness (Champney Thomas et 

al., 1984: 59-66, Brzezinski, 1997: 186-195). Although both 

compounds can be obtained through dietary sources (Reiter et al., 

2001: 286-290), endogenous production remains the principal 

contributor to systemic levels. 

Melatonin secretion exhibits a distinct circadian profile, 

reaching its zenith during the mid-dark phase and declining 

progressively thereafter (Reiter, 1993: 654-664, Malpaux et al., 

2001: 336-345). Emerging evidence suggests that elevated daytime 

VitD concentrations may partially suppress nocturnal melatonin 

synthesis, reflecting a potential photoperiodic counter-regulation 

(Golan et al., 2013: 180-185). 

Within the mammalian retina, classical photoreception is 

mediated by rod and cone photoreceptors, which utilise the visual 

pigments rhodopsin and photopsin to facilitate image-forming 

vision. However, the discovery of intrinsically photosensitive retinal 

ganglion cells (ipRGCs), localised in the inner retina, has elucidated 

a distinct non-image-forming visual pathway responsible for 

regulating circadian rhythms, and pupillary reflexes (Yamazaki, 

Goto & Menaker, 1999: 197-200, Ruby et al., 2002: 2211-2213, 

Gamlin et al., 2007: 946-953, Paul, Saafir & Tosini, 2009: 271-278). 

These ipRGCs express melanopsin, whose expression is confined to 

fewer than 2% of total retinal ganglion cells (Hattar et al., 2002: 

1065-1070). 

Unlike rhodopsin, melanopsin demonstrates bistability under 

broadband light conditions and exhibits maximal spectral sensitivity 

in the blue-light range (~482 nm) (Mure et al., 2007: 411-422, 

Melyan et al., 2005: 741-745). ipRGCs play a pivotal role in 
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circadian entrainment by transmitting photic signals via their axonal 

projections to the suprachiasmatic nucleus (SCN) of the 

hypothalamus, the central circadian pacemaker (Provencio, 2010: 

290-295, Reppert et al., 1988: 78-81, Gooley et al., 2003: 7093-

7104). This retinohypothalamic tract serves as the principal conduit 

for modulating pineal melatonin synthesis, thereby linking 

environmental light cues to endogenous hormonal rhythms. 

Crucially, exposure to short-wavelength (blue) light 

activates melanopsin, resulting in SCN-mediated suppression of 

melatonin production (Brainard et al., 2001: 6405-6411,  Mcdougal 

& Gamlin, 2010: 72-85, Maynard, Zele & Feigl, 2015:6906-6911). 

Recent data further suggest that retinal ganglion cell loss and axonal 

degeneration may be associated with VitD deficiency, potentially 

reflecting the neurosteroidal roles of VitD within the CNS 

(Annweiler et al., 2013: 1026-1028). Given the regulatory role of 

RGCs in melatonin release, such degeneration may indirectly affect 

melatonin synthesis, implicating VitD insufficiency as a 

contributory factor—a hypothesis warranting further investigation. 

From an immunological perspective, both VitD and melatonin exert 

significant influence on the integrity of the BBB, acting through 

distinct yet converging pathways that uphold neuroimmune 

homeostasis (Suzumura, 2017: 180, Alluri et al., 2016: 1-16). 

Calcium, one of the most prevalent minerals within the 

human body, plays a key role in a multitude of physiological 

functions, including haemostasis, hormone secretion, bone 

mineralisation, neuromuscular transmission, and muscle 

contractility (Peacock, 2010: s23-s28). While melatonin has been 

shown to modulate calcium absorption to a limited extent (Sjoblom, 

Safsten & Flemstrom, 2003: G1034-G1043), it is calcitriol that 

serves as the principal regulator of intestinal calcium uptake 

(Christakos, 2017:73-76). The deleterious effects of VitD deficiency 

on intestinal calcium absorption have been well documented for 
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several decades (Devine et al., 2002: 283-286, Fraser, 1980: 551-

613). Experimental models employing VDR knockout mice have 

demonstrated the indispensability of VitD signalling in facilitating 

transcellular calcium transport across the intestinal epithelium (Li et 

al., 1997: 9831-9835, Yoshizawa et al., 1997: 391-396). Consistent 

with these findings, both preclinical and clinical studies have 

affirmed that intestinal calcium absorption is markedly diminished 

in VitD-deficient animals and patients with suboptimal serum VitD 

concentrations (Pansu et al., 1983: G695-G700, Sheikh et al., 1988: 

126-132 ). Gastrointestinal (GI) motility entails a highly 

orchestrated sequence of contractions and relaxations within smooth 

muscle layers, critical for maintaining effective propulsion and 

digestion. Although most contractile cells mobilise cytosolic 

calcium for this function, GI smooth muscle cells rely predominantly 

on calcium influx via extracellular channels (Karaki & Weiss, 1984: 

960-970). The cyclical elevation and reduction of intracellular 

calcium concentrations are essential to coordinate contraction and 

subsequent relaxation of intestinal musculature (Somlyo & Somlyo, 

1994: 231-236). These calcium dynamics are integral to intestinal 

motility, and accordingly, the concomitant administration of calcium 

and VitD has been proposed as a therapeutic strategy to restore 

normative GI function (Giraldi et al., 2015: 343-348). 

Beyond its fundamental roles in calcium absorption and 

motility, VitD is increasingly recognised for its involvement in 

maintaining intestinal barrier integrity and protecting the 

gastrointestinal mucosa against inflammatory or mechanical injury 

(Kong et al., 2007: G208-215).  

Impairment of intestinal calcium absorption is associated 

with disrupted GI motility, culminating in pathophysiological states 

such as aboral stasis and, in chronic cases, gastroparesis (Koenig & 

Cote, 2006: 351-361). Gut stasis refers to a potentially life-

threatening condition wherein digestive transit is significantly 
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slowed or halted, while gastroparesis denotes delayed gastric 

emptying, characterised by prolonged gastric retention of ingested 

material (Parkman, Hasler & Fisher, 2004: 1592-1622). 

A seminal work (Gill et al., 1994: 553-556) was the first to 

elucidate a potential link between impaired intestinal transit and 

refractory constipation in individuals with MS. Subsequent studies 

have underscored the efficacy of gut-targeted behavioural therapies, 

such as biofeedback, particularly in MS patients exhibiting non-

progressive disease phenotypes and limited neurological disability 

(Wiesel et al., 2000: 240-243, Enck, Van Der Voort & Klosterhalfen, 

2009: 1133-1141). Complementarily, abdominal massage has shown 

beneficial effects on constipation severity and overall symptom 

burden in MS patients (Mcclurg et al., 2010: 223-232). 

Disorders of intestinal motility, including stasis and 

gastroparesis, are believed to facilitate increased absorption of 

luminal contents, including microbial toxins. This hypothesis is 

corroborated by robust evidence indicating that gut stasis leads to 

heightened intestinal permeability and systemic bacterial 

translocation (Somlyo & Somlyo, 1994: 231-236, Yacyshyn et al., 

1996: 2493-2498, Nathens & Marshall, 1996: 386-391, 

Nieuwenhuijzen & Goris, 1999: 399-404, Hierholzer et al., 2001: 

230-241). The resultant liberation of toxic microbial metabolites 

exacerbates mucosal disruption, thereby further compromising 

barrier function (Chieveley-Williams & Hamilton-Davies, 1998: 81-

110, Overhaus et al., 2004: G685-G694,  Swank & Deitch, 1996: 

411-417, Zheyu, Qinghui & Lunan, 2007: 1389-1396 ). 

Concurrently, alterations in the gut microbiome have been 

implicated in the pathogenesis of various neuroimmune and 

neurodegenerative disorders, notably MS (Wang & Kasper, 2014: 1-

12, Wolfson & Talbot, 2002: 352-353). In RRMS, both active and 

remission phases have been associated with significant gut dysbiosis 



--46-- 

(Chen et al., 2016: 1-8). Supporting this, paediatric cohorts 

diagnosed with MS within two years of onset exhibited elevated 

proportions of Gram-negative bacteria, potentially linked to 

neurodegenerative mechanisms (Tremlett et al., 2016: 1308-1321). 

Furthermore, emerging data suggest that gut microbial composition 

influences the permeability of the BBB, a central feature in MS 

pathophysiology (Braniste et al., 2014: 1-8). 

The gastrointestinal tract of both humans and animals 

harbours a complex ecosystem of commensal microbiota, which 

includes numerous Gram-negative bacteria that produce endotoxic 

constituents such as lipopolysaccharides (LPS)—a principal 

component of the outer membrane of these microorganisms 

(Poltorak et al., 1998: 2085-2088, Harmsen & De Goffau, 2016: 95-

108). Elevated levels of LPS within the gut microbiota have been 

implicated in enhanced systemic translocation of LPS, primarily 

through inflammation-induced disruption of intestinal barrier 

integrity (Jiang et al., 2016: 1-17). 

Systemically, LPS is detected by LPS-binding protein 

(LBP), which facilitates its delivery to the surface of various immune 

and endothelial cells. Here, LPS forms a ternary complex with 

CD14, a pattern recognition receptor that disaggregates LPS 

micelles into monomeric units and promotes their transfer to the 

TLR4/ Myeloid differentiation factor (MD)2 complex. MD2, a 

secreted extracellular glycoprotein, functions as an essential adaptor 

in the TLR4-mediated recognition of LPS. Subsequent activation of 

the TLR4/MD2 complex leads to the stimulation of NF-κB 

signalling cascades, culminating in the transcriptional upregulation 

of pro-inflammatory cytokines, including TNF-α (Schumann et al., 

1990: 1429- 1431, Dunzendorfer et al., 2004: 1166-1170, Da Silva 

et al., 2001: 21129-21134, Akira & Takeda, 2004: 499-511, Chow 

et al., 1999: 10689-10692, Buchholz & Bauer, 2010: 232-243, 

Zhang & Ghoah, 2000: 453-457, Kawai & Akira, 2010:373-384). 
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The role of the pineal gland and its neurohormonal output, 

melatonin, in modulating LPS-induced signalling remains 

contentious. Several studies have demonstrated that melatonin can 

attenuate the LPS–CD14–TLR4 pathway, notably in bovine 

mammary epithelial cells, where it downregulates LPS-stimulated 

production of TNF-α, IL-1β, and IL-6 (Yu et al., 2017: 1). 

Conversely, pinealocytes themselves express both CD14 and TLR4, 

rendering them responsive to circulating LPS, which activates NF-

κB signalling and suppresses melatonin biosynthesis via TNF-α 

induction (Da Silverira et al., 2010: 183-192). 

Given that CD14 serves as a principal surface receptor for 

LPS on monocytes/macrophages (Wright et al, 1990: 1431-1433), 

subsequent investigations have demonstrated that melatonin may, 

under certain conditions, enhance the secretion of IL-1 both in vitro 

and in vivo (Morrey et al., 1994: 1671-1680, Pioli et al., 1993: 463-

467), and elevate TNF-α and IL-6 levels in vivo (Pioli et al., 1993: 

463-467, Barjavel et al., 1998: 27-35). These findings collectively 

support the hypothesis that LPS derived from intestinal microbiota 

may trigger neuroinflammatory cascades via activation of pineal 

NF-κB signalling, resulting in elevated TNF-α production and 

inhibition of melatonin synthesis. 

The global epidemiological distribution of MS reveals a 

pronounced latitudinal gradient, with higher incidence observed in 

regions of diminished UV exposure. This pattern has prompted 

substantial interest in the putative protective effects of solar 

radiation against MS pathogenesis. A recent investigation provided 

compelling evidence that regional UVB radiation levels inversely 

correlate with MS prevalence, implicating ultraviolet exposure as a 

modifiable environmental risk factor (Orton et al., 2011: 425-429). 

This observation is further substantiated by meta-regression 

analyses (Koch-Henriksen & Sørensen, 2010: 520-532) and 

incidence-based studies (Alonso & Hernán, 2008: 129-133), which 



--48-- 

suggest a possible sex-specific influence of UVB exposure on MS 

risk. 

Experimental data have shown that UVB irradiation 

ameliorates disease severity in EAE, a well-established animal 

model of MS, through mechanisms that appear to be independent of 

VitD synthesis (Wang et al., 2013: 81-85). While hypovitaminosis 

D is frequently documented in MS cohorts, definitive evidence 

supporting VitD supplementation as a prophylactic intervention 

remains inconclusive (Hart, Gorman & Finlay-Jones, 2011: 584-

596, Kampman et al., 2012: 1144-1150, Rosjo et al., 2015: 2713-

2721). Notably, therapeutic benefit appears contingent upon 

concurrent elevation of serum calcium levels (Cantorna, Humpal-

Winter & Deluca, 1999: 1966-1971). 

To further elucidate the role of UVB in MS modulation, 

Irving et al. reported a 74% reduction in EAE incidence following 

UVB exposure (Irving et al., 2017: 1-6). As UVB photons catalyse 

cutaneous production of cholecalciferol (Holick, 2008: 1-15), the 

same study identified a UVB-induced upregulation of skin cis-

urocanic acid, a histidine metabolite. Interestingly, pharmacological 

elevation of cis-urocanic acid in the absence of UVB failed to alter 

disease trajectory, indicating UVB-specific effects (Irving et al., 

2017: 1-6 ). 

Moreover, cis-urocanic acid has been demonstrated to 

attenuate the severity of colitis, a chronic inflammatory disorder of 

the bowel (De Schepper et al., 2007: 195-201). It is noteworthy that 

experimental colitis has been associated with delayed gastric 

emptying and the onset of colitis-induced gastroparesis (De 

Schepper et al., 2007: 195-201). In this context, epidemiological 

data reveal a higher susceptibility to gastroparesis among females 

(Gangula, Sekhar &, Mukhopadhyay, 2011: 2520-2527), which 

parallels the threefold higher incidence of MS in women compared 
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to men. These observations collectively suggest that gastroparesis 

may serve as a potential contributory factor in MS pathogenesis.
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