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Ischemic stroke is one of the major causes of death and permanent disability worldwide. The only efficient treatment to
date is anticoagulant therapy and thrombectomy, which enable restitution of blood flow to ischemic tissues. Numerous
promising neuroprotectants have failed in clinical trials. Given the complex pathomechanism of stroke, a multitarget
pharmacotherapy seems a more rational approach in stroke prevention and treatment than drugs acting on single
molecular targets. Vitamin D3 has emerged as a potential treatment adjunct for ischemic stroke, as it interferes with the
key prosurvival pathways and shows neuroprotective, anti-inflammatory, regenerative and anti-aging properties in both
neuronal and vascular tissue.
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| 1. Introduction

The central nervous system (CNS) is extremely sensitive to a shortage of oxygen and glucose, and a sudden loss of
blood circulation to an area of the brain due to systemic hypo-perfusion, thrombosis, or embolism which can result in
ischemic stroke. In 1970, the World Health Organization defined stroke as “rapidly developing clinical signs of focal (or
global) disturbance of cerebral function, lasting more than 24 h or leading to death, with no apparent cause other than that
of vascular origin” . This classic definition of stroke has been updated by the American Heart Association/American
Stroke Association, which pointed out that ischemic stroke specifically refers to CNS infarction, which can be defined as
“brain, spinal cord, or retinal cell death attributable to ischemia, based on neuropathological, neuroimaging, and/or clinical
evidence of permanent injury” [&. Stroke is considered to be an acute cerebrovascular disease and includes ischemic
stroke (about 85-90% of strokes) and hemorrhagic stroke, while the latter is further subdivided into intracerebral
hemorrhage and subarachnoid hemorrhage. The current treatment of acute ischemic strokes is based on reperfusion
therapies including intravenous administration of thrombolytic agents and endovascular therapy B[4, |schemic stroke is
one of the major causes of death and long-term severe disabilities worldwide. According to the World Health Organization,
15 million people suffer from strokes worldwide each year El. Moreover, there are estimates that there will be 23 million
first-case strokes and 7—8 million stroke deaths in 2030 [4. Even worse, clinical observations showed that the SARS-CoV-
2 pandemic engulfing the entire world in recent years brought about an increase in stroke incidences among COVID-19
patients BIEIA. However, a causative link between COVID-19 and stroke has not been proven, yet, and the long-term
consequences for cerebrovascular complications among COVID-19 survivors remain unknown 1201,

Despite enormous efforts and substantial investments of the pharmaceutical industry, no clinically efficient and well-
tolerated neuroprotective drug has been marketed yet. Nevertheless, it is still expected that a better understanding of
pathological events involved in ischemic brain injury, as well as interconnection and crosstalk between various ischemia-
induced cell death programs will be helpful in discovering new therapeutic strategies. Because of a high complexity of
molecular processes involved in the pathomechanism of stroke, agents with pleiotropic activities rather than those aimed
at a single molecular target may be more promising as candidates for neuroprotective drugs. This view is in agreement
with the statement of the Stroke Treatment Academic Industry Roundtable (STAIR) which recommended to target multiple
mechanisms simultaneously instead of treating a solo pathway after stroke injury 1. It is proposed that vitamin D3 is one
of such multitarget drugs, as it stimulates the key pro-survival pathways and shows neuroprotective, antioxidant, anti-
inflammatory, regenerative and anti-aging properties not only in neuronal but also in glia and vascular tissue 12, The latter
is of importance for revascularization of the stroke-affected brain region and recovering normal functions of the blood—
brain barrier (BBB), which is regulated by the interactions between the brain endothelium, astrocytes and neurons 23!, Of
note, an intimate relationship between the brain and its vessels in the concept of the neurovascular unit has been strongly
accentuated 4. As vitamin D3 stimulates some pro-survival pathways essential for neuroplasticity, including up-regulation
of neurotrophin gene expression, it has been suggested that supplementation with vitamin D3 might be beneficial, not only
in restoration of neurological functions after stroke, but also in alleviating the post-stroke psychiatric disorders, e.g.,
depression and anxiety, and improving the deteriorated cognitive functions 2218 An increasing body of evidence



suggests that vitamin D3 has a positive impact on the prevention of cardiovascular diseases and rehabilitation outcomes
in stroke patients; however, due to various methodological limitations of the studies conducted to date it is difficult to draw
final conclusions 2,

| 2. Pathomechanisms of Ischemic Stroke
2.1. Pathomorphological Features of Ischemic Stroke

The ischemia-induced pathophysiological changes in the brain tissue are time-dependent and can be roughly divided into
three phases: acute, subacute, and late phase 8. The acute phase refers to the first 24 h after stroke and its
characteristic feature is necrotic death of neuronal and glia cells in the core of the stroke lesions. Pathomorphological
analysis shows that the acute irreversible ischemic neuronal injury is characterized by the presence of eosinophilic
cytoplasm in the affected neurons, which lacks identifiable substructure, and has a pyknotic or collapsed nucleus. Around
the core zone, a much more extended area of moderately ischemic tissue, called ischemic penumbra, can be detected. In
this area, insufficiently supplied with blood by collateral arteries, the metabolic and functional activity of neurons
deteriorates, but morphological integrity of the cells is still maintained 2. In the subacute phase, which lasts several days
following stroke, the activation of glia cells and neuroimmunological processes appear to play the main role in the extent
of brain injury. In the late phase, a glia scar is formed and some reparative processes connected with proliferation and
differentiation of cells along with angiogenesis in the stroke-affected brain tissue take place, but inflammation is still
evident 291,

2.2. Biochemical Basis of Ischemic Stroke and Neuroprotective Strategies of Its Treatment

A number of biochemical processes have been implicated in the mechanism of ischemia-induced brain damage, including
excitotoxicity, oxidative stress, inflammation, acidotoxicity, and apoptosis: Figure 1 21, Biochemical changes in ischemic
brain tissue are time-dependent and take the form of complex cascade processes 24, Early neuronal death in the core of
the infarct that occurs within a short time after brain damage is most likely due to necrosis, while delayed neuronal death
occurring over days and months shows features of an apoptotic process [23. In the acute phase of the stroke, deprivation
of oxygen and glucose inhibits mitochondrial ATP production resulting in neuronal energy deficit and impairment of
Na*/K*-ATPase pumps. These changes cause a disturbance of ion gradients, gradually decrease neuronal membrane
potential, and enhance the release of neurotransmitters, mainly represented by glutamate (Glu). Moreover, by reversing
Glu, transport ischemia further increases extracellular concentrations of this excitatory neurotransmitter [24125]
Depolarization of neuronal membrane leads to the activation of voltage-dependent calcium channels and, by removing the
magnesium block, it enables the activation of glutamatergic NMDA receptors. Excitotoxicity caused by excessive Glu
release, overactivation of NMDA receptors, and increase in intracellular Ca?* concentration, has long been established as
a pivotal mechanism of hypoxia-induced neuronal injury 8. Indeed, the enhanced Ca?* influx into cells is considered to
be the main factor activating a cascade of enzymatic processes such as those catalyzed by proteases, lipases and
DNases which ultimately destroy intracellular proteins, lipids and nucleic acids, leading to neuronal death. Although NMDA
receptors play a key role, ischemia-induced neuronal damage, AMPA receptors and metabotropic mGIuR1 receptors are
also engaged in this process 2. However, clinical trials with classical NMDA receptor antagonists conducted to date have
been terminated because of undesired side effects and insignificant neuroprotective action of NMDA receptor antagonists,
as well as in many cases with a limited therapeutic window (281, More recently, it has been recognized that synaptic NMDA
receptors fulfill physiological functions in synaptic plasticity and cognitive functions, whereas extrasynaptic receptors
mediate excitotoxicity 2B Recently, it has been found that extrasynaptic NMDAR subunits GIuN2A and GIuN2B form a
complex with transient receptor potential cation channel subfamily M member 4 (TRPM4) and that this complex is
accountable for ischemia-related excitotoxicity, since disruption of the complex provides neuroprotection without disturbing
physiological NMDAR-induced calcium signals B1. These findings, which may open new avenues in the pharmacology of
NMDA receptors, await further studies. The oversupply of intracellular calcium ions also induces mitochondrial membrane
depolarization, resulting in the release of free radicals which contribute to the complex mechanism of ischemic neuronal
damage B2 It is commonly agreed that in the treatment of acute ischemic stroke, blood supply restoration is critical for
salvaging the penumbra-marked brain tissue. However, with restitution of blood flow to ischemic tissues, there is a
paradoxical increase in the production of superoxide, nitric oxide and peroxynitrate radicals, which, via activation of matrix
metalloproteases, have a damaging effect on BBB integrity, enabling infiltration of neutrophils and leukocytes into the
brain parenchyma and promoting neuroinflammation B3, Overall, an ischemia/reperfusion (I/R) induces complex
pathological processes involving intracellular and extracellular pathways that result in metabolic, thrombotic, and
inflammatory changes in the affected tissues B4, While prolonged I/R injury leads to further neuronal cell death which
could be executed by apoptotic or non-apoptotic (necroptosis, ferroptosis, parthanatos, and pyroptosis) cell death
programs, the moderate injury may favor autophagy and activate recovery systems for survival 2186137,
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Figure 1. The pathogenic mechanisms of ischemic stroke and neuroprotective effects of vitamin D. BBB: blood—-brain—
barrier; GDNF: glial-derived neurotrophic factor; GSH: glutathione; HIF: 1a-hypoxia-inducible factor; IL: interleukins; NGF:
nerve growth factor; NT: 3-neutrophin-3; SOD: superoxide dismutase.

The subacute phase, which occurs within few days after stroke, is mainly characterized by the development of
inflammation and activation of apoptosis-inducing signaling pathways. The pathological processes initiated during the
acute phase led to the release of some endogenous molecules DAMP (damage-associated molecular patterns) from
injured cells, which activate Toll-like receptors, stimulating the release of proinflammatory cytokines and chemokines 281,
Of them, Interleukin-1 beta (IL-13) and tumor necrosis factor alpha (TNF-a) appear to play a particularly important role in
stroke pathology, since they have a damaging effect on neuronal and glia cells and enhance the release of
proinflammatory prostaglandins. DAMP stimulate PRR receptors (pattern recognition receptors) resulting in the formation
of proinflammatory protein complexes (inflammasomes) B9, During the subacute phase of stroke, the programmed cell
death, apoptosis, prevails in the metabolically impaired penumbra region. Apoptosis, contrary to necrosis, is a slow
process, requiring energy supply, switching on the gene transcription, and protein synthesis. Delayed neuronal death in
focal cerebral ischemia is characterized by cell shrinkage, chromatin condensation, upregulation of proapoptotic Bcl-2
family members (Bax, Bad, Bak) and activation of caspases Y. Although many preclinical studies showed
neuroprotective efficacy of various anti-apoptotic strategies in brain ischemia models, they have not been specifically
tested in the clinic due to insufficient knowledge on the role of apoptosis in stroke and its interplay with other pathological
events occurring during ischemic stroke 231411421 The occurrence of delayed cell death during brain ischemia creates
favorable conditions for a therapeutic window, giving a chance for timely pharmacological intervention in order to salvage
neurons in the area of moderate hypoxia 431441,

During the long-lasting late phase of ischemic stroke, neuroinflammatory and neuroplastic processes, including
neurogenesis, angiogenesis and remyelination are highly active 2. In this phase, microglia of M2 phenotype are
engaged in repair of the brain region damaged by ischemia via production of anti-inflammatory cytokines (IL-4, I1L-10),
enhancement of phagocytosis of cellular debris and promoting neuroplasticity. The involvement of epigenetic processes,
including DNA methylation, post-translational modifications of histone proteins and microRNAs in post-ischemic brain
repair and neuroplasticity has also been postulated 81471,

| 3. The Basics of Vitamin D
3.1. Sources, Biosynthesis and Metabolism

Vitamin D is a fat-soluble vitamin with a pivotal function in the maintenance of calcium and phosphate homeostasis in
vertebrates 481491 Based on chemical structure, vitamin D belongs to secosteroids and currently its five forms, called D1,
D2, D3, D4 and D5, have been identified, which differ in their ultrastructural conformation and origin. The main source of
vitamin D in humans (~80-90%) originates from its endogenous non-enzymatic production in the skin epidermis where
under sun exposure (UV-B rays, wavelength 290-320 nm) 7-dehydrocholesterol is transformed into an unstable
intermediate pre-vitamin D3 which further, in a thermo-sensitive process, isomerizes to vitamin D3 (cholecalciferol) (4220
Bl About 10-20% of vitamin D could come from the diet (second source) after consumption of plant-derived food
enriched in vitamin D2 (ergocalciferol) or animal-based food (e.g., fish oils, fatty fish, beef, liver, eggs or milk) which
contain mainly cholecalciferol. Since nowadays a lot of people work indoors and often use sunscreen during sun
exposure, their endogenous vitamin D3 production (especially in north latitudes) could be insufficient to maintain health.
Thus, various vitamin D supplements (third source) are commercially available, among which the cholecalciferol form
predominates as the compound thought to be of a better bioavailability and biological activity 4814252531 v/jitamins D3



and D2 are inactive substances and to evoke their biological effects they need to be activated in a two-step hydroxylation
process. The first step takes place in the liver where 25-hydroxylation (mainly via CYP2R1) of cholecalciferol or
ergocalciferol leads to the formation of circulating metabolites: 25-hydroxyvitamin D (25(OH)D3 or 25(0OH)D2, calcifediol,
a clinically used biomarker of serum vitamin D level. In the second step, these metabolites are 1 a-hydroxylated (via
CYP27B1) in the kidneys to active forms of vitamin D, 1,25(0OH)2D3 (calcitriol) or 1,25(0OH)2D2 which possess broad
spectrum biological activities (4250541 Since 1,25(0H)2D3 functions as a steroid hormone with a key role in maintaining
calcium bone homeostasis, its endogenous production is tightly regulated in the ways typical of the endocrine system, i.e.,
by feedback inhibition (negative regulation), parathyroid hormone (PTH, stimulant of the renal production of
1,25(0H)2D3), fetal growth factor 23 (FGF-23; inhibits calcitriol production) and by serum concentrations of calcium and
phosphate 2Bl The excessive amount of active (1,25(0H)2D) and storage (25(OH)D) forms of vitamin D are
metabolized by 24-hydroxylation (via CYP24A1 to 1,24,25(0OH)3D, calcitroic acid or 24,25(0H)2D) to prevent potential
toxicity of vitamin D (especially supplemented vitamin D), but some of these metabolites could still possess some
biological activities (e.g., 1,24,25(0OH)3D in the regulation of bone health). The alternative pathway of vitamin D
metabolism involves 20-hydroxylation (via CYP11A1) forming the product 20(OH)D which, together with its metabolite
20,23(0OH)2D, are devoid of calcemic activity but possess other biological properties, e.g., anticancer activity BSIB6I57],
The amount of free vitamin D metabolites available for biological activity (approx. 0.4% of total 1,25(OH)2D and 0.03% of
total 25(OH)D) is also regulated in plasma at the level of their association with DBPs (vitamin D binding proteins). These
proteins are characterized by high polymorphism in humans and bind about 58% of the circulating vitamin D metabolites,
thus, they are claimed to be responsible for interpersonal differences in vitamin D bioavailability B8, Other factors which
could affect vitamin D metabolism and functions include physical activity, lifestyle, certain medications, environmental
pollutants or epigenetics 2.

3.2. Genomic and Non-Genomic Mechanisms of Vitamin D Action

Biological action of calcitriol could be executed by genomic and non-genomic mechanisms. The former mechanism is
structurally and mechanistically well understood as being the main player in the maintenance of vitamin D homeostasis
(121511691 The hydrophobic substance 1,25(0H)2D3 passively penetrates the cell membrane or could be bound to DBPs
to be actively transported into cells via endocytosis 1. When reaching cytosol or nucleus, calcitriol binds to the high
affinity vitamin D receptor (VDR). VDR has a molecular weight of 55 kDa and, together with receptors for
glucocorticosteroids, sex steroids, thyroxine, retinoids, fatty acids and eicosanoids, belongs to the steroid hormone
receptor superfamily. The VDR contains two overlapping ligand binding sites, a genomic pocket (VDR-GP) and an
alternative pocket (VDR-AP), that respectively bind a bowl-like ligand configuration (gene transcription) or a planar-like
ligand shape (rapid responses) 82, After vitamin D attaches to the ligand-binding domain, the VDR receptor undergoes
heterodimerization, with the retinoic acid X receptor (RXR) initiating a change in its spatial conformation. It has been found
that the biologically active form of vitamin D3 promotes the generation of non-genomic responses in the 6-s-cis
configuration, while secosteroid binding in the 6-s-trans form may be responsible for genomic responses (831, After vitamin
D binding and translocation to the nucleus, VDR-RXR heterodimer interacts with specific DNA-binding domains, VDRES
(vitamin D responsive elements). VDREs are located in the promoter region of vitamin D target genes and are composed
of a highly conserved N-terminal DNA-binding domain and alpha-helical C-terminal ligand-binding domain 4. The
presence of several VDREs in the gene promoter suggests that they may act synergistically 8%, Such complexes
modulate the activity of RNA polymerase Il in the regulatory regions of target genes in various cell types. To promote gene
expression, first the co-repressors (e.g., NcoR2/SMART) should be released from VDR/RXR/VDRE complex and then the
relevant co-activators (e.g., SRC1) are recruited 2. The inhibition of gene expression by vitamin D3 could be achieved by
direct repression of the transcription of a target gene or indirectly by VDR-mediated enhancement of the transcription of
negative regulators of target genes 8. For genomic mechanisms, attaching the nuclear co-regulator proteins activates or
inhibits gene transcription. It should be noted that VDR-binding sites are highly dynamic and could be affected by various
factors, such as cell differentiation or maturation state, aging or disease activation and all of these could be reflected by
gene expression. The VDR-genomic mechanisms regulate crucial enzymes involved in the synthesis and metabolism of
vitamin D3, genes involved in the maintenance of bone calcium homeostasis (for example, genes encoding osteocalcin,
osteopontin, 24-hydroxylase enzyme (Cyp24a), 1-hydroxylase enzyme (Cyp27b) or calbindin), as well as genes regulating
cell proliferation, differentiation and apoptosis. Such genes include, for example, the genes for p21 protein (cell cycle
inhibitor), Bcl-2 protein (regulator of apoptosis), p53 protein (suppressor of oncogenes that control cell growth) and the
gene for amphiregulin (epithelial growth factor that stimulates the growth of head, neck and breast cancer cells).
Moreover, calcitriol not only has a modulatory effect on growth factor/cytokine synthesis but also regulates growth factor
signaling (7. Additionally, the vitamin D system could be also involved in the regulation of various epigenetic events (e.g.,
posttranscriptional modifications of histone H3 and H4) and by this way could also affect the transcription of various
genes. Reciprocally, various epigenetic modifications influence transcription of the VDR gene and in this way could



influence the efficiency and interpersonal differences in vitamin D action 88l |nterestingly, in the situation of a low level
of 1,25(0OH)2D3, the VDR can still operate by binding other molecules, including curcumin, polyunsaturated fatty acids
and anthocyanidins, which are thought to be low-affinity nutritional ligands for VDR. Other factors such as resveratrol and
sirtuin 1 could potentiate nuclear VDR signaling BH59],

Apart from the genomic mechanisms, the vitamin D via VDR could mediate its faster biological action when it is distributed
outside of the nucleus; however, this area is still not well recognized. Similar to other steroid hormones, this non-genomic
action could be connected with VDR localization within the membrane and its interaction, for example, with caveolin 1
(CAV1) and SRC (SRC proto-oncogene) in caveolae to down-regulate WNT, sonic hedgehog (Shh) and NOTCH
signaling. The rapid VDR-mediated action may also be a result of its direct interaction with other membrane receptors
(eg., calcium channels, mitochondrial permeability transition pore) or intracellular pathways ©2. Recently, a novel
mitochondrial localization of VDR has been described as the hub linking the control of cell metabolism B2, Another non-
genomic player for vitamin D3, the enzyme PDIA3 (protein disulphide isomerase family A member 3, also known as
ERp57 or 1,25D3-MARRS), is found at various subcellular locations (plasma membrane, endoplasmic reticulum,
mitochondria) and up until now is the best described membrane-associated protein that binds vitamin D BABUEL  For jts
action, PDIA3 requires also the interaction with CAV1 and is essential for the activation of protein kinases, such as
CaMKII (calcium/calmodulin-dependent protein kinase IlI), PKC (protein kinase C) or phospolipases (PLA2, PLC)
facilitating extracellular Ca2* influx through L-type Ca2* channels (L-VGCC). Other hypothetical non-genomic targets for
the vitamin D fast action associated with PDIA3 could include: PKA (protein kinase A), PI3-K, MAPKs (mitogen-activated
protein kinases) or Wnt5a (Wnt family member 5A) signaling pathways 1261169 |t js also suggested that PDIA3 may not
directly bind vitamin D but may serve as a molecular chaperone for VDR or DBPs or other proteins. It should be noted that
calcitriol or active vitamin D metabolites (e.g., 20(OH)D3 and 20,23(OH)2D3), when interacting with membrane VDR or
PDIA3, could interact with some transcription factors (e.g., STAT3, NF-kB, Nrf2) and in this way they may influence in the
long term the expression of various genes. It is not excluded that these active metabolites of vitamin D could also affect
other transcription factors, such as RORa (retinoid-related orphan nuclear receptor alpha) and RORYy (retinoid-related
orphan nuclear receptor gamma) or AhR (aryl hydrocarbon receptor) which will broaden the complexity of vitamin D
action. Although the non-genomic effects of calcitriol and its metabolites, found mostly in in vitro studies, are still not well
understood and seem to be dependent on the development stage or are tissue-specific, it is believed that they take place
in vivo mainly to fine-tune the VDR-driven genomic response 81, Further in vivo studies should confirm physiological and
clinical significance of the postulated membrane receptors for vitamin D and their non-genomic actions.

3.3. Vitamin D Analogues

Over three thousand analogs or mimics of vitamin D were synthetized to overcome calcemic side effects (hypercalcemia
and hypercalciuria) of supraphysiological concentrations of vitamin D3 which are needed to evoke pro-differentiating, anti-
proliferative or anti-inflammatory effects ZUIAZ2 The main modifications of 1,25(0OH)2D3 structure are applied to its side-
chain, A-ring (often together with side-chain changes), triene system, and C-ring and as a result, the increased VDR
binding affinity and higher metabolic stability of the molecules were obtained /2. However, only a few of the proposed and
preclinically tested vitamin D analogs are clinically used to date for the treatment of secondary hyperparathyroidism
(alfacalcidol, paricalcitol, doxercalciferol, falecalcitriol, maxacalcitol, oxacalcitriol), psoriasis (tacalcitol, calcipotriol,
maxacalcitol) or osteoporosis (alfacalcidol, eldecalcitol) 472, Regarding a potential usage of vitamin D analogs in cancer
treatment, despite many promising in vitro results, some agents whichreached clinical trials in acute myeloid leukemia or
pancreatic cancer (inecalcitol and seocalcitol, respectively), failed in phase Il 22, This dampened the interest of the
pharma industry in further development of vitamin D compounds; however, some research is still in progress in academia
in order to fully understand the actions of VDR agonists and antagonists, which hopefully could be further developed for
treatment of various human diseases 9. Apart from potential anticancer properties, some low calcemic vitamin D3
analogues showed protective effects against apoptotic- and oxidative stress-induced cell damage in neuronal cultures 31,
Interestingly, in a model of hydrogen peroxide-induced SH-SY5Y injury, a differential involvement of MAPK/ERK1/2 and
PI3-K/Akt signaling in neuroprotective effects of 1,25(0OH)2D3 and its low-calcemic analogue—PRI-2191 was found 24, In
differentiated SH-SY5Y cells, both 1,25(0OH)2D3 and its structural analogue ZK191784 prevented amyloid-p peptide 1-42-
induced toxicity via a sphingosine-1-phosphate/ceramide/p38MAPK/ATF4 signaling pathway 3. In another study, vitamin
D analogues, maxacalcitol, calcipotriol, alfacalcidol, paricalcitol, and doxercalciferol decreased amyloid-f3 formation and
increased amyloid-f3 degradation. Calcipotriol was also shown to suppress calcium-dependent aggregation of a-synuclein
(the key aggregating protein in Parkinson’s disease) by stimulating calbindin-D28k expression in SH-SY5Y neuroblastoma
cells 1281,



| 4. The Effects of Vitamin D3 in the CNS

Neurosteroids is the group 1,25(0OH)2D3 belongs to, since it could be locally synthetized due to the presence of the key
rate-limiting enzyme involved in the production of active form of vitamin D3, i.e., 1a-hydroxylase (CYP27B1) in various
regions of the rodent and human brain B4, |n the brain, vitamin D3 could modulate multiple brain functions by itself or
by cross-talking with other steroids signaling molecules, such as estrogens, progesterone or glucocorticoids 231, In fact, a
vast body of knowledge about the importance of sufficient amounts of vitamin D for proper brain development and its well-
being during adulthood and during aging has been gathered in the last two decades, coming from experimental studies
with vitamin D deficient animals as well as from clinical observations U879 Although there are still many gaps in this
area regarding, for example, the timing and duration of the critical window throughout life when low vitamin D may have
detrimental impact on the brain, a causative link between low neonatal 25-OHD concentrations and an increased risk of
schizophrenia 2828 and hypoxic-ischemic encephalopathy (HIE) B2 has been evidenced.

Regarding the adult brain, it was postulated in the “two-hit hypothesis” that low vitamin D status may rather exacerbate
brain lesions-induced by other detrimental events than being harmful by itself 8. Various experimental studies showed
beneficial effects of vitamin D supplementation in various in vitro and in vivo models of neurological or neuropsychiatric
diseases at the level of modulation of neurotransmission, neuroprotection, neuroinflammation or neuroregeneration, and
the latter was achieved by up-regulation of a wide variety of neurotrophins mainly in astrocytes (nerve growth factor
(NGF), neurotrophin 3 (NT-3) or glial-derived neurotrophic factor (GDNF)) L2609l Since VDRs are abundantly
expressed in neuronal and glial cells in various brain regions (prefrontal cortex, hippocampus, cingulate gyrus, thalamus,
hypothalamus, and substantia nigra), the potential role of vitamin D in the treatment of the central nervous system (CNS)
disorders under consideration, e.g., multiple sclerosis, dementia, Parkinson’s disease, depression, schizophrenia, and
autism, has been suggested 879 Of note, the distribution of nVDR receptors in the human and rodent brain is very
similar 4. Neurons and glial cells have been shown to contain la-hydroxylase, the enzyme that limits synthesis of the
active form of vitamin D3, indicating that vitamin D can be synthesized and metabolized locally in the CNS. The highest
concentrations of both 1a-hydroxylase and nVDRs are found in the hypothalamus and substantia nigra [ZAZ8],

Alternatively, 1,25(0OH)2D3 can also induce rapid non-genomic actions in the CNS via PDIA3 since this transcript is
abundantly expressed in neurons, astrocytes, oligodendrocytes, microglia and endothelial cells (2. However, the precise
molecular mechanisms by which vitamin D affects the brain are still unclear and could engage both genomic and non-
genomic mechanisms. Some researchers even suggest a predominant role of non-genomic effects of vitamin D in the
brain, which may explain its rapid effect on calcium brain homeostasis, neurotransmission, oxidative status or intracellular
signaling 1282 The non-genomic actions of vitamin D involve rapid response processes that are not dependent on
transcriptional gene regulation. It is observed that 1,25(0OH)2D3, by affecting the synthesis of neurotransmitters, growth
factors and cytokines, modulates many functions of the CNS both during development and in adults B83184] | vitro and
in vivo studies indicate that the synthesis of nerve growth factor (NGF), glial-derived neurotrophic factor (GDNF) and
neurotrophin 3 (NT-3) was stimulated by vitamin D3. It also regulates gene expression of the low-affinity NGF receptor,
p75NRT B3 Moreover, 1,25(0H)2D3 was shown to be neuroprotective in an in vitro model of Alzheimer’s Disease
through the restoration of AB-induced decrease in GDNF level and activation of the phosphatidylinositol 3 kinase
(PI13K)/protein kinase B (Akt)/glycogen synthase kinase-3p (GSK-3p) pathway [88l. Both epidemiological data and results
from animal experiments suggest that vitamin D3 deficiency may be a significant factor in increasing the risk of multiple
sclerosis, diabetes, schizophrenia, and certain cancers, as well as SARS-CoV-2 virus infections [B7I(88]  \jitamin D
deficiency also affects the expression of genes encoding mitochondrial, cytoskeletal and synaptic proteins in the adult rat
brain 4 and causes permanent changes in the developing rat brain, disrupting the balance between neural stem cell
proliferation and programmed cell death in the offspring 2Y. Currently, as opposed to classical aminergic theories, the
importance of neuroplastic and neuroinflammatory processes in the pathomechanism of depression, anxiety and cognitive
deficits is underlined. Accordingly, regardless of their primary molecular targets, therapeutic efficacy of antidepressant
drugs seems to depend on their ability to reverse brain-derived neurotrophic factor (BDNF) deficit and restore normally
functioning neuronal networks in the brain structures relevant to these disorders 2122 vitamin D3 shows antidepressant
properties in experimental animal models and its mechanism of action is likely to involve the enhanced neurotrophin
synthesis, neuromodulatory activity, as well as antioxidant and anti-inflammatory effects 93, The hypothesis on the
therapeutic potential of vitamin D3 in post-stroke depression is supported by experimental data which showed that vitamin
D3 improved motor function and attenuated depression-like behaviors in a post-stroke depression model in mice by up-
regulation of hippocampal VDR and BDNF expression 5. Vitamin D’s ability to ameliorate neuroinflammatory processes

supports the notion that this compound may prevent development of some psychiatric disorders in post-stroke patients
[oa],
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