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Abstract

Background: Vitamin D acts in the body like a hormone with a multitude of functions. The
main source of vitamin D is solar UV radiation, which converts 7-dehydrocholesterol to
provitamin D. Regarding its role as an antioxidant, it was demonstrated that vitamin D is an
antioxidant vitamin that can prevent iron-dependent lipid peroxidation in the cell
membrane. Moreover, rat neuron culture studies showed that 1, 25(0OH), D3 increases
glutathione levels in these cells. The reduced form of glutathione, a fundamental
antioxidant protects cells against ROS and apoptosis caused by oxidation. This suggests an
important neuro-protective effect for the active form of vitamin D3, by counteracting
oxidative damage to the CNS. Physical exercise and lifestyle modification have an effective
role to improve neurodegenerative diseases. Moderate exercise training has an anti-
inflammatory and beneficial effects on immunological functions and it mediate an
important role in protecting against diseases that are associated with low grade
inflammation as shown in Alzeimer disease (AD) animal models. Exercise is an important
factor for inhibiting apoptosis an increase of expression of pro- apoptotic Bax and
cytochrome c was revealed , while expression of anti- apoptotic Bcl-2 was decreased in the
old rats that underwent social isolation, which promoted apoptosis. In contrast, swimming
exercise suppressed Bax and cytochrome c expression and increased Bcl-2 expression,
which inhibited apoptosis. It has been postulated that regular physical exercise can
promote a beneficial effect on the health of individuals and is considered an important
autophagic inducer . It was observed that treadmill exercise (8 weeks) in mice modulated
the levels of autophagy associated proteins, including Beclin1, LC3-Il in the brain and
reduce the expression of p62 and improved autophagy.
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Introduction:

Vitamin D acts in the body like a hormone with a multitude of functions. The main source of
vitamin D is solar UV radiation, which converts 7-dehydrocholesterol to provitamin D (1).

The term vitamin D is a nutritional term not a chemical term, which represents any substance with
anti-rachitic properties that will cure rickets. In human biology, vitamin D usually refers to two
substances: vitamin D3 (also known as cholecalciferol) of animal origin and vitamin D2 (also
known as ergocalciferol) of plant origin. Other vitamin D substances are known (vitamins D4—
D7) but are rare in human nutrition, have different potencies and are considered biologically
insignificant. 1, 25-Dihydroxyvitamin D3 (1, 25(OH)2D3) is the most active metabolite of
vitamin D. This steroid hormone has many biological roles. It regulates the absorption and
transportation of essential minerals, particularly calcium, phosphorus, and magnesium, which are
important to the maintenance of bone (2).

Vitamin D physiology and synthesis

Vitamin D is a fat-soluble pro-hormone mostly found in two forms (vitamin D2 and vitamin D3).
Sources of dietary vitamin D include oily fish, eggs and dairy products; however, the consumption
and intestinal absorption of vitamin D represent only a minor part of the total vitamin D
requirement for the whole body (3).

Exposure of the skin to UV radiation is associated with 80-90 % of total vitamin D synthesis and
allows 7-dehydrocholesterol to be converted to cholecalciferol (pre-vitamin D3). Both endogenous
synthesis and exogenous dietary intake raise serum concentrations of vitamin D, which undergoes
two hydroxylation steps to the final product (3).

Firstly, pre-vitamin D3 is thermal iso-merised to vitamin D3, binds to vitamin D binding protein
and is subsequently transported into the liver where it is hydroxylated by the enzyme vitamin D
25-hydroxylase to 25-hydroxyvitamin D (25(OH)D). This molecule is the predominant
circulating form of vitamin D that is traditionally measured to identify vitamin D status in humans
as it has a relatively long half-life in the circulation as it is established as a reliable marker of vitamin
D status. (4)

25(OH)D is then metabolized primarily in the proximal tubule of the kidney, or other tissues
such as the skeletal muscle, by the enzyme 25 hydroxyvitamin D-1a-hydroxylase to its biologically
active form 1,25(OH)2D3, also known as calcitriol. The hydroxylation at position la by the
mitochondrial cytochrome P450 enzyme 25-hydroxyvitaminD-1a-hydroxylase (CYP27B1) of
kidney converts 25-(OH) D to 1a-25-(OH)2D3 calcitriol), the most active form of vitamin D
that is responsible for most of its biological action (5).

Effects of Vitamin D on Bone:

The study by Choi et al. (6) indicated that 1,25(OH)2D3has dual effects on bone as it can
stimulate osteoclastogenesis and bone resorption as well as modify osteoblast function and bone
mineralization. The overall effects of vitamin D metabolites on bone are thus extremely complex.
The vitamin D deficiency or resistance impairs bone matrix mineralization, whereas even osteoblast
activity and matrix synthesis are stimulated. Excess 1,25(OH)2D3 can clearly enhance
osteoclastogenesis and bone resorption, because bone mineralization and bone structure can be
largely normalized in vitamin D or 1,25(OH)2D3 deficient or resistant mice by sufficient supply

of minerals via active or passive intestinal calcium absorption.

Tob Regul Sci. ™ 2023 ;9(1): 6850-6858 6851



Abeer A. Khalefa et. al
Beneficial Roles of Vitamin D and Exercise in Oxidative Stress and Apoptosis

Effects of Vitamin D on calcium and phosphate homeostasis:

Calcitriol bind the VDR in the intestines, bone, and kidneys to increase calcium absorption from
the intestines, promotes calcium deposition in bone, increase calcium reabsorption from kidneys
and decrease parathyroid hormone(PTH) level.When serum calcium levels decrease, PTH
secretion is stimulated and activates calcitriol synthesis. Both PTH and calcitriol stimulate calcium
renal reabsorption and mobilization from bones (bone resorption). In contrast, if serum calcium
levels rise, PTH secretion drops, leading to a decrease of calcitriol and calcium mobilization (7).
The efficiency of the small intestine to absorb dietary calcium is increased by 1, 25(OH) 2D3,
and the abundance of the VDR is highest in the duodenum, followed by the jejunum and the
ileum. The transfer of Ca +2 from the cytoplasm to the extracellular space requires energy input
because of an uphill concentration gradient and an unfavorable electrochemical gradient. Both the
plasma membrane calcium pump and a sodium-calcium exchanger play important roles in this
process (8).

Effect of Vitamin D on Immune System:

Nearly all cells of the immune system express VDR either in the resting state or after immune
activation.1,25(OH)2D3 regulates most of the important immune signals cells. 1, 25(OH)2D3
has a stimulatory effect on the native immune defense system (mainly dependent on
monocytes/macrophages), whereas it downregulates the acquired immune system (mainly
dependent on T-helper cells and T-regulatory cells). Vitamin D deficiency is associated by an
increased risk of infections (viral or bacterial) and vitamin D supplementation may decrease such
infectious risk. Low vitamin D status is also associated with an increased risk of autoimmune
diseases. The effects of the vitamin D on allergic diseases are controversial as 1, 25(OH)2D3
stimulates T-helper 2 while impairing T-helper 1 cells. Some studies indicated that VDR null mice
are protected against experimentally induced asthma (9).

Effects of Vitamin D on Cardiovascular System:

The study by Patel and Rizvi (10) suggested that Vitamin D had a cardio-protetcive effect through
decreasing expression of mediators of myocardial hypertrophy, including atrial natriuretic peptides,
and growth factors promoting cell proliferation.

Kim et al (11) indicated that calcitriol and VDR are essential regulators of the structure and
function of the heart. Furthermore, It was reported that VDRs may be found in the vascular wall,
suggesting that vitamin D status might play a role in the pathogenesis of arterial disease.

Effects of Vitamin D on nervous system

The involvement of vitamin D in the function of the central nervous system is supported by the
presence of the enzyme 25(OH) D3-1 a-hydroxylase, responsible for the formation of the active
form of vitamin D, as well as the presence of VDRs in the brain, mainly in the hypothalamus and
dopaminergic neurons of the substantia nigra (12).

Vitamin D and oxidative stress

Regarding its role as an antioxidant, Wiseman. (13) first demonstrated that vitamin D is an
antioxidant vitamin that can prevent iron-dependent lipid peroxidation in the cell membrane.
Moreover, rat neuron culture studies showed that 1, 25(OH), D3 increases glutathione levels in
these cells. The reduced form of glutathione, a fundamental antioxidant protects cells against ROS
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and apoptosis caused by oxidation. This suggests an important neuro-protective effect for the active
form of vitamin D3, by counteracting oxidative damage to the CNS. Additional study
demonstrated that post exercise intravenous injection of vitamin D can reduce the peroxidation
induced by exhaustive exercise and ameliorate tissue damage, particularly in the kidneys and lungs.
Vitamin D administration improves the impaired Af-induced memory and that, by acting as a
strong antioxidant, it can attenuate the stress oxidative biomarkers in hippocampus and serum of

rats with AD (14).

Vitamin D and Inflammation

Suppressive effects of calcitriol on IFN-y or IL-2 production by stimulating the synthesis of IL-10,
also known as the cytokine synthesis inhibitory factor, have been demonstrated. At the same time,
depression and autoimmune diseases, including multiple sclerosis, are believed to be associated
with overproduction of pro-inflammatory cytokines that disrupt normal brain cell metabolism.
Thus, vitamin D, with its immune-modulating effects, may decrease the risk of these processes
(15).

Furthermore, a significant loss in hippocampal volume in vitamin D deficient mice was observed
as late as at week 70 after birth. This confirms the hypothesis that the effect of vitamin D on brain
function takes place mainly at the molecular, rather than cellular level. The authors suggest that
the learning disability found in the tested animals may be a result of vitamin D deficiency altering
the expression of factors involved in neurotransmission and synaptic plasticity (Z6).

Another very important component of neurodegenerative diseases such as AD is the
establishment of chronic inflammatory processes. Vitamin D is now known as an effective immune
modulator and as such has the potential to regulate the inflammatory state in AD pathology.
Vitamin D can upregulate expression of several neurotrophins, increase secretion of the anti-
inflammatory cytokine IL-4, reduce secretion of pro-inflammatory cytokines TNF-a and
interleukin-1 beta (IL-1) and inhibit differentiation of dendritic cells ( 10 ).

The VDR has been observed on human and rodent microglia, the brain macrophages

responsible for immune surveillance and phagocytosis. Supplementation with vitamin D3 for 5
months largely impacts inflammatory and immune gene expression profiles translating into
improved functional outcomes in an AD mouse model. The benefits of exercise training are
numerous and well documented. It protects against serious illnesses including cardiovascular
diseases, diabetes, cancer and neurodegenerative diseases. Exercise can also improve body
immunity, neuromuscular performance, sleeping time and individual mood (17).
Ample evidence showing the importance of exercise for cognitive function has accumulated. For
example, exercise protects animals from the decline in cognition associated with aging. In addition,
voluntary and forced exercises were shown to enhance memory formation. The cognitive benefits
of exercise have been demonstrated across all ages and attributed to changes in gene expression (3).
Furthermore, a recent study on mice showed that exercise benefits could be transmitted from
parents into progeny. Similar findings were observed in humans, exercise protects individuals from
cognitive decline associated with aging and diseases. In addition, exercise can improve cognitive
function in adolescents, adults and the elderly (18).

Spatial memory, learning, and physical exercise

In past years, the scientific community believed that the mammalian CNS became structurally
stable soon after birth and that only a few modifications could occur throughout life. As techniques

Tob Regul Sci. ™ 2023 ;9(1): 6850-6858 6853



Abeer A. Khalefa et. al
Beneficial Roles of Vitamin D and Exercise in Oxidative Stress and Apoptosis

improved over the decades, this paradigm began to change. Currently, it is believed that the
mammalian brain exhibits persistent plasticity throughout all stages of life. Neuronal plasticity
allows the CNS to learn new skills to consolidate and retrieve memories to reorganize neuronal
networks in response to environmental stimuli and to recover after lesions. Neuronal plasticity may
occur using neurogenesis, cellular apoptosis, synaptic-dependent activity and the reorganization of
neuronal networks. Changes in the frequency of synaptic activation may lead to an increase or
decrease in the long-term efficiency of these synapses through phenomena known as long term
potentiation and depression. Activity dependent alterations may occur at all excitatory synapses
where glutamate is the neurotransmitter and in some of the inhibitory GABAergic synapses (19).
The hippocampus is a highly plastic region (even in adulthood) located in the medial temporal
lobe of the CNS. The hippocampus is also one of the most studied neurological structures
associated with spatial memory. In addition, this region is central to declarative memory
consolidation (19).

The different hippocampal areas exhibits neuroplasticity and harbors specific cell types that may
respond distinctly to physical exercise, contributing separately to spatial learning and memory
processes in the hippocampus. The DG is the only hippocampal region able to generate new
neurons; the DG can double or triple in size after physical exercise in rodents . The DG and some
areas of CA3 are considered vital for the pattern of dissociation or the differential storage of
associations between stimuli and experience. In mice, it was verified that voluntary exercise had
better performance on pattern separation capacity (measured on a touchscreen-based spatial
discrimination task) compared to sedentary animals; these results suggested that the spatial
discrimination improvement was due to exercise-induced neurogenesis (20).

Cassilhas et al. (21) reported that short and long term spatial memory improvements (among
other cognitive functions) in elderly subjects subjected to 6 months of resistance training. Using
aerobic exercise, Erickson et al. (22) demonstrated that short term spatial memory improved with
greater cardiovascular conditioning, these results were associated with an enlarged volume of the

left hippocampus that was proportional to the cognitive findings.

Physical exercise and hippocampal oxidative stress

Rasouli et al. (23) demonstrated that moderate aerobic exercise enhances hippocampal antioxidant
capacity against oxidative challenge in the form of radiofrequency electromagnetic waves.

Physical exercise and lifestyle modification have an effective role to improve neurodegenerative
diseases. Moderate exercise training has an anti-inflammatory and beneficial effects on
immunological functions and it mediate an important role in protecting against diseases that are
associated with low grade inflammation as shown in Alzeimer disease (AD) animal models (21).
Also, physical exercise can prevent AD through the reduction of oxidative damage. It was proposed
that physical activity stimulate the important parts of the endogenous antioxidant defense system,
such as SOD GPX. Moreover, regular physical activity especially moderate exercise which doesn’t
lead to exhaustion can activate the endogenous antioxidant defense system (24).

In addition, both human and animal studies reported that regular moderate exercise have an anti
-inflammatory role and lead to reduction of inflammatory cytokines such as TNF-a, interleukin-
1B (IL-1B) and IL-6 (4) and elevation of IL-10 as an anti-inflammatory cytokine (24).
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Physical exercise and hippocampal apoptosis

Exercise is an important factor for inhibiting apoptosis. Park et al. (25) showed increase of
expression of pro- apoptotic Bax and cytochrome ¢, while expression of anti- apoptotic Bcl-2 was
decreased in the old rats that underwent social isolation, which promoted apoptosis. In contrast,
swimming exercise suppressed Bax and cytochrome ¢ expression and increased Bcl-2 expression,
which inhibited apoptosis.

Sedentary lifestyle could be a risk factor for cognitive dysfunction and neurodegenerative process
and regular exercise has anti-aging effects, more specifically in the CNS whose benefits include an
increase in hippocampus neurogenesis which improves learning and memory in aged rodents.
Exercise can upregulate brain derived neurotrophic factor (BDNF) in hippocampal and cortical
neurons promoting synaptic remodeling and improving cell survival. Physical exercise inhibits the
production of the pro-inflammatory cytokine such as TNF-a which in low concentration decreases
the process of apoptosis (26).

Fang et al. (27) tested a 12-week protocol of treadmill aerobic exercise in aged rats and observed
by TUNEL staining and immunohistochemistry that the number of TUNEL positive cells (dead
cells) had diminished in cortex and hippocampus after the exercise protocol. Moreover, anti-
apoptotic protein Bcl-2 levels were augmented. On the other hand, pro-apoptotic proteins, Bax
and cleaved caspase-3 levels were decreased in hippocampus and cortex of these rodents submitted
to the treadmill aerobic exercise protocol.

Moreover, It was demonstrated that 8 weeks swimming exercise suppresses inflammation and
apoptosis in the hippocampus of induced aging in male rats (27)
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Figure (1): Exercise training suppressed inflammatory and apoptotic pathways and enhanced

survival and anti-aging associated pathways in the hippocampus of D-galactose induced aging

rats (27)
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Physical exercise and Autophagy

It has been postulated that regular physical exercise can promote a beneficial effect on the health
of individuals and is considered an important autophagic inducer . It was observed that treadmill
exercise (8 weeks) in mice modulated the levels of autophagy associated proteins, including
Beclinl, LC3-II in the brain and reduce the expression of p62 and improved autophagy (28).

In addition Luo et al. (29) observed that 10-week swimming exercise in rats promoted adjustments
in lysosomal degradation, activation of autophagy and mitochondrial quality control in the
hippocampus preventing age associated cognitive decline. These findings indicate that the
conservation of cognitive function in older rats by exercise is associated with mitochondrial
improvement in the hippocampus and lysosomal degradation is required in this process suggesting
that exercise and lysosomal degradation may be effective in decreasing age related cognitive decline.
Huang et al. (30) showed that 8-week running exercise in mice can activate the autophagy
pathway and improve lysosomal biogenesis suggesting improvement in brain function of mice.
Studies have also confirmed that some genes associated with autophagy in AD show abnormal
functions. Exercise induced autophagy can promote the clearance of A, inhibit excessive
phosphorylation of Tau protein, and improve hippocampal structure and the regeneration of nerve
synapses. In AD model mice, aerobic exercise can significantly upregulate Beclin 1, increase LC3-
[I/LC3-I ratio, and downregulate p62 in hippocampal tissues, which is accompanied by a decrease
in beta amyloid deposition (31).
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