
Chapter 12
The Emerging Role of Vitamin D Deficiency
as a Risk Factor of Parkinson’s Disease

Mohamed El-Gamal, Jihan Azar, and Refaat Hegazi

Abstract Parkinson’s disease (PD) is the second most common neurodegenerative
disorder of the elderly affecting around 1% of individuals older than 65 years of age.
PD poses a major health and economic burden, due to its chronic and progressive
nature and the lack of available effective medications to stop or even slow its
progression. Majority of PD cases is not linked to known genetic mutations and
could be related to environmental factors and an unhealthy lifestyle including
deficiency of micronutrients like vitamin D. In the current work, we reviewed the
literature to understand the role of vitamin D in the brain and the association between
vitamin D insufficiency and deficiency and risk of developing PD. We focus on the
molecular mechanisms explaining the increased PD risk concentrating on the
nutrigenomic effects of vitamin D. Due to the fact that the prevalence of PD in
Egypt is higher than the international one, vitamin D deficiency and some other
modifiable risk factors for PD among the Egyptian were discussed. The potential
therapeutic role of vitamin D for managing PD was further reviewed. Finally, we
could draw the conclusion that vitamin D deficiency may be associated with an
increase in the risk and progression of PD. More research is warranted to elucidate
the role of vitamin D as preventive and therapeutic options for patients with PD.

Keywords Vitamin D · Parkinson’s disease · Inflammation · Diabetes mellitus ·
Insulin resistance

M. El-Gamal (*)
Toxicology Department, Faculty of Medicine, Mansoura University, Mansoura, Egypt

Medical Experimental Research Center (MERC), Mansoura University, Mansoura, Egypt
e-mail: doctorelgamal@mans.edu.eg

J. Azar
The American University in Cairo, New Cairo, Egypt

R. Hegazi
Abbott Nutrition Research and Development, Columbus, OH, USA

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
M. Salama (ed.), Nutrigenomics and the Brain, Nutritional Neurosciences,
https://doi.org/10.1007/978-981-16-9205-5_12

155

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-9205-5_12&domain=pdf
mailto:doctorelgamal@mans.edu.eg
https://doi.org/10.1007/978-981-16-9205-5_12#DOI


12.1 Epidemiology of Parkinson’s Disease (PD)

Parkinson’s disease (PD) is considered to be the second most common neurodegen-
erative disorder in the elderly which affects approximately 1% of the population
older than 60 years (Hirtz et al. 2007). The prevalence of PD in the USA is expected
to increase by 2.25-folds, and in Europe, by 1.83-fold between 2010 and 2050 (Bach
et al. 2011). Furthermore, the crude prevalence of PD in the USA is expected to
increase from 0.401% in 2005 to 0.535% by 2040, and the number of PD patients
will reach 700, 000 individuals (Rossi et al. 2018).

As the disease progresses, both the motor and non-motor manifestations worsen.
Until now, there is no effective therapy available to halt or even to slow down the
disease progression. Indeed, symptomatic treatment is the only available therapy and
is associated with many side effects (Oertel 2017; Toulouse and Sullivan 2008).
L-dopa is one of the gold standard treatments for PD. However, it induces many side
effects including dyskinesia in approximately 30–80% of patients with PD (Phillips
et al. 2016). Additionally, it may even enhance progression of the disease by
increasing the fraction of free dopamine induced-oxidative stress (Peritore et al.
2012).

PD exerts a major economic burden due to direct and indirect factors. It was
estimated that the annual cost of the PD care is around 20,000 US dollars. Direct cost
is mainly driven by healthcare services, medications, deep brain stimulation, and
physiotherapy. Indirect cost could be driven by reduction of work performance and
hours of patients with PD, absentees from work, and care of patients by family
members (Bovolenta et al. 2017; Dowding et al. 2006; Kowal et al. 2013; Martinez-
Martin et al. 2019). It has been reported that reduction of PD progression to half
could reduce such cost to about third (Johnson et al. 2013).

The lack of specific etiology of PD has led investigators to study the association
between PD and plethora of genetic and environmental factors that could play a role
in its pathogenesis. One of these factors is vitamin D.

12.2 Association Between Low Level of Vitamin D and Risk
of PD

Epidemiological studies indicate a positive association of vitamin D deficiency and
risk of PD. A prospective study was conducted in Finland between 1978 and 1980
(Mini-Finland health survey), which included 3173 individuals not suffering from
PD. Around 29 years later, 50 individuals developed PD. High level of vitamin D
seems to show a protective effect against PD as concluded from the low relative risk
(RR) between the highest and lowest quartile (RR: 0.33, 95%CI 0.14–0.8; Knekt
et al. 2010). Contrarily, another prospective study contradicted these findings not
reporting a protective effect of vitamin D against the risk of developing PD. Levels
of vitamin D were assessed among 12,762 individuals, and the samples were
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collected from 1990 to 1992. At the end of 2008, 67 PD patients were identified. No
association was observed between the level of vitamin D and risk of PD, as the
hazard ratios (HRs) were (1.05: 95% CI: 0.58–1.90) when vitamin D levels are
between 20 and 30 ng/mL and (1.14: 95% CI: 0.59–2.23) when vitamin D levels
equal or higher than 30 ng/mL compared to individuals having lower levels than
20 ng/mL (Shrestha et al. 2016). These contradictory results between these studies
could be attributed to differences in sample sizes of the individual studies, vitamin D
assays, and PD diagnostic validation, dictating the need for more studies.

Systematic review of the literature including human observational studies
assessing the relationship between vitamin D and PD risk shows an inverse rela-
tionship between vitamin D levels and risk of developing PD. One review included
7 studies where 1008 patients and 4536 controls were assessed. Both vitamin D
insufficiency and deficiency increased the risk of PD ((odds ratio (OR): 1.5, 95% CI:
1.1–2.0)) and (OR: 2.2, 95% CI: 1.5–3.4), respectively (Lv et al. 2014). Consis-
tently, another systemic review investigating the relationship between vitamin D and
PD included both human and rodents studies. The review also supported the
hypothesis that vitamin D can have both protective and symptomatic effects against
PD (Rimmelzwaan et al. 2016).

A meta-analysis of 8 studies including 5690 PD patients and 21,251 controls that
were published until March 2015 showed an increased risk of PD among individuals
with vitamin D insufficiency and deficiency (OR: 1.29, 95% CI: 1.10–1.51) and
(OR: 2.08, 95% CI: 1.63–2.65), respectively. A more recent meta-analysis of
20 studies published until January 2018 including 2866 PD patients and 2734
individuals reported that reduced vitamin D levels were associated with an increase
in the risk of PD. Vitamin D deficiency and insufficiency were associated with PD
risk (OR: 2.08, 95% CI: 1.35–3.19) and (OR: 1.73, 95% CI: 1.48–2.03), respec-
tively. Moreover, reduced vitamin D level increases the severity of PD (r ¼ �0.55,
95% CI �0.73, �0.29; Luo et al. 2018). Notably, the authors reported high hetero-
geneity depending on the assay methods. Furthermore, vitamin D supplementation
reduced PD risk (OR: 0.62, 95% CI: 0.35–0.90: Shen and Ji 2015).

In conclusion, it could be suggested that low vitamin D levels is associated with
increased risk of PD. In the next section, we will review potential molecular and
non-molecular factors that could explain such association.

12.3 How Could Vitamin D Alter the Risk of Developing PD
on the Molecular Level?

12.3.1 Vitamin D Synthesis and Its Role in the Brain

Vitamin D can be found in food, or it can be synthesized by the human skin when
exposed to sunlight. Our skin first synthesizes the precursor for vitamin D,
25-(OH)D. This is further hydroxylated in the liver and then in the kidney to form
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1,25 dihydroxyvitamin D (1,25-(OH)2D3), or calcitriol, which is the bioactive form
of vitamin D. These hydroxylations are carried out by the enzyme 1a-hydroxylase.
Calcitriol activates vitamin D receptor (VDR) and regulates gene transcription
(Rimmelzwaan et al. 2016). While VDR is a nuclear receptor, 1a-hydroxylase is
found in the cytoplasm (Lương and Nguyễn 2012). Both vitamin D receptor and
1a-hydroxylase are found in neurons and glial cells. The active form of vitamin D,
1,25-(OH)2D, induces its neuroprotective action in several ways. First, it inhibits
nitric oxide synthase which produces the free radical, nitric oxide. It also induces the
activity of γ-glutamyl transpeptidase, which synthesizes glutathione. Glutathione is
an important antioxidant and free radical neutralizer. In addition to its
neuroprotective actions, 1,25-(OH)2D induces the production of growth factors
like nerve growth factor (NGF), glial derived neurotrophic factor (GDNF), and
neurotrophin 3 (NT3) (Rimmelzwaan et al. 2016).

When activated, microglia, the immune cells of the nervous system, transform
into phagocytes, identical to macrophages. Microglia are implicated in the patho-
genesis of PD. Activated microglia lead to perpetuation of inflammation and neuro-
nal cell death which progresses to dopaminergic neurodegeneration in PD. The
substantia nigra has the highest number of microglia, rendering it the neuronal
organ most vulnerable to inflammation and neurodegeneration. The substantia
nigra contains mostly dopaminergic neurons and is hypothesized to be the location
of pathology for PDMicroglial activation negatively affects the structure and func-
tion of dopaminergic neurons. Dopaminergic neurons in the substantia nigra also
possess lower levels of glutathione, a powerful antioxidant, which reduces their
antioxidant activity and therefore significantly increase susceptibility to microglia
even more (Yan et al. 2014).

The activation of microglia can be mediated by interferon gamma (IFN-γ),
inducible nitric oxide synthase (iNOS), interleukin 1 beta (IL-1β), and tumor necro-
sis factor alpha (TNF-α).

1a-hydroxylase is found in the substantia nigra neurons as well as glial cells and
neurons of the hypothalamus (Lương and Nguyễn 2012). Vitamin D deficiency is
associated with tyrosine hydroxylase gene suppression. Tyrosine hydroxylase is an
essential enzyme needed for dopamine synthesis and neurotrophic factors (Zhou
et al. 2019).

In PD, iNOS expression is increased, which aggravates dopaminergic neuronal
death. The chronic inflammatory process, stimulated by the activation of
pro-inflammatory cytokines which activate microglia, is thought to be leading
pathology to the progression of PD (Yan et al. 2014). iNOS expression was
attenuated in cortical neurons when exposed to vitamin D treatment. The INOS
gene has VDR response element on it. As VDR is one of the receptors for vitamin D,
this highlights the potential direct action of vitamin D on iNOS (Dursun et al. 2014).
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12.3.2 Association of VDR Polymorphism and PD

Observational studies comparing VDR genetic variation rs10735810 (FokI) C allele
in PD patients and controls have shown mixed results. While some studies showed
an increased frequency of the C allele of VDR among patients with PD, others
noticed an association of the CC allele and mild forms of PD in Japanese patients,
which could be explained population variation. Another study showed that the VDR
BsmI genotype in Koreans was associated with PD, while the VDR gene increased
the susceptibility to PD in Caucasians (Lương and Nguyễn 2012). A study on
Hungarian patients showed an association between an increase in the FokI C allele
and PD as compared to controls, and other genetic variants did not show any
associations (Török et al. 2013). In contrast, a study of Taiwanese population
showed no association of genetic variants of the VDR with PD (Lin et al. 2014).
Another study in Han Chinese population showed an association between VDR FokI
T/C polymorphism and sporadic PD (Han et al. 2012). Other polymorphisms of the
VDR gene include ApaI, BsmI, and TaqI. A meta-analysis found no association of
these polymorphisms and PD susceptibility, while FokI polymorphism showed an
increased risk in the Asian populations specifically (Gao et al. 2010). TNF-a
production is induced by microglial activation (Kuno et al. 2005). Calcitriol was
found to inhibit the expression of TNF in microglial cells in two ways: increasing
IL-10 expression and forming a complex of LITAF (a transcription factor of TNF)
and VDR, which prevents the LITAF from binding to the promoter of the TNF gene
(He et al. 2017). VDR is known to affect many diseases by regulating gene
transcription (Butler et al. 2011). Vitamin D is known for its anti-inflammatory
effect in neurodegenerative diseases. Its effect on calcium homeostasis is thought to
play a major protective role in the pathogenesis of PD. This could be explained by
the fact that dopaminergic neurons in the substantia nigra are vulnerable to the effect
of sustained opening of L-type calcium channels (Butler et al. 2011). More studies
are needed to confirm the relationship between VDR polymorphism and risk of PD
(Rimmelzwaan et al. 2016).

12.3.3 Molecular Pathways of the Association Between
Vitamin D and PD

12.3.3.1 MHCII Complex

Major histocompatibility complex (MHC) is an important locus in human DNA
which contains many polymorphic genes. They encode for cell surface proteins that
are important for the adaptive immune system. Some genes in this region confer to
an increased risk of PD. Specifically, increased levels of MHC class II expression
were found in monocytes of PD patients.
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Astrocytes increase the levels of glial fibrillary acidic protein (GFAP) and
glutathione peroxidase to protect dopaminergic neurons. In PD, astrocytes increase
the expression of GFAP. Astrocytes also develop type 2 helper T-cell immune
responses that suppress IL-12 expression and increase the expression of MHC and
stimulatory cytokines. All of which leads to an inflammatory response (Yan et al.
2014). In response to toxic factors, astrocytes release toxic factor which damage the
dopaminergic cell bodies which later lead to degeneration of neurons in the striatum
(Yan et al. 2014).

Interestingly, 1,25-(OH)2 D3 (calcitriol) is known to suppress MHC class II
antigen expression in monocytes and macrophages (Lương and Nguyễn 2012).
This inhibitory effect of vitamin D on MHC expression could partly explain the
potential protective effect of vitamin D in PD.

12.3.3.2 Cytochrome P450

Cytochrome P450 is a group of enzymes responsible for the metabolism of endog-
enous as well as exogenous compounds. They can also be found in the brain and are
known to be polymorphic and therefore may contribute to diseases, either by
exhibiting increased or decreased activity. CYP2D6*4 allele was found to be more
prevalent among patients with PD as compared to controls. Interestingly, CYP2D6
can also act as 25-hydroxylase, activating vitamin D3 (formed by the skin) conver-
sion to 25-(OH)D. Deficiency of the 25-hydroxylase enzymes is associated with
vitamin D deficiency (Lương and Nguyễn 2012).

Moreover, CYP2D6 polymorphism is also associated with PD. According to
ethnicities, CYP2D6 was found to be absent in less than 1% of the Asian population,
and in up to 10% of Caucasians. Finding a significant association between this
polymorphism and PD would require a large study group, and stratification
according to ethnicities.

Of significance is that CYP2D and PD loci are located on chromosome 22.
Deletion of chromosome 22q11 resulted in lower serum calcium, bone mineral
density, and parathyroid hormone levels (Lương and Nguyễn 2012). CYP2D6 is a
potential 25-hydroxylase, converting vitamin D3 to 25OHD. The lack of this
enzyme will result in vitamin D deficiency (Lương and Nguyễn 2012).

12.3.3.3 Heme Oxygenase-1 (HO-1)

HO-1 is an inducible cytoprotective enzyme which is expressed in response to
oxidative stress. It is responsible for the catabolism of heme to biliverdin and
subsequently bilirubin alongside the production of carbon monoxide
(CO) (Gozzelino et al. 2010). Low dose of CO has been found to exert anti-
inflammatory effects in animal models of inflammatory bowel disease (Hegazi
et al. 2005).
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While in normal brains, HO-1 is found in low levels. HO-1 was overexpressed in
astrocytes of PD especially in substantia nigra and Lewy bodies in dopaminergic
neurons. 1,25-(OH) D3/calcitriol could exert its protective effects in PD via HO-1
dependent mechanism. Consistently, calcitriol has been shown to delay HO-1
immunoreactivity after cerebral ischemia (Lương and Nguyễn 2012).

12.3.3.4 Poly(ADP-Ribose) Polymerase-1 (PARP-1)

PARP-1 is a protein acting on the nucleus of the cell, and in response to stress, it can
either induce neuronal death or survival (Lương and Nguyễn 2012). The role of
PARP-1 in stress response is explained in detail in a review by (Xin Luo and Lee
Kraus 2012). MPTP is a well-known neurotoxin that causes parkinsonian symptoms.
PARP gene lacking mice have shown to be spared from the effects of MPTP. PARP-
1 was also overexpressed in the dopaminergic neurons in the substantia nigra of PD
patients. High levels of vitamin D suppress PARP-1 expression, in a dose-dependent
manner. Vitamin D is hypothesized to induce this anti-inflammatory effect by
inhibiting microglial activation.

12.3.3.5 Neurotrophic Factors (NTFs)

NTFs are important proteins for the survival of neurons (Brockmann et al. 2016).
NTFs can promote neuronal regeneration or protect them from insult. NTFs include
brain-derived neurotrophic factors (BDNF), glial-derived neurotrophic factor
(GDNF), mesencephalic-astrocyte-derived neurotrophic factor (MANF), and cere-
bral dopamine neurotropic factor (CDNF). Their respective receptors are found in
the striatum and the substantia nigra. In PD, expression of NTFs is reduced. In
Koreans, CDNF single-nucleotide polymorphism (rs7094179) increased the suscep-
tibility to PD. In the Chinese Han population, an allele of BDNF was a risk factor for
PD. Calcitriol acts on the expression of neurotrophic receptors and expression of
GDNF. By increasing GDNF and restoring tyrosine hydroxylase expression in the
substantia nigra and striatum, calcitriol protects against dopamine loss (Lương and
Nguyễn 2012). GDNF is an important neuroprotective agent for dopamine neurons
in the midbrain. GDNF administration alleviated symptoms in PD patients and
primate models. In vitro, calcitriol increased glutathione, and its precursor
γ-glutamyl transpeptidase and neurotrophin-3 as well (Smith et al. 2006). Decreased
levels of neurotrophins in the nigrostriatal region of postmortem brain of PD patients
were evident in previous studies. These neurotrophins included BDNF. A suggested
mechanism for that is microglial activation which subsequently resulted in the death
of dopaminergic neurons (Nagatsu and Sawada 2005). Activated monocytes secrete
bioactive BDNF during inflammatory processes to aid in neuronal survival
(Brockmann et al. 2016). Increased BDNF serum levels were associated with disease
duration and severe motor impairment in PD patients. BDNF also correlated
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positively with inflammatory markers of neurodegenerative diseases (Brockmann
et al. 2016).

12.3.3.6 Sp1 Transcription Factor

Sp1 transcription factor is a DNA-binding protein. In response to oxidative stress in
neurons, it gets acetylated. Sp1 family is important in the expression of dopamine
transporter gene (Lương and Nguyễn 2012). Sp1 sites act synergistically with
vitamin D-responsive elements to induce CYP24 (25-OH-D 24-hydroxylase) pro-
duction which is important for the metabolism of 1,25OH-D (Lương and Nguyễn
2012). A previous study showed that Sp1 inhibition was seen to reduce monoamine
oxidase B activity which resulted in neuroprotective effects (Yao et al. 2018).

12.3.4 Nonmolecular Mechanism of the Association Between
Vitamin D and PD

Vitamin D, as one of the fat-soluble vitamins, is stored in adipose tissue, and it alters
the inflammatory response of adipocytes (Stevens 2021). Hypertrophy of the adipose
tissues associated with obesity results in insufficient blood supply, hypoxia, macro-
phages infiltration, release of pro-inflammatory cytokines (IL6 & 8, MCP1,
TNF-alpha and resistin), and altering adipokines secretion. These changes are
associated with insulin resistance (de Luca and Olefsky 2008; Heilbronn and
Campbell 2008). It was consistently shown in recent literature that DM increases
the risk of PD and its clinical progression. This could be attributed to mitochondrial
dysfunction, oxidative stress, neuroinflammation, impaired protein hemostasis. Insu-
lin resistance and poor glycemic control worse PD progress (Hassan et al. 2020). The
potential beneficial effect of vitamin D in PD could be explained by its anti-
inflammatory effects and inhibition of insulin resistance.

Vitamin D decreases insulin resistance by affecting the release of adipokines as it
increases adiponectin and inhibits leptin release. Furthermore, vitamin D plays a
critical physiological role as a powerful anti-inflammatory molecule by inhibiting
P38MAP kinase and NF-kB signaling pathways, reducing the expression of
pro-inflammatory factor genes (IL1-beta, IL-8, and TNF-alpha), (Koszowska et al.
2014; Szymczak-Pajor and Śliwińska 2019). It’s totally accepted among the scien-
tific community that insulin resistance is observed during developing diabetes
mellitus (DM: Reusch 2002; Taylor et al. 1994) and vitamin D deficiency increases
the risk of developing DM through losing the protective roles, as reviewed in details
by Berridge (2017). The prevalence of vitamin D deficiency among Kenyan patients
with DM was 38.4% and was associated with poor glycemic control (Karau et al.
2019). Haidari et al. (2016) reported similar prevalence of vitamin D deficiency
among the Persian DM patients (35.72%). Vitamin D has protective effects through
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antagonizing the inflammatory response observed early during the pre-DM by
reducing release of cytokines, chemokines, and reducing the monocytes chemotaxis
(Bartels et al. 2010; Calton et al. 2015). It is also important for preserving the
mitochondrial functions including maintaining the energetic one through preserving
the function of the electron transport chain (ECT; Ashcroft et al. 2021). ECT is
responsible for producing the majority of the energy needed by the cells; hence,
mitochondria are called the powerhouse of the cells (Siekevitz 1957). Vitamin D
antagonizes apoptosis (Moz et al. 2020; Riachy et al. 2002) and plays a pivotal role
in controlling calcium hemostasis by increasing the expression of plasma calcium
ATPase (Kip and Strehler 2004), NCX1, and calbindin (Ko et al. 2009; Pu et al.
2016) and decreasing expression of L-type calcium channels (Brewer et al. 2001).
Together with its antioxidant effects (Wu et al. 2021), it regulates histone
demethylase genes which control hypermethylation of promoter regions of many
genes (Pereira et al. 2012; Yu et al. 2018).

Exposure to environmental contaminants, like pesticides, has hazardous effects.
Organochlorine pesticides were introduced in the market and were extensively used
around 80 years ago and were banned in the 1970s in many countries after many
reports about their toxic effects (Blus 2002). A negative correlation existed between
the serum concentration of organochlorine pesticides and vitamin D levels in a cross-
sectional study that included 1275 participants (Yang et al. 2012). This toxic effect
might be attributed to the endocrinal disruptor effects of these pesticides (Lee et al.
2010). Furthermore, the organochlorine pesticides interfere with vitamin D activity,
its medicated intestinal absorption, intestinal alkaline phosphatase activity, and bone
resorption (Nowicki et al. 1972).

Later, organophosphate pesticides were introduced in the market and as replacers
of the banned organochloride ones (Costa 1987). In spite of the fact that many of
scientific publications show their neurotoxic actions, they represent one of the most
commonly used pesticides worldwide. Their neurotoxic actions could be attributed
to inhibition of cholinesterase enzyme, mitochondrial dysfunction, oxidative stress,
and inducing neuroinflammation (Jokanović 2018; Sakata 2005; Salama et al. 2014).
To the extent of our knowledge, limited data exist regarding the effects of organo-
phosphate pesticides on vitamin D. Chlorpyrifos is one of the most commonly used
organophosphate pesticides. It increases the expression of VDR at the level of the
skin which could indicate interference with vitamin D metabolism (Sawicki et al.
2019). Furthermore, vitamin D antagonized the chlorpyrifos-induced toxicity at
retinal and renal levels of Wistar rats (El-Hossary et al. 2009).
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12.4 Potential Association of Environmental Factors
and PD, the Egyptian Experience

The occurrence of PD in some agricultural countries such as Egypt is higher than
industrialized countries. Among 100,000 individuals, around 2748 individuals aged
50 years old or older and 7263 individuals aged between 70 and 79 years old are
diagnosed with PD in Egypt (Khedr et al. 2012).

Only 5–15% of PD could be attributed to well-identified genetic mutation, while
majority of PD patients are classified as idiopathic cases, postulated to be associated
with exposure to environmental contaminants (e.g., pesticides, unhealthy lifestyle,
and nutritional habits leading to micronutrients deficiency and central obesity) (Ball
et al. 2019; Chen et al. 2004; Guo et al. 2019; Sherzai et al. 2016). These modifiable
risk factors among the Egyptian population will be discussed in more details in the
next section.

The health effects of exposure to pesticides among the Egyptian population have
been fully reviewed by Mansour (2004 and 2008). While pesticides play a crucial
role in increasing crop productivity, exposure to many pesticides can be associated
with many health hazards, including metabolic and neurodegenerative disorders.
Egypt was ranked as the fifth highest consumer of pesticides in Africa. Even though
organochlorine pesticides like dichlorodiphenyltrichloroethane (DDT) have been
banned in the 1970s, they are still detected in water and food. Furthermore, organ-
ophosphate pesticides, like chlorpyrifos and malathion, are one of the most widely
used pesticides in Egypt. The problem of exposure to pesticides in Egypt is not only
related to the amount of used pesticides but also to the lack of using protective
equipment during mixing and application. We previously reported association
between exposure to pesticides and risk of PD among the Egyptian population
(OR: 7.09, 95% CI: 1.12–44.01). This risk is altered by polymorphism of the
butyrylcholinesterase gene, which is responsible for metabolizing the organophos-
phate pesticides (Rösler et al. 2018).

DM increases the risk of developing PD, as was discussed in the previous section.
Egypt is located in the red zone of DM, where more than half of diabetic patients
reside (Al-Rubeaan 2010). The International Diabetes Federation reported that
around 15.56% of Egyptian aged between 20 and 79 in 2011 were diabetic. In
2007, around 4.4 million Egyptian were diabetic, and the number increased to 7.5
and 8.9 million in 2013 and 2019, respectively. Furthermore, the number of diabetic
patients in Egypt is expected to reach 11.9 and 16.9 million by 2030 and 2045,
respectively (Aguiree et al. 2013; Karuranga et al. 2019; Whiting et al. 2011). We
discussed the potential risk factors in our previous work, and this high prevalence of
DM among the Egyptian population could be explained by unhealthy nutritional
habits and lack of physical exercise which are one of the leading factors of the high
prevalence of overweight and obesity among the Egyptian (Hegazi et al. 2015), as
50% and (65–80%) of Egyptian men and women, respectively, are overweight and
obese (El-Zanaty and Way 2009). Furthermore, Sharara et al. (2018) show in their
meta-analysis that the prevalence of physical inactivity among the Egyptian
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population is between 32% and 91%. Different types of exercise could offer
neuroprotective effect and reduce PD progression at motor and non-motor levels.
These protective effects could be attributed to the fact that exercise improves the
mitochondrial function, antagonizes oxidative stress, enhances growth factor forma-
tion, positively affects neurogenesis and plasticity, and decreases the other modifi-
able risk factors like DM and cardiovascular diseases, as reviewed in detail by Feng
et al. (2020) and Xu et al. (2019). Other potential risk factors for DM in Egypt are
exposure to pesticides and the high prevalence of hepatitis C infection (Hegazi et al.
2015).

Regarding the status of vitamin D in Egypt, some of trails were conducted to
assess the degrees of vitamin D insufficiency and deficiency among the Egyptian
populations; however, small sample size was obvious among the majority of these
studies. The prevalence of vitamin D insufficiency and deficiency among 200 Egyp-
tian school students aged between 9 and 11 years old was 15 and 11.5%, respec-
tively. Obesity and lack of adequate milk intake, sun exposure, and physical activity
are linked to low vitamin D levels (Abu Shady et al. 2016). In one study, 24 and
21.3% of 75 adolescent Egyptian girls aged between 14 and 17 years old have
insufficient and deficient vitamin D, respectively. This was associated with lack of
sun exposure (Amr et al. 2012). Furthermore, El Badawy et al. (2015) showed that
18.5 and 5.3% of 500 Egyptian students between 13 and 18 years of age have
insufficient and deficient vitamin D. Botros et al. (2015) reported in their cross-
sectional study which included 404 Egyptian females that 77.2, 72.6, 72, and 39.5%
of the geriatric, nursing, childbearing, and elderly females are suffering from vitamin
D deficiency. Gerges et al. (2021) reported that 13 and 43% of 100 Egyptian females
in the childbearing period have insufficient and deficient vitamin D levels. Another
cross-sectional study assessed vitamin D levels among 135 pregnant Egyptian
women and their neonates. Maternal levels of vitamin D were correlated to the
levels in their neonates, as vitamin D insufficiency and deficiency were reported
among 28.9 and 40% of the pregnant women and 32.6 and 60% of their neonates.
Increased BMI and lack of fish intake and sun exposure were associated with low
maternal vitamin D levels (El Rifai et al. 2014). As it was discussed in the previous
section, vitamin D deficiency increases the risk of insulin resistance and in turn
DM. The prevalence of vitamin D deficiency among 60 Egyptian patients with DM
was reported by Abdelsadek et al. (2018) as 73.3% compared to 35% among
30 control individuals. Consistently, 450 obese Egyptian women aged between
25 and 35 years old were categorized according to the existence of vitamin D
deficiency into two groups. Metabolic changes in the form of higher blood pressure,
dyslipidemia, and insulin resistance with evidence of higher fasting blood glucose,
and higher levels of inflammatory markers, C reactive protein, and interleukin
6, were obvious among vitamin D-deficient group. VDR gene polymorphisms
alter the body response, by which women having ApaI (Aa, aa), FokI (Ff, ff), and
for TaqI (Tt, tt) alleles have lower vitamin D levels, higher inflammatory markers,
and more insulin resistance than those having common homozygous alleles ApaI
(AA), FokI (FF), and TaqI (TT; Zaki et al. 2017).
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12.5 Vitamin D as a Potential Therapy for PD

12.5.1 Experimental Studies

Experimental Parkinson’s disease is modeled by different regimens of administra-
tion of toxins like 6-OHDA, MPTP, and rotenone, as reviewed recently by El-Gamal
et al. (2021). Previous in vitro and in vivo studies reported protective effects of
vitamin D against these toxins. Jang et al. (2014) show a neuroprotectant effect of
vitamin D against rotenone-induced toxicity (reduced cell viability and oxidative
stress) in SH-SY5Y cells, as in vitro model of PD, through activating the autophagy
degradation pathway. Furthermore, Wang et al. (2001) reported the neuroprotective
effect of vitamin D at both in vitro and in vivo levels. Daily administration of vitamin
D to Sprague-Dawley rats for 8 days before stereotactic injection of 6-OHDA into
the medial forebrain bundle improves the locomotor impairment and increase the
dopamine and its metabolites in the substantia nigra. Coherently, vitamin D antag-
onized 6-OHDA-induced cell death of primary ventral mesencephalic culture. The
protective effect of vitamin D in the 6-OHDA mouse model was further confirmed
by Kim et al. (2020), as vitamin D administration antagonizes 6-OHDA dopaminer-
gic neurodegeneration and neuroinflammation in substantia nigra. This beneficial
effect could be explained that vitamin D reversed the 6-OHDA-induced reduction in
the brain endothelial P-glycoprotein level and expression of VDR and its target
genes MDR1a and CYP24. Similar results obtained among the 6-OHDA rat model
of PD, as vitamin D, improves the locomotor impairment and dopamine content in
the corpus striatum by antagonizing the inflammatory and oxidative stress processes
(Lima et al. 2018). Together with that, vitamin D exerted a neuroprotective effect
against MPTP-induced nigrostriatal neurodegeneration through reducing microglial
activation, TLR4 receptor expression, pro-inflammatory cytokines expression, and
increase expression of anti-inflammatory cytokines (IL-4, IL-10, and TGF-β) and
CD (163, 204, and 206; Calvello et al. 2017).

Other potential mechanisms for the beneficial effects of vitamin D can be due to
the fact that vitamin D plays a crucial role in proliferation and differentiation of
neural stem cells (Shirazi et al. 2015) and increases the expression of tyrosine
hydroxylase, the rate-limiting enzyme for DA synthesis (Cui et al. 2015). Further-
more, its deficiency is associated with impairment on the ontogeny of DA neurons in
the developing brain (Cui et al. 2010). The potential molecular and environmental
factors that could explain association of vitamin D and PD were illustrated in
Fig. 12.1.

12.5.2 Clinical Studies

Furthermore, few clinical trials were conducted to assess the potential therapeutic
role of vitamin D. Daily administration of vitamin D (10 000 IU) for 16 weeks in PD
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patients did not improve balance. However, a significant effect of vitamin D was
reported in younger PD patients (aged 52 to 66 years old) but not the older PD
patients (Hiller et al. 2018). Daily vitamin D supplementation (1200 IU) to PD
patients for 1 year seems to be helpful in reducing the progression of the disease.
However, this beneficial effect is variable according to different VDR Fokl geno-
type, as this effect was significant with Fokl CT and TT but not CC genotype (Suzuki
et al. 2013). Zhou et al. (2019) demonstrated in their recent systematic review and
meta-analysis that included eight studies that both vitamin D insufficiency and
deficiency significantly increase the risk of PD (OR, 1.77; 95% CI, 1.29–2.43) and
(OR, 2.55; 95% CI, 1.98–3.27), respectively. Exposure to sun for at least 15 minutes
per week significantly reduces PD risk (OR, 0.02; 95% CI, 0.00–0.10). In spite of the
fact that both vitamin D insufficiency and deficiency significantly increase the PD
risk, vitamin D supplement did not significantly reduce motor impairment associated
with PD.

With the declaration of the COVID-19 pandemic in the first half of 2020, it was
suggested that COVID-19 can induce neurodegeneration and worsen PD manifes-
tations. It has also been postulated that vitamin D administration could have a
beneficial therapeutic effect (de Barros Viana et al. 2021). Hribar et al. (2020)
concluded in their recent review that vitamin D supplements could have beneficial
effects on reducing PD progression and both the risk and severity of COVID-19
among PD patients. Interestingly, a recent review of literature suggested that the
association of low level of vitamin D among PD patients and severity of the PD

Fig. 12.1 The potential molecular and environmental factors that could explain association of
vitamin D and PD
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motor symptoms could be attributed to limited mobility and lack of exposure to the
sun as the disease progresses (Fullard and Duda 2020).

12.6 Conclusion

Like other noncommunicable chronic diseases, PD has complex etiology and risk
factors. The current review suggests that vitamin D deficiency is one of these risk
factors. This interesting association could be related to the pleiotropic effects of
vitamin D especially its anti-inflammatory and antioxidant properties. Further
research is warranted to better understand this association and may open the door
for potential utilizing vitamin D as one of therapeutic modalities and preventive
strategies of PD.
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