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Simple Summary: This review investigates the extended role of vitamin D beyond its
traditional association with bone health, focusing on its influence on brain-related disor-
ders. It highlights vitamin D’s involvement in regulating oxidative stress, inflammation,
and anti-apoptotic pathways within the brain, with lower levels being linked to several
neurological diseases. Vitamin D shows promise in reducing the risk or progression of
neurodegenerative conditions through various protective mechanisms. This review added
evidence from in vitro, in vivo, and clinical studies that demonstrate the positive effects
of vitamin D across a range of different neurological disorders. In conclusion, vitamin D
emerges as a potential neuroprotective agent with considerable relevance to human health.

Abstract: Vitamin D (VD), an indispensable micronutrient renowned for its pivotal role in
bone health, is increasingly recognized as a frontline therapy for bone-related disorders
owing to its involvement in maintaining calcium/phosphorus levels. Beyond these benefits,
VD exhibits a modulatory impact on redox imbalance, inflammation, and anti-apoptotic
pathways implicated in brain-related disorders. Recent findings reveal a notable decrease
in VD and its receptor expression in the cerebrospinal fluid of individuals with brain
diseases, indicating a positive association between VD levels and normal brain function.
Moreover, emerging reports underscore VD's potential in mitigating the pathophysiology
of neurodegenerative diseases, including memory and motor impairments, mitochondrial
dysfunction, and neuronal loss. Extensive in vitro and in vivo studies elucidate VD’s
multifaceted neuroprotective mechanisms, effectively mitigating neuronal damage and ATP
deprivation, thus reducing mortality and morbidity. This review comprehensively examines
VD’s diverse attributes, encompassing antioxidative, anti-inflammatory, anti-apoptotic,
and neurogenic effects. It provides contemporary insights into VD’s efficacious actions
at appropriate doses and exposures across diverse neurological experimental models.
Furthermore, the clinical relevance of VD in treating patients with neurological diseases is
explored. Overall, this review contributes to the exploration of potential neuroprotective
agents and holds promise for improving human health outcomes in the future.
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1. Introduction

Vitamin D (VD), an essential steroid of our body, is crucial for maintaining the calcium
and phosphorus levels for healthy bones [1]. In addition to this activity, VD still needs an
immense investigation due to its involvement in the regulation of other essential biological
and physiological machinery of different organs in the body. According to studies, the
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brain, in particular, expresses high levels of VD receptors and enzymes in different regions,
which is necessary for its metabolism, indicating its importance in the neurodevelopment
process and essential functions [2]. Many researchers have established correlations between
VD levels and various brain-related pathologies, including motor dysfunction, dementia,
and anxiety, with alterations in specific brain regions contributing to these conditions [3,4].
Similarly, a study confirmed the inverse relationship between VD levels and the incidence of
dementia and motor dysfunction, highlighting the potential implications of VD deficiency
in the aging population [5,6]. A recent study has shown significant concentrations of
VD metabolites in different brain regions, like the hippocampus and substantia nigra,
play a prominent role in the regulation of memory formation and motor coordination [7].
Furthermore, a study confirmed that VD supplementation has been demonstrated to
enhance memory processes and mitigate motor function impairments. Anxiety, particularly
prevalent in those with reduced VD levels in the prefrontal cortex, further illustrates VD’s
multifaceted role in mental health [8]. Body weight changes in VD-deficient individuals
also raised the possibility of VD involvement in hypothalamic function regulation [9].
According to a study by Zhu et al., 2018, it was shown that VD supplementation for
6 months in VD-deficient patients reduced anxiety but not depression symptoms [10].

Hence, a number of studies are available that confirm VD’s impact on the onset
and development of symptoms in brain-related disorders like Parkinson’s, Alzheimer’s,
Huntington’s, etc [11-13]. Not surprisingly, a number of available recent clinical and
preclinical reports also documented the association of VD deficiency severity with the onset
of different neurological illness symptoms [14]. In this regard, the purpose of this review is
to summarize the current information on VD’s role as an effective therapeutic invention
for the regulation of prominent causative mechanisms management and increasing the
understanding of VD use for curing different neurological disorders at preclinical and
clinical levels.

2. Metabolism of VD

Knowledge of VD metabolism is very important to better understand the mecha-
nism of action (Figure 1). VD is a fat-soluble sterol occurring in ergocalciferol (VD2) and
cholecalciferol (VD3) forms. VD2 is essentially found in plants, and VD3 is formed in
the human skin by a photochemical reaction using ultraviolet B light [15]. For the active
form, it undergoes two enzymatic hydroxylation reactions. Firstly, it is transported to
the liver with the help of a carrier protein, and here, it is hydroxylated into 25(OH) D or
calcitriol by the vitamin D-25-hydroxylase (CYP2R) enzyme. Calcitriol is again transported
in the kidney for the second hydroxylation step and converted into the biologically active
form 1, 25-dihydroxyvitamin D (1, 25(OH) 2D) or calcitriol by 25(0OH) D-1-OHase alpha
hydroxylase enzyme (CYP27B1). Recent evidence suggests that the kidney is not the only
organ where the second-step hydroxylation occurs. The enzyme involved in hydroxylation
is also present in keratinocytes, monocytes, macrophages, osteoblasts, prostate, and colon
cells [15,16]. Recently, the presence of CYP27B1 enzyme has also been confirmed in the brain.
The circulating 25(OH) vitamin D form easily enters neuronal and glial cells by crossing
the blood-brain barrier and is converted to the biologically active 1,25-dihydroxyvitamin
D (1, 25 (OH) 2D) form. Another study confirms that the level of active form of VD in the
brain is maintained by another catabolizing enzyme, Cytochrome P450 family 24 subfamily
A member 1 (CYP24A1). CYP24A1 is involved in the conversion of 1, 25 (OH) 2D into the
inactive calcitroic acid form [16]. Evidence suggests that mRNA expression of CYP24A1 has
been increased with 1, 25 OH VD level change in the glial cells [17,18]. Thus, culminating
the above clues reveals that 1, 25(0OH) 2D is formed in multiple organs, including the brain,
for specific functions and is regulated in an autocrine manner.
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Figure 1. VD metabolism and functions: In the skin cells, UV-B light exposure from the sun induces the
conversion of cholesterol to pro-vitamin D forms. Pro-vitamin D enters the liver and is converted into
25 hydroxy-vitamin 3 (cholecalciferol) via the 25-hydroxylase enzyme. This is the first hydroxylation
step of active form vitamin D synthesis, and it is also taken from external food sources. The second
step of hydroxylation is initiated in the kidney by 1,x-25 hydroxylase enzyme and converted into
1,25 hydroxy-vitamin D, which is an active form of vitamin D. The active form binds with the vitamin
D receptor (VDR), enters the nucleus, and regulates the synthesis of antioxidant, anti-inflammatory
molecule, Ca*™ homeostasis, neurotransmitter, mitochondrial, and developmental genes via the
relevant specific gene transcription machinery activation. The active form of VD is regulated by
kidney resident Cyp24A1l and A4 enzyme by feedback mechanism activation.

3. Action Mechanism of VD

VD action is exerted by the nuclear or plasma membrane VD receptor (VDR). As with
the VD hydroxylation enzyme, the gene encoding the receptor for VD is present in many
tissues and functionally involved in 3% of human genome regulation. The presence of
VDR mRNA expression has been confirmed in different regions of the brain, including
the hippocampus, cerebellum, astrocyte, and oligodendrocyte [19]. The importance of VD
in the regulation of different aspects of brain development, differentiation, and cellular
machinery is significantly defined by its expression presence [20]. It behaves like a hormone
and performs genomic and non-genomic functions. The receptor belongs to the nuclear
family with DNA binding domains and is involved in the genomic action of VD. After
binding, it is translocated into the nucleus and binds with the VD response element (VDRE)
in the promoter region, leading to the transcription regulation of certain genes that are
involved in the neurogenesis and survival of the neurons (Figures 2 and 3). On the other
hand, in non-genomic action, VD is involved in the regulation of redox imbalance, release of
inflammatory molecules, and inhibition of apoptosis in different neurological conditions [2].
The different aspects of VD are discussed in later sections.
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Figure 2. VD-mediated regulation of causative factors in different neurological conditions. Oxidative
stress, mitochondrial dysfunction, ER stress, inflammation, and apoptosis in neuronal cells unleash
the aging process as a consequence of the onset of Alzheimer’s, Parkinson’s, Huntington’s, ALS, and
schizophrenia diseases. VD normalizes the process of these causative agent mechanics and reduces
the chances of disease onset and pathogenesis in the brain.
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Figure 3. Probable mechanisms involved in the onset and pathogenesis of different neurological
diseases and their regulation by VD: In neurological disease conditions, VD deficiency occurs and
induces oxidative stress, which is ultimately linked to mitochondrial dysfunction. Mitochondrial dys-
function is the cause of ATP depletion, reduced mitochondrial complex activity, and mitochondrial
membrane permeability disruption. As a result of the disruption of membrane permeability, this
decreases the affinity of cyt ¢ with the inner mitochondrial membrane and promotes the release of
cyt c in the cytosol from mitochondria. Cyt c induces the apoptosis process protein via the cleavage
of pro-caspase-3 to caspase-3, and the loss of neuronal cells occurrs. Mitochondria also regulate the
balance of Ca*? in the cytosol and mitochondria, and due to impairment in the normal function
of mitochondrial activities, this decreases the CaMKII/CREB/BDNEF pathway, and eventually, the
event of memory loss is initiated. In addition, oxidative stress involved in ROS formation by the
mitochondrial respiration alteration or other components of the body, like NADPH oxidase, regulate
mitochondrial biogenesis and mitochondrial fission through the AMPK and PGC-1 pathways. ROS
induce inflammation via the activation of the NFkB pathway, which is also with the apoptosis of
neuronal cells. On the other hand, the induction of the MAPK pathway by excessive ROS gen-
eration also participated in the neurodegeneration process by apoptosis induction. Abbreviation:
TNF« = tumor necrosis factor, IL6 = interleukin-6, Cyt ¢ = cytochrome ¢, CREB = cAMP-response
element binding protein, CaMKII = calcium/calmodulin-dependent protein kinase II, PGC1 = per-
oxisome proliferator-activated receptor-gamma coactivator 1, Drpl = dynamin-related protein 1,
ATP = adenosine triphosphate.
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3.1. VD and Oxidative Stress

An imbalance of redox in the cells is a situation where the generation of reactive oxygen
species (ROS) is enhanced in relation to the antioxidant present. A recommended level
of ROS is mandatory inside the cells because of its role in the regulation of proliferation,
differentiation, and survival processes, but its generation beyond the level promotes the
necrosis and death mechanism of the cells. Increased ROS levels promote oxidative damage
through the oxidation of proteins, lipids, and DNA molecules [21,22]. The concluding
remarks of the available studies have evidenced that enhanced levels of oxidized proteins
and lipids because of imbalanced redox play a crucial role and are considered an early
event in various neurogenerative diseases [23]. From this point of view, the antioxidant
potency of VD has drawn keen attention for the management of redox imbalance. A much-
debated question is whether VD acts directly on the disposition of free radicals or indirectly
by activating essential pathways for neuroprotection. This area is not fully studied in
the pathologies of different neuronal disease conditions. The proof of a direct impact
rests on the fact that VD hampers the production of ROS and prevents their hydroxyl
donor [24]. A study confirms that the effect of VD on ROS and OH has been increased with
the presence of progesterone steroid hormone [25]. VD also affects metal-induced Fenton
reactions and ROS formation. VD pretreatment significantly reduced lipid peroxidation
and apoptotic protein release in iron-treated locus coeruleus of rat brains [26]. Iron-related
oxidation and accumulation of ferric iron in the neuronal cells are also prevented by VD
administration [27]. In a similar way, VD also reduced ROS formation and cell death in
zinc-exposed cortical neuronal cells [28]. On the other hand, the indirect impact of VD on
oxidants is also studied. A study suggests that VD promotes the survival of the cells by
enhancing sodium dismutase, glutathione peroxidase, and catalase antioxidant enzyme
activity in the hippocampus region of rat brains [29]. Nrf2, a prominent, well-known
transcription factor for antioxidant enzyme synthesis, has been enhanced by VD treatment
in the striatal region of rat brains [30]. Thus, the above evidence cumulatively proves the
efficacy of VD as an antioxidant in different neurological disease conditions.

3.2. VD and Inflammation

Inflammation in the neuronal cells is believed to be a key driving force in the onset
and progression of neurodegenerative diseases. It is triggered by the over-activation of
innate immune response cells, including microglia or astrocytes, in response to protein
misfolding or other environmental stress and diverts it from the beneficiary function to the
sustained release of pro-inflammatory molecules [21]. In addition to the antioxidative effect,
a recent study also confirmed that VD has the potency to slow down the inflammatory
storm that ultimately leads to reduced neuronal loss [31]. VD decreased the activation of
NFkB transcription factor and related protein interleukin-6 (IL-6), IL-1$3, and tumor necrosis
factor (TNF-«) in the different cell types, suggesting the neuroprotective mechanism [32].
Interestingly, in transgenic 5XFAD Alzheimer’s mice, VD reduced the marker of activated
microglia and iba-1 and TNF-« protein in the cortex and hippocampal regions of the
brain [33]. Reduced mRNA expression of IL-6, IL-13, and TNF-« and p62 were also
reported in the LPS-induced inflammatory rat models [11]. Moreover, a recent study
suggested that modulation of the inflammasome/ caspase-1 pathway also plays a significant
role in inflammation-induced neuropathogenesis. A study confirmed that inflammasome
signaling regulating NLR family pyrin domain containing 3 (NLRP3) protein interacts
negatively with VDR. VD supplementation inhibits the oligomerization of NLRP3 with
Lys-36-specific deubiquitinase (BRCC3) protein for activation and optimizes the signaling
toward the normal range in the LPS-induced model [34]. Still, more studies are required to
explore the mechanism, but it appears to have a hugely affirmative action on inflammation.
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Collectively, evidence confirmed that neuroinflammation is a very well-known mechanism
related to neurodegeneration, and thus, VD could be used as a valuable tool and therapy in
this area for cure.

3.3. VD and Apoptosis

The mechanism of apoptosis is an empirical event that occurs in most neurodegener-
ative diseases. Two types of pathways of the apoptosis mechanism are studied in stress
conditions. The first is the mitochondria-mediated pathway, known as the intrinsic path-
way, and the other one is a receptor-mediated pathway, known as the extrinsic pathway [35].
The mitochondrial-mediated pathway is mostly studied in neurological disease conditions.
Nevertheless, the information about the extrinsic apoptotic pathway is comparatively
limited. In the intrinsic pathway, various proteins, such as Bax, Bcl2, cytochrome c, and
caspase-3, are participants [36]. In this regard, understanding the anti-apoptotic action of
VD will be of keen interest, as it already confirms the number of disease conditions. A
recent study suggests that VD3 treatment in apoptotic neurons mitigates the enhanced
proapoptotic factor Bax level and the activity of caspase-3 [37]. In hypoxic HyCg cells,
VD significantly reduced TUNEL-positive neuron cell number [38]. VD administration
also inhibits impaired neuromuscular coordination, neuronal death, and DNA damage in
the hippocampus and serum of Alzheimer’s rat models [12]. It attenuates apoptosis and
oxidative stress in neurons and mesenchymal stem cells by upregulating the anti-apoptotic
protein Bcl [39]. It inhibits the ethanol-induced increased ROS level and increases Bcl-2
expression in murine HN9.10e hippocampus-derived cell lines and animal models [40]. VD
showed potency in regulating the alteration in mitochondrial function, including mitochon-
drial membrane potential, electron transport chain deficiency, ATP synthesis, and decreased
antioxidant enzymes, as well as halted the translocation of cyt ¢ and activation of caspase
in the Parkinson’s and ataxia rat models [41,42]. VD significantly inhibits the swelling in
mitochondria and increases VDAC, hsp60, and caspase-3 expressions and cell death in
6-OHDA-administered rats [43]. Caspase-3-mediated cell death in cerebral ischemia is also
inhibited by VD treatment [44]. VD is essential for mitochondrial structural integrity, Ca*?
homeostasis, and neuritic regeneration in the dorsal ganglial neurons of ataxia disease mod-
els [43]. LPS-induced mitochondrial ROS level, activation of the c-Jun N-terminal kinases
(JNK) pathway, cleavage of caspase-3, and death in cortical and glial primary culture cells
were mitigated by VD treatment [45]. A number of studies are available to confirm the anti-
apoptotic potency of VD in cell culture and rodent model studies. It reduces the generation
of f-amyloid and synuclein aggregation in the brain region of AD and PD models of rats,
respectively, by showing the nature of anti-apoptosis [12,41]. Though several reports have
shown the anti-apoptotic effect of VD on the mitochondria-mediated apoptotic pathway,
studies are still required to investigate its effect on the extrinsic apoptotic pathway [46]. In
addition, autophagy is also one of the cell death processes occurring in the progression of
pathogenesis of neurological diseases, and such mechanisms are genetically governed and
conserved evolutionarily to regulate the fate of cells. The process of autophagy is intimately
interconnected with the apoptotic mechanism by the regulation of some apoptotic proteins,
such as Bax and Bcl2 [47]. Another study has shown that VD downregulates autophagy
by increasing the expression of Bcl, and Bcl.y, proteins in the cortical region of ischemic
brains [38]. VD significantly reduces the LCII/LC1 ratio and restores autophagy influx
with the help of the phosphoinositide 3-kinases (PI3K)/AKT pathway in the cortical region
of the traumatic brain injury model of rats [48]. Thus, the above finding confirmed the
prominent role of VD in apoptosis regulation and opens the door to the search for effective
drugs to halt the process of neuronal cell death in neurological diseases.
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3.4. VD and Neurotrophins

Neurotrophins (NGF, GDNEF, NT1, NT2), essentially expressed in the brain cells, are
growth factors and are involved in the growth, development, neurotransmission, and
synaptic plasticity of neurons. Because of their versatile function in normal brain function,
alterations in the expression of different neurotrophins have been studied in neurological
disease conditions and are correlated with the degeneration of neurons. Recently, studies
have confirmed VD involvement in neurotrophin expression at gene and protein level and
function. In a study, VDR silencing in the primary cortical neuron caused a significant
decrease in nerve growth factor (NGF) expression [49]. Another study suggests that VD
supplement in the hippocampal region of rat brains significantly enhances the production
of NGF [50]. PI3K/tropomyosin receptor kinase B (Irkb) signaling is a major regulator
of neurogenesis and NGF expression. In the HD mice, VD-mediated enhancement of
Trkb, PI3K, and NGF expression has been reported. In PC12 cells, htt gene expression has
been modulated by the NGF, and its reduction increases htt expression, which suggests
the possible neuroprotective mechanism of VD in HD. GDNF, an essential component of
dopaminergic neural differentiation and survival, has also been linked to VD because of
broader trophic action in developing adult brains. A study confirmed that VD significantly
enhances the growth-derived nerve factor (GDNF), brain-derived nerve factor (BDNE),
and neurotrophin-type 3 (NT3) expression in neuronal stem cells [51]. Cultured mesen-
cephalic neuronal cells, prominently used for the dopaminergic neuron studies, showed
a significant increase in GDNF expression with dopamine neuron (DA) numbers after
VD treatment [52]. In addition to NGF modulation, VD-mediated enhancement in the
expressions of neurotrophin-3 and -4 has also been confirmed in neuroblastoma cells. Thus,
the above information advocates for the beneficial effect of VD on neurotrophin function
modulation and suggests a way to be used as an effective agent in brain-related alterations.

4. VD Treatment in Neurodegenerative Diseases

The term neurodegeneration is related to the loss of neurons participating in motor,
sensory, and cognitive functions. The selective neuronal cell vulnerability is one of the
most notable features of every neurodegenerative disease, including Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, and schizophrenia.
The main etiology behind each neurodegenerative disease is the presence of oxidative stress,
inflammation, apoptosis, and reduction in neurotrophin levels in the brain [20,53]. These
hypotheses are considered in view of being able to account for cumulative complications
linked with the onset and progressive nature of these disorders. Understanding the extent
and the link among these factors may lead to the discovery of effective pharmacological
interventions that interfere with such a series of pathological events (Figures 2 and 3). In
this context, VD grabbed the researchers’ attention to look into its remedial impact on
neurodegenerative diseases (Table 1). In this section, we include information about the
effect of VD on different neurological disease conditions.

4.1. VD and Alzheimer’s Disease (AD)

AD is one of the most common, devastating neurodegenerative disorders, with pro-
gressive deficit of memory and cognition dysfunction affecting elderly people around the
world. Accumulated extracellular senile plaques and intracellular neurofibrillary tangles in
the brain are the main hallmarks of AD. Senile plaques, made up of the aggregation of amy-
loid beta, are considered an early event in the pathogenesis of AD. At the molecular level,
oxidative stress, mitochondrial dysfunction, inflammation, impaired neurotransmission,
and metabolic changes are measured as a significant cause of AD onset and its pathogenesis.
From this point of view, a medication that reduces these factors may have a potency in
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blocking the onset and progression of this disease. Currently, donepezil, the only drug
available on the market, is used for the cure of AD pathogenesis, but it has some limitations
because of the action on AchE level normalization only. AD is a multifactorial disease
that suggests that optimization of a single factor is not sufficient for efficient therapy. This
advocates the reason for the failure of donepezil and raises the concern of searching for
new effective drugs for the complete cure of AD pathogenesis. On consideration of these
points, studies suggested that drugs that have efficacy in acting on more than one factor
might be more efficient as therapy. In this regard, the antioxidative, anti-inflammatory, and
anti-apoptotic nature of VD has been confirmed with different doses at the preclinical level
in multiple studies. A study confirmed that 100 pug/kg VD supplementation for 4 weeks in
mice significantly reduces Ap aggregation by increasing Nrf2 and HO-1 expression [32].
Another study by Karin et al., 2020 [54], suggested that VD deficiency positively correlated
with the induction of oxidative stress, inflammation, and apoptosis. VD administration
twice a day for 4 weeks at a 1 ug/kg dose reduced MDA content and IL-6, Af3, and tau
protein levels in the LPS-induced rat model of AD [55]. Improved mitochondrial complexes
activity, decreased NFkB, IL-1f3, IL-6, and TNF-« levels, and reduced microglial activation
were reported after 42 IU/kg VD administration in STZ-induced AD in rats [56]. Studies
confirmed that oxidative stress and inflammation are the primary biochemical changes
that have been linked with survival, synaptic transmission, and memory deficit in AD. In
this line, VD also acts on the reduction of survival, synaptic transmission, and memory
deficit in AD. A study has confirmed that 1000 and 10,000 IU/kg VD administration for
2 weeks significantly normalizes the alteration in memory related to Morris water maze
behavior by the enhancement of BDNF expression in the hippocampus of STZ-induced
AD rat brains [57]. Another also suggested that 500 IU/kg VD supplementation in the
AD rats increases BDNF, SOD, CAT, and caspase-3 protein expressions [58]. The level of
acetylcholine neurotransmitter, vital for memory formation, is reduced in the brain of AD
because of over-activation of the acetylcholine esterase enzyme [59]. Administration of
42 and 125 pg/kg of VD in an in vivo model of AD rats significantly restored the level of
acetylcholine by downregulating the overactive action of acetylcholine esterase enzyme [60].
Furthermore, in the in vitro cell line studies represented, VD reduced the Af-induced cell
death mechanism in various cellular models of AD, such as mouse N2A cells, SH-SY5Y
cells, and PC12 cells. Studies in mice cortical primary neuronal cell models suggested that
VD at 1 nm dose for 48 and 72 h enhanced the activity of SOD, CAT, aGST, GSH, and NGF
levels [61]. VD exposure to N2A cells at 100 nm reduced A3 and processing enzymes [62].
It blocks the enhanced expression of the intrinsic mitochondrial component of apoptosis-
related proteins [40]. VD decreases the release of cyt ¢ protein from mitochondria to cytosol
and promotes cell survival. Decreased Bax, caspase-3, and parp-1 protein expressions were
examined in the in vitro study after VD supplementation. Overall, the above facts reveal
that VD offers an efficient action to halt AD pathogenesis by its pleiotropic effect.

4.2. VD and Parkinson’s Disease (PD)

Parkinson’s disease is the most common neurogenerative disease next to AD, affecting
1-2% of people above the age of 65 years. It is mainly characterized by motor and non-motor
neuron symptoms, including rigidity, bradykinesia, amnesia, depression, etc. Clinically,
it is diagnosed by the reduction in dopamine levels because of the loss of dopaminergic
neurons in the substantia nigra region of the brain [63]. Oxidative stress, mitochondrial
function alteration, impaired dopamine metabolism, inflammation, and excitotoxicity are
considered the possible etiology of PD [64]. Currently, a number of therapeutic drugs have
been available for managing PD patients on the preclinical level, but at the clinical level,
limited drugs have been studied. Levodopa, one of the most popular drugs, has been
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used for the treatment of PD and has some limitations. In spite of better efficacy, it is also
noteworthy that it does not reduce the progression of the disease and symptomatic and
non-symptomatic motor disability. Because of multiple side effects, some other drugs, such
as MAOQ inhibitors, have been used for the reduction of Levodopa toxicity in PD patients. In
this context, the search for effective drugs to cure the disease is still needed. In experimental
PD models, VD has been represented to exert a neuroprotective effect in catalepsy animal
models treated with rotenone and a 6-OHDA model [65]. VD mitigates the alteration in
motor and cognitive function by inhibiting the phosphorylation and aggregation of SNCA
proteins [66]. In a mouse model of PD, VD slows down cognitive alterations after exposure
to the 6-OHDA model [67]. It normalizes the motor coordination function of PD, confirmed
by the rotarod, open field experiments with enhancement of TH, DAT, and antioxidant
proteins. Five to six months of VD supplementation at doses of 100, 1000, and 10,000 IU/kg
ameliorated the haloperidol-induced impairment in learning and spatial type of memory
assessed by the water maze in a rat model [68]. Supplementation of VD at 5-20 uM dose for
24 h has the potency to modulate the autophagy by the activation of the AMPK pathway
and block mitochondrial function alteration and its related neurodegeneration mechanism
in rotenone-exposed SH-SY5Y cells [69]. These results indicate that VD could be a potential
therapeutic alternative for PD and illustrate the need for further research.

4.3. VD and Huntington’s Disease (HD)

HD is an autosomal-dominant inherited neurogenerative disorder caused by the CAG
sequence expansion in exon 1 of the huntingtin gene. It is an early-onset disorder generally
occurring in people 3040 years of age. Clinically, it is diagnosed by the accumulation of
aggregated htt proteins to itself or with other cellular proteins in the brain that eventually
impair normal neuronal function, which eventually leads to the loss of neurons [70].
According to accumulating reports, it initially affects the striatum region of the brain.
After that, the cortex region is found to be affected. Oxidative stress, inflammation, and
mitochondprial function alteration are suggested as a possible cause of neuronal damage
and loss of neurons in HD [71]. No effective drug has been available to cure the progression
of HD pathogenesis. From this point of view, the search for an effective drug to halt HD
symptoms is still needed. There are not many studies on understanding the effect of VD on
HD at the preclinical level, but some available reports show VD as a notable neuroprotective
compound in in vivo, in vitro, and alternative models of HD studies [72]. Striatal cells
extracted from the 3-NP-infused mouse model of HD brain showed a significantly improved
locomotory deficit by the normalization of SOD, CAT, and GPx antioxidant genes and
survival BDNF and NGF gene expression after 500 IU VD supplementation for 15 days.
Another study also suggested that a higher dose of VD administration (12,000 IU/kg for
5 days per week) significantly increases the survival of N171-82Q HD transgenic mice,
but no effect was observed on motor-related impairments [13]. The conclusive result of
these studies suggested that VD might have shown effective action to slow down HD
pathogenesis, but more studies are still needed to better illustrate its positive actions.

4.4. VD and Amyotrophic Lateral Sclerosis (ALS)

ALS is a fatal neurological disorder with an elusive etiology, characterized by upper
and lower motor neuron damage. According to the previous literature, oxidative stress,
neurochemical imbalance, mitochondrial defects, and genetic mutations seem to be possible
causes of ALS [73]. Currently, no drugs are available on the market to cure this disease.
In this context, research is going on in the same field, and drugs are tested to pave the
effective remedy. However, studies confirm VD level reduction in ALS, but studies on
VD supplementation-mediated regulation of ALS pathology are very limited [74]. In a
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genetic mouse model of ALS, the model confirms that VD supplementation at 1 IU/g for
113 days reduces the early severity of disease and increases the time of disease onset [75]. In
addition, supplementation of a low VD diet increases the vulnerability and progression of
disease in the G93A mouse. In culture neurons, the active form of VD addition at a 100 nm
dose significantly potentiated the neurotrophic factor and reduced the Fas-induced death
in cells [76]. Another study suggests VD supplementation at 10 and 50 IU/g/day reduces
motor deficit and muscle weakness in the genetic model of mice [77]. In this regard, the
above studies conclude that VD might represent a positive effect on ALS pathogenesis in
different models and need the attention of researchers to conduct more studies to better
understand VD use as a better therapeutic option for ALS in the future.

4.5. VD and Schizophrenia

Schizophrenia is a neuropsychiatric disorder, essentially characterized by hallucina-
tion, delusion, anxiety, forgetfulness, and social withdrawal. Clinically, it is only diagnosed
by an imbalance in neurotransmitter levels in the different regions of the brain. A num-
ber of studies have also classified this disease at later stages in the neurodevelopment
disorder category. The factors associated with a rise in symptoms of SCZ are oxidative
stress, inflammation, mitochondrial dysfunction, and neurotrophin level impairment. A
number of antipsychotic drugs are used for the reduction of SCZ symptoms, but because of
some limitations, research is still needed for an effective drug search. In this regard, VD
grabs attention as an effective intervention against SCZ because of its significant potency
in the regulation of risk factor modulation and normal brain health. Studies confirm VD
deficiency in SCZ at both preclinical and clinical levels. A study by Nwosu and Kum-Nji,
2018, suggested VD level imbalance in the serum of children 3-17 years of age by second-
hand exposure to nicotine administration [78]. Studies also confirmed the association of
glutaminergic and dopamine receptor gene modulation with VD deficiency in a number
of schizophrenic models [79]. A study by Wu et al., 2021, confirmed that 10,000 IU/kg
VD administration in C57BL/6 mice significantly reduced anxiety levels by modulating
the NR2A subunit of the glutaminergic receptor after nicotine exposure [8]. To reach a
directional conclusion in understanding the effect of VD administration in the context of
schizophrenia disease reduction at the preclinical level, more studies are still needed.

Table 1. Different doses of vitamin D used in preclinical studies of neurodegenerative diseases.

Disease Type Experimental Model Administered Dose Mechanism References
Alzheimer’s Nrf2, HO protein GSH,
Albino rat 1 ng/kg, 4 weeks TNF«, GFAP, Ib-1, IL-10, MAPK, [80]

disease

Erk, Tau, A protein expression

SOD, CAT activity, GSH level

Wistar rat 42 1U/kg, 7 days TNF«&, NFkB protein, MDA, nitrite [56]

content level, AchE activity

SOD activity, working memory

Wistar rat 1 pug/kg, 14 days MDA content, cresyl violet [81]

H&E-positive cells

100, 1000 ..
. : ’ BDNEF level, SOD, CAT activity
Wistar rat 10,000 IU/kg, MDA, NO, nitrite content [57]
3 weeks
TAC, thiol,
. 5 ug/kg/day, spatial memory,
Wistar rat 2 weeks DNA damage, [12]

MDA content
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Table 1. Cont.
Disease Type Experimental Model Administered Dose Mechanism References
VDR, MTHER, LCMT-1, PP2A,
SH-SY5Y cellsand  10% CCE in drinking p-TAU (Thr396), T-TAU protein [82]
ICR mice water, 21 days expression, methylated PP2A gene
expression
APPswe/PS1dE9 10,000, 12,000 IU /kg Ap, GFAP [83]
. 500, 1000, A, GFAP, MAP2 and nestin protein
5XFAD mice model 7500 IU / kg, weeks levels [84]
SXEAD mice model 1000, 7500 IU /kg, AR, Ibal protein [33]
4 weeks Level
Nrf2, HO, SYP,
SIRT-1, PD-95
. . protein levels
Albino mice 100 pg/kg, 4 weeks NF-kB, TNF-a, [32]
IL-1 protein
levels
Kung Ming mice 2.5 ug/kg, 14 days AB, LRF, RAGE, and VDR protein [85]
levels
Nrf2 and SOD, CAT activity, GSH
level
Wistar rat 1000 IU /kg NF-kB, TNF-«, [86]
IL-10 protein expression, MDA
content, and ROS level
APPswe/ PS1dE9 10,000 TU/kg AR, Ibal protein [87]
mice Level
1.0, 2.5, or 5.0 mg/kg, ..
OVXrats 14 days AP, CAT activity, GSH level [88]
Primary cortical SOD, CAT, GST activity and GSH
neuronal cell culture 1nM,72h level, NGF protein expression [61]
Longe Evans hooded Sphingosine kinase activity A3,
rats and CD1 mice, 100nM, 24 h S1P)/ceramide, p38MAPK/ATF4 [89]
SHSY5Y protein expression
Pa;ﬁ::;’: S SH-SY5Y 01,05,1,5,0r10nM  Calbindin-D28k (CB) and a-syn [90]
LC3, beclin-1,
AMPXK, caspase-3,
SH-SY5Y oI o bak, Bax, beclin, [69]
a © and mTOR protein
expression
. 0.2,1,and 5 pug/kg TH, LCII, beclin
C57BL/6 mice for 7 days mTOR, P62 level 1]
Cadherin, VDR protein level
HNO9.10e cells 100 nM GFAP, PPARY [40]
1 ne /ke/da TH GFAP, Iba-1, TLR4, iNOS,
Mice HE/KE/day, TGEF-B, IL-4, IL10, CD206, CD163, [92]

10 days

CD204 protein levels
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Table 1. Cont.
Disease Type Experimental Model Administered Dose Mechanism References
TH
GFAP, Iba-1,
TLR4, iNOS,
Mice 1 ”{50/ lég/ day, TGF-B, IL-4, IL- [61]
aye 10, CD206,
CD163, CD204
protein levels
TH, DAT, BDNF,
MAO-B
Mice 30 mg/kg, 7 days CD11b, IL-1 3, and [67]
p47phox protein
levels
TH, DAT, VDR3,
DA, DOPAC
levels,
Wistar rat 1 ug/kg VDS for TNF-« expression [93]
7 days o
and nitrite,
TBARS content
Level
100, 1000, Synaptogenein 1
Wistar rat 10,000 IU/kg, ynaprogenein & [68]
2 expression
6 months
. DA, DOPAC,
Wistar rat 1.0 ug/kg, 8 days HVA levels [65]
Respiratory
consumption,
SOD activity, TH,
Wistar rat 1 u1g4/ gg /:lay, DAT, VDAC and [43]
y HSP60 protein
Levels
H,0, production
Huntington’s 12,000 IU/kg, .
disease N171-82Q 101 days Lifespan [13]
Amyotrophic . .
lateral G93A mouse 11U/g, 113 days No change in grip stre.ngth, [75]
. movement motor activity
sclerosis
Primary cortical BDNF expression
y 100 nM Fas, caspase-3 [76]
neuron . .
protein expression
. . . 10,000 IU/kg, a7 nAChR
Schizophrenia C57BL/6 mice 42 days NR2A [8]

Abbreviations: Nrf2 = nuclear factor erythroid 2-related factor 2, HO = heam-oxygenase, 7 nAChR = alpha?7
acetylcholine receptor, BDNF = brain-derived growth factor, Hsp60 = heat shock protein 60, DAT= dopamine
transporter, VDAC = voltage-dependent anion channels, SOD = sodium oxidase dismutase, TH = thyroxine
hydroxylase, DA = dopamine, DPAC = 3,4-dihydroxyphenylacetic acid, GSH = reduced glutathione, TNF«x = tu-
mor necrosis factor, GFAP = glial fibrillary acidic protein, Iba-1 = ionized calcium-binding adapter molecule
1, IL-10 = interleukin 10, MAPK = map-associated protein kinase, Erk = extracellular signal-regulated kinases,
Ap = amyloid beta, NR2A = NMDA receptor 2A, H,O, = hydrogen peroxide, GDNF = growth-derived nerve
growth factor, MAO1 = monoamine oxidasel, CD11b = cell death receptor 11b, TLR4 = toll-like receptor4, NFkB=
nuclear factor kappa-light-chain-enhancer of activated B cells, MDA= malondialdehyde, AchE = acetylcholine
receptor esterase, PPAR = peroxisome proliferator-activated receptor, VDR = vitamin D receptor, PD-95 = postsy-
naptic density protein-95, SIRT1 = silent mating-type information regulation 2 homolog 1, mTOR = mammalian
target of rapamycin, LC3 = microtubule-associated protein 1A /1B-light chain 3, AMPK = AMP-activated protein
kinase, RAGE = receptor for advanced glycation end products.
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5. Clinical Relevance of VD’s Role in Neurodegenerative Diseases

Clinical evidence assessing the effect of VD supplementation ushered new hope in
paving effective drugs that have the potency to reduce the symptoms arising in neurode-
generative disorders. A number of studies have shown the positive effect of VD and have
drawn researchers’ attention to exploring more (Table 2). Some clinical studies also confirm
that VD has no influence on the course of neurological diseases with an absence of any side
effects. In this section, we summarize information on the available clinical evidence of VD
implemented in different neurological disorders to better comprehend VD use as a remedy.

51. AD

Evidence at the clinical level to check the efficacy of VD effect in AD patients is very
limited. Besides the limited literature on the VD effect in AD patients, a number of studies
have confirmed that AD patients suffer from lower VD levels [94]. A study of randomized
control, double = blind, and placebo-controlled trials confirmed that oral administration
of VD in combination with memantine for 24 weeks improved cognitive performance in
AD patients [95]. A recent study suggested that 6-month VD supplementation normalizes
cognitive impairment and reduces oxidative damage in 16 MCI patients.

5.2. PD

A study by Suzuki et al., 2013, suggested that VD supplementation at a 1200 IU dose
per day for a period of 12 months showed enhancement in the motor scores (H&Y stage,
UPDRS) for a short period in 58 patients [96]. A prominent phenotype visualized in PD
patients is balance problems and falls, which are major challenges to cure, even in the
presence of many non-pharmacological therapies against this type of deficit. A recent study
suggested that VD at a 10,000 IU/day administration for 16 weeks showed a positive effect
on balance deficit in a randomized, double-blind intervention trial of 58 patients.

5.3. HD

In the context of other neurodegenerative diseases, there are no studies available on
VD supplementation in HD patients. Besides the absence of VD supplementation studies,
VD insufficiency has been confirmed in HD patients. Evidence of a positive correlation of
VD insufficiency with cognitive and memory-related symptoms might suggest the use of
VD, due to better efficacy, as a potential candidate to reduce the course of pathogenesis in
HD patients.

54. ALS

Cumulative results of research studies have confirmed that ALS patients who suffer
from VD deficiency and VD supplementation are involved in the reduction of cognitive
decline. According to Karam et al., 2013, they reported that approximately 81% of patients
with ALS suffered from reduced VD levels, and after 2000 IU supplementation of VD for
9 months, they showed a significant change in the Amyotrophic Lateral Sclerosis Functional
Rating Scale (ALSFRS-R) score [97]. Another study suggested that VD deficiency has been
associated with the progression of disease and survival in an ALS patient cohort [76].
Cohort data of 33 ALS patients showed an improvement in VD serum levels after 75 and
100 IU VD supplementation for the month [98]. Some studies also describe VD as having no
effect on ALS patients. In a study by Libonati et al., 2017, it was suggested that VD did not
show any changes in ALSFRS score in 42-87-year-old male and female ALS patients [97].
Cumulative results of the available studies advocate that VD might have the potency to
alleviate symptoms of ALS and strengthen the need for more clinical studies to better
understand the VD effect.
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5.5. Schizophrenia

In addition to the preclinical level, researchers also confirm the association of VD
deficiency with neuropsychiatric disorders, and this grabs their attention to validate the
VD effect in neuropsychiatric patients. A mixed interpretation of meta-analysis, clinical
trials, and systemic studies are discussed here. According to Ghaderi et al., 2019, after
12-week VD interventions (50,000 IU) in schizophrenic patients (1 = 60), the VD level in
plasma increased, normalizing the impaired PANSS score. VD mediated a reduction in
MDA and increased the serum high-sensitivity C-reactive protein (hs-CRP) levels reported
in the plasma of patients [99]. This study also confirmed the metabolic profiling alteration
in the same patient, which was also significantly normalized by VD supplementation.

According to Fond et al., 2018, VD supplementation for 12 months also showed potency
to reduce anxiety- and depression-like changes in schizophrenic patients [100]. On the
other hand, according to Thakurathi et al., 2013, a lower dose of VD administration (400 IU)
for 7 months did not show any changes in symptoms of schizophrenic patients [101]. In
addition to lower doses, some studies have suggested that short-term exposure might not
have shown an effect in schizophrenic patients [14]. In this regard, the data produced from
the available studies at the clinical level advocate the beneficial effect of VD to some extent,
but before reaching any final conclusion, there is a need for more studies to explore the VD
effect in schizophrenic in the direction of an effective drug search, which can be used in the
future as a remedy.

Table 2. Clinical studies demonstrating neuroprotective effects of vitamin D.

Disease Type Study Criteria Outcome Reference
40 healthy Canadian adults aged =~ Improvement in visual memory
Alzheimer’s disease 50-60 (4000 and 400 IU/day, but no change in verbal memory [94]
18 weeks follow-up) at higher doses
After 6-month VD
16 MCI, 11 VEAD, 25 healthy supplementation, A[31-40 level
patients evaluated (18-month was normalized, and long-term [102]
follow-up) treatment reduced the risk of
cognitive decline
130 healthy African American
postmenopausal women, trial No difference in cognition over
intervention Vit D3 time in older African American [103]
(2400 IU-3600 IU or 4800 IU/day, women
follow-up 3 years)
120 patients, aged 60 years and Improvement in mental status
older, participated (100,000 IU, and cognitive state, normalized [80]
every 4 weeks for 24 weeks) Ca*? and PTH levels
210 AD patients, 65 yearsand 517 App BACE1 mRNA levels
older, Chinese population in the plasma [95]
(800 IU /kg for 6 and 12 months) p
Higher dose is safe for the short
Parkinson’s 51 randomized participants aged  term, with no significant change
disease 52-66 and 67-86 years observed in the balance in older [104]
(10,000 IU/day, 16 weeks) patients but improvement in the
younger patients
Significantly prevented PD
114 PD patients aged 45-85 years  deterioration, analyzed by the HY [80]

(1200 IU/day 12 months)

stage and UODRS score without
inducing hypocalcemia
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Table 2. Cont.

Disease Type

Study Criteria

Outcome

Reference

209 northern China patients aged
64.6 & 9.4 years (different doses
of VD administration 0-5 ug/d,
5-8 ug/d, 8-12 ug/d, >12 pg/d)

Outdoor activity and VD intake
reduce the risk of PD

[105]

Huntington’s Disease

No evidence found

No evidence found

No evidence found

48 ALS patients, 34 with deficient
(<20 ng/mL) and 14 with
insufficient (2029 ng/mL) serum

No effect observed on motor
alteration, but significant increase

ALS levels of 25(OH)D (50.000, 75.000, in VD serum level was detected in [83]
and 100.000 international units 75.000 and 100.000 IU doses
(IU)/month for 6 months)
688 participants, aged 70 years .
and older (200, 1000, 2000, or  \° dlfferenceé’::t‘;f‘md on fall or [106]
4000 IU of vitamin D3 per day)
57 normal and 57 patients, aged . .
42-82 years old (100,000 every No petter PTOSROSIS observefi N [85]
relation to untreated ALS patients
3-month follow-up)
.18_65 years Old,’ . Improved cognition but no effect
Schizophrenia Clozapine-treated participants on psychosis, mood, and [107]
(14,000 IU VD supplemented for Y
metabolic profiling
two weeks)
Total 149 (18-65-year-olds) were
randomized, and 104 were
followed up to 6 months after the No difference observed in mental [108]
screening health and metabolic profiling
(12,000 IU /month
VD-supplemented)
18 and 65 years old, including
women of child-bearing age, were Improved early psychosis-related [109]
included (120,000 IU/month for mental alteration
6 months)
60 patients with chronic
Scﬁééog(%rigligggli:%ged Beneficial effects observed on the
! general and total PANSS scores [86]

supplementation every 2 weeks in
combination with probiotic for
12 weeks)

and metabolic profiles

Abbreviation: PTH = parathyroid hormone, AB42 = amyloid beta-42, APP = amyloid precursor protein,
BACE]1 = beta-secretase 1, UODRS = unified Parkinson’s disease rating scale, PANSS = positive and negative

syndrome scale.

6. Conclusions

The review discusses the potential role of vitamin D as a promising neuroprotective

agent in addressing brain-related disorders. It highlights how low vitamin D levels are
associated with several detrimental conditions, such as oxidative stress, inflammation,
apoptosis (cell death), and reduced levels of neurotrophins, which are essential for neuron
survival and function. These factors are commonly implicated in various neurological
diseases, including Alzheimer’s, Parkinson’s, and Huntington’s disease. This review
emphasizes that vitamin D can help reduce oxidative stress and inflammation, both of
which are major contributors to neurodegeneration. Additionally, it promotes cell survival
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by decreasing apoptosis and enhancing neurotrophin levels, which support neuronal
growth and cognitive function. By compiling evidence from in vitro, in vivo, and clinical
studies, the review suggests that vitamin D has the potential to mitigate neurodegenerative
diseases and improve overall brain health, but the VD effect on brain-related disorders of
newborn babies and pregnant women is still concerning. More studies are still needed to
bring clarity to future results. Thus, vitamin D emerges as a valuable intervention with
significant implications for preventing or treating neurological conditions.

7. Future of VD as a Neuroprotective Agent

The above evidence suggests that VD could be useful for counteracting age-related
processes, and clinical reports have entailed that VD has positive effects on cognition. A
better comprehension of how VD behaves may help researchers who work in neuroscience
plan future experiment-related trials with success. VD behaves like a neuroprotective agent
by involving multi steps of energy production with less amount of ROS generation and
inflammatory molecule release. It plays a significant role in the reduction of oxidative stress,
microglial activation, and apoptosis-related protein activation. Accumulating evidence
suggests that VD is involved in the slowing of many signaling processes in the brain related
to oxidative stress, inflammation, apoptosis, and neurogenesis. The area of aging-related
research in the neuroscience field is required for the emergence of a cure and prevention
of these disorders. In this context, the much higher value of VD at the current time
might up its potency in treating and decoding underlying mechanisms responsible for
neurodegeneration.
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