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Abstract
Parkinson’s disease (PD) is a neurodegenerative brain disease (NBD) developed due to dopaminergic neuron loss in the sub-
stantia nigra (SN). Vitamin D (VD), VD receptor (VDR), and VD metabolites are highly expressed in the human brain and 
play a critical role in maintaining different brain functions. VDRs are highly expressed in the SN that regulates the activity 
of dopaminergic neurons and synaptic plasticity. VD exerts protective and therapeutic effects against the development of 
PD by modulating dopaminergic neurons of SN. VD reduces oxidative stress and neuroinflammation in PD because of its 
anti-inflammatory and antioxidant activities. Different studies revealed the protective effect of VD in the management of 
PD. However, the potential therapeutic effect of VD in well-established PD remains controversial. Therefore, this review 
aims to elucidate VD’s preventive and therapeutic roles in PD. In conclusion, VD deficiency is associated with increased 
PD risk, but VD supplementation in well-established PD plays little role.
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Introduction

Vitamin D (VD) is a fat-soluble vitamin secosteroid derived 
from diet and skin synthesis during exposure to sunlight 
(290–315 nm) (Antonucci et al. 2018). VD is biologically 
inert and must be biologically activated by the hydroxylation 
process in the liver and kidney (Bikle 2009; Antonucci et al. 
2018). VD is converted by 25-hydroxylase in the liver to 

25-hydroxyvitamin D (25(OH)D), which is the main circulat-
ing form of VD. In the kidney, 25(OH)D is converted by 1-α 
hydroxylase (CYP2B1) to 1,25-hydroxyvitamin D (1,25(OH)
D3), which is the active form of VD (Wacker and Holick 
2013). Higher 1,25(OH)D3 concentration is metabolized by 
24-hydroxylase to calcitroic acid (Fig. 1). VD exerts its bio-
logical action by activating the VD receptor (VDR), a nuclear 
transcription factor receptor. VDR is a member of the nuclear 
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receptor superfamily. In mammals, VDR is highly expressed 
in metabolic tissues, such as the intestine, kidney, skin, and 
thyroid gland, and moderately expressed in nearly all tissues 
(Norman 2008). Furthermore, VDR is expressed in many 
malignant tissues. Active VDR binds to vitamin D response 
elements located in promoter regions of target genes, thereby 
controlling the transcription of these genes. VDR affects the 
transcription of at least 913 genes in human SCC25 cells 
(head and neck squamous cell carcinoma cell line) (Wang 
et al. 2005). The impacted biological processes range from 
calcium metabolism to the expression of key antimicrobial 
peptides. Therefore, it is unsurprising that vitamin  D3/VDR 
signaling is involved in mineral and bone homeostasis, modu-
lation of growth, cardiovascular processes, cancer prevention, 
and regulation of immune responses, including autophagy 
(Silvagno et al. 2010). Dysfunction of VDR and vitamin 
 D3 deficiency can cause poor bone development and health, 
as well as increase the risk of many chronic diseases, includ-
ing type 1 diabetes, rheumatoid arthritis, Crohn’s disease, 
infectious diseases, and cancer (Holick 2010). Besides, VD 
acts on membrane-associated, rapid response, steroid-binding 
receptors (MARRS). An alternative membrane receptor for 
1,25D3 was identified based on binding assays and biochemi-
cal purification. Cloning of this receptor provided clues as 
to the role this new protein might play in 1,25D3 signaling. 
This protein, named 1,25D3-MARRS (membrane-associated, 
rapid response, steroid-binding), is identical to a previously 
cloned member of the thioredoxin family of proteins, ERp57 
(endoplasmic reticulum protein of 57 kDa) or alternatively 

GRp58 (glucose-regulated protein of 58 kDa)/PDIA3. In 
addition to localization in the endoplasmic reticulum, 
1,25D3-MARRS has also been found in the nucleus and con-
tains a domain that can bind to DNA (Wu et al. 2010). One of 
the best membrane-associated proteins able to bind vitamin 
 D3 compounds is the protein disulfide isomerase family A 
member 3 (Pdia3), also known as MAARS, which has been 
described as a crucial protein in 1α,25(OH)2D3-initiated rapid 
membrane non-genomic signaling pathways (Zmijewski et al. 
2020). Activated VDR can also bind the retinoid X receptor 
(RXR), forming a heterodimer that promotes gene expression 
through the activation VD response element (Carlberg 2017).

VD regulates calcium and phosphorus homeostasis by 
regulating the intestinal absorption of calcium and renal 
tubular phosphate excretion under the parathyroid hormone’s 
effect (Taylor and Bushinsky 2009). VD is involved in differ-
ent biological processes in controlling bone mineralization, 
immune system regulation, and inhibition of tumor progres-
sion (Khammissa et al. 2018), as displayed in Fig. 2.

VD controls more than 200 genes that affect various cel-
lular processes. It has an important neuroprotective role in 
regulating neurotransmission and neuroplasticity (Pirotta 
et al. 2015). Therefore, VD may affect the pathogenesis and 
progression of neurodegenerative brain diseases (NBDs), 
including Parkinson’s disease (PD) (Koduah et al. 2017). 
There is extensive research concerning the association 
between VD deficiency and PD. Furthermore, many studies 
link VD deficiency with the incidence of PD (Zhou et al. 
2019). However, there is a controversial point regarding the 

Fig. 1  Biosynthesis of vitamin 
D



Naunyn-Schmiedeberg's Archives of Pharmacology 

1 3

potential therapeutic benefit of VD supplementation in the 
management of PD (Barichella et al. 2022). Therefore, this 
review aims to clarify the preventive and therapeutic roles 
of VD in PD.

Parkinson disease

Parkinson’s disease (PD) is the second most common NBD, 
following Alzheimer’s disease (AD) (Alsubaie et al. 2022). 
PD was initially identified in 1817 by Doctor James Par-
kinson, who described shaking palsy. PD progresses due to 
dopaminergic neuron loss in the substantia nigra (SN) fol-
lowing a great dopamine deficiency in the caudate nucleus 
and putamen (Alrouji et al. 2023). These changes lead to 
motor dysfunctions, including rigidity, resting tremors, 
bradykinesia, and walking difficulty (Poewe et al. 2017). 
In addition, numerous non-motor disorders are present, 
including apathy, depression, anxiety, autonomic disorders, 
dementia, neuropsychiatric disorders, cognitive dysfunc-
tion, and sleep disturbances. The incidence of PD in the 
general population is 0.3% and reaches 4% above the age 
of 80 years (Savica et al. 2016). The neuropathological 
characteristic of PD is the deposition of Lewy bodies from 
aggregated α-synuclein. The deposition of α-synuclein is 
not limited to the SN but throughout the entire brain, such as 
the autonomic nervous system (ANS) (Alrouji et al. 2023). 
Deposition of α-synuclein is progressive for many years 
before the development of a symptomatic period (Dickson 
2018). Actually, the deposition of α-synuclein starts ini-
tially in the ANS, mainly in the dorsal motor nucleus of 

glossopharyngeal and vagus nerves, and then spreads to the 
other brain areas. These verdicts proposed that PD neuropa-
thology is not limited to SN degeneration. Markedly, in the 
prodromal phase, non-motor symptoms, including anosmia, 
constipation, sleep disorders, and depression, develop before 
dopaminergic degeneration in the SN. Following the devel-
opment of motor symptoms due to dopaminergic degenera-
tion in the SN, cognitive dysfunctions are propagated due 
to the involvement of the temporal cortex (Yamasaki et al. 
2019). Also, PD is associated with the progression of vari-
ous inflammatory events linked with the progression of PD 
neuropathology (Tunold et al. 2021), as presented in Fig. 3.

VD and dopaminergic neurons

VD and VDR, as well as VD metabolites, can cross BBB 
and are highly expressed in the human brain that plays a 
crucial role in maintaining the functions of the CNS (Harms 
et al. 2011). VDRs are highly expressed in the SN that regu-
lates dopaminergic neurons’ activity and synaptic plasticity 
(Mayne and Burne 2019). Lima et al. demonstrated that VD 
had a protective role against the development of PD in rats 
through attenuation of oxidative stress and neuroinflamma-
tion (Lima et al. 2018). Therefore, VD deficiency is associ-
ated with the loss of dopaminergic neurons in the SN and an 
increased risk for new-onset PD (Newmark and Newmark 
2007). It has been shown that VD regulates the expression 
of the tyrosin hydroxylase gene in the dopaminergic neurons 
of SN with an enhancement of dopaminergic neurotrans-
mission and transporters. It also suppresses the expression 

Fig. 2  Biological effects of 
vitamin D
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of L-type voltage-sensitive Ca2 + channel (LVSC), which 
supports the enhancement of neurotransmission (Li et al. 
2015). An experimental study showed that VD supplementa-
tion improves the activity of dopaminergic neurons in rats 
(Lima et al. 2018). This finding suggests that VD exerts a 
protective and therapeutic effect against the development of 
PD by modulating the expression of the tyrosin hydroxylase 
gene in the dopaminergic neurons of SN. However, due to 
its anti-inflammatory and antioxidant activities, VD could 
effectively reduce PD risk.

VD also acts on the endoplasmic reticulum stress pro-
tein 57 (ERp57), which is also highly expressed in all brain 
regions. ERp57 regulates calcium homeostasis in response 
to neuronal stress and acts as a chaperon in preventing the 
aggregation of misfolding proteins and the generation of 
α-synuclein (Lv et al. 2020; Di Risola et al. 2022). In addi-
tion, ERp57 improves the expression of redox-sensitive 
transcription factors to reduce oxidative stress propagation 
(Grillo et al. 2006). As well, ERp57 protects neurons from 
amyloid β (Aβ) toxicity (Di Risola et al. 2022), suggesting 
a protective role of VD/ERp57 in preventing the develop-
ment of NBDs, including PD. However, the over-expression 
of ERp57 is not associated with protecting dopaminergic 
neurons in the SN (Bargsted et al. 2016).

Additionally, VD modulates immunity by decreas-
ing macrophage colony-stimulating factor (M-CSF) and 
tumor necrosis factor α (TNF-α). Moreover, VD increases 
the expression of glial cell–derived neurotrophic fac-
tor (GDNF), which protects dopaminergic neurons in the 
SN through its anti-inflammatory and antioxidant effects 

(Weissmiller and Wu 2012). VD deficiency results in a 
reduction in the expression of GDNF with further impair-
ment activity of dopaminergic neurons (Zhou et al. 2019; 
Barichella et al. 2022). Besides, VD exerts a neuroprotec-
tive effect through the expression of neuroprotective media-
tors, including gamma-glutamyl transferase, nuclear eryth-
roid factor 2, and antioxidant genes. VD also prevents the 
development of neuronal lipid peroxidation and the release 
of pro-inflammatory cytokines and inducible nitric oxide 
synthase (iNOS) (Câmara and Brandão 2019). Of note, VD 
maintains normal calcium homeostasis in the dopaminergic 
neurons of SN (Berridge 2015). Increased intracellular cal-
cium promotes aggregation of α-synuclein with induction of 
oxidative stress (Santner and Uversky 2010). Thus, regula-
tion of intracellular calcium by VD inhibits the degeneration 
of dopaminergic neurons of SN. VD also regulates neuronal 
concentrations of iron manganese and zinc, thereby prevent-
ing metal-induced oxidative stress and neuronal cell death.

Worth mentioning the ability of VD to empower brain 
growth and development through reducing brain expres-
sion of neurotrophin 4 (NT4) and increasing expression of 
ciliary neurotrophic factor (CNTF), glial cell–derived neu-
rotrophic factor (GDNF), nerve growth factor (NGF), p75 
neurotrophin receptors (p75 NTR), transforming growth fac-
tor (TGF)-b2, brain-derived neurotrophic factor (BDNF), 
and neurotrophin 3 (NT3). Thus, VD could halt brain aging 
(Shirazi et al. 2015).

These observations illustrated VD's mechanistic role in 
the protection and restoration of dopaminergic neurons in 
the SN (Fig. 4).

Fig. 3  Pathogenesis of Parkin-
son’s disease
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Role of VD in PD

PD neuropathology is affected by VD through genomic and 
non-genomic pathways, so VD can affect the expression of 
different genes in the dopaminergic pathway, by which VD is 
intricate with molecular signaling involved in the progression 
of PD (Peterson 2014). Different studies revealed VD’s protec-
tive effect in managing PD (Muir and Montero‐Odasso 2011; 
Hiller et al. 2018). Despite symptomatic improvement, PD is 
a progressive disease not recovered by conventional therapy. 
However, numerous studies revealed that VD supplementa-
tion improves postural stability and gait balance in PD patients 
(Muir and Montero‐Odasso 2011; Hiller et al. 2018). This ben-
eficial effect might be due to the strengthening of skeletal mus-
cles and spinal cord conductivity (Muir and Montero‐Odasso 
2011). A randomized clinical trial showed that VD supple-
mentation might reduce the progression of PD neuropathy 
for a short period (Suzuki et al. 2013). However, the potential 
therapeutic effect of VD in well-established PD remains con-
troversial. Thus, there is a debate and conflict about whether 
treatment with VD can decrease or attenuate the progression 
of PD or lead to irrespective alleviation in muscle strength.

Furthermore, various studies confirmed a negative asso-
ciation between VD serum levels and PD severity (Suzuki 
et al. 2012). However, a randomized controlled clinical trial 
conducted by Suzuki et al. (2013) illustrated that VD sup-
plementation might stabilize PD for a short duration, though 

this effect of VD was not specific to PD. However, VD 
serum level is also linked with non-motor symptoms in PD. 
For example, low VD serum level is associated with cogni-
tive dysfunction and the development of dementia (Feart 
et al. 2017). A large-scale prospective study of the older 
French population proposed that preserving normal VD 
serum levels may prevent cognitive decline and the devel-
opment of dementia (Feart et al. 2017). Supporting these 
findings, Peterson et al. (2013) revealed that high VD serum 
level was correlated with superior cognitive level and mood 
in PD patients through attenuation of deposition of Aβ. The 
VD-mediated cognitive enhancing effect is related to the 
preservation of synaptic plasticity and modulation of neu-
rotransmitter release, as documented by different preclinical 
studies (Latimer et al. 2014; Phillipson 2017).

Furthermore, cognitive dysfunction is related to the 
development of olfactory dysfunction in PD patients. VD 
deficiency is associated with the severity of olfactory dys-
function, which precedes the progression of symptomatic 
PD (Takeda et al. 2014). Both olfactory and cognitive brain 
regions are closely related, and olfactory dysfunction like 
hyposmia predicts the development of PD dementia and 
motor severity (Yoo et al. 2019; Lee et al. 2021).

Zhou et al. disclosed that VD deficiency might increase the 
risk for the development of PD (Zhou et al. 2019). However, VD 
supplementation was not associated with significantly ameliorat-
ing motor symptoms in PD patients. A meta-analysis involving 

Fig. 4  Role of vitamin D in PD. Vitamin D (VD) improves neurotrans-
mission by reducing the L-type voltage-sensitive  Ca2+ channel (LVSCC). 
VD increases the dopaminergic neurons’ activity. VD decreases metal-
induced oxidative stress. VD has immunomodulatory effects by reduc-
ing the expression of tumor necrosis factor α (TNF-α), nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-kB), and macrophage 
colony-stimulating factor (M-CSF). VD improves neuronal homeosta-
sis and has an antioxidant effect by reducing inducible nitric oxide syn-

thase (iNOS) and increasing expression of nuclear erythroid–related 
factor 2 (NrF2), endoplasmic reticulum stress protein 57 (ERSP57), and 
γ-glutamyl transferase. VD enhances brain development and neuronal 
growth by reducing the expression of neurotrophin 4 (NT4) and increas-
ing expression of ciliary neurotrophic factor (CNTF), glial cell–derived 
neurotrophic factor (GDNF), nerve growth factor (NGF), p75 neurotro-
phin receptors (p75 NTR), transforming growth factor (TGF)-b2, brain-
derived neurotrophic factor (BDNF), and neurotrophin 3 (NT3)
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eight studies showed that VD serum level  < 20 ng/mL was 
associated with increased PD risk. VD supplementation did not 
affect the reduction of PD motor symptoms (Zhou et al. 2019). 
However, a previous study confirmed that VD supplementation 
improves PD symptoms (Suzuki et al. 2013). Preclinical stud-
ies revealed that VD supplementation reduced PD severity by 
decreasing the degeneration of dopaminergic neurons in the SN 
and associated neuroinflammation (Calvello et al. 2017).

In contrast, Shrestha et al. found no association between 
VD status and PD risk. In a prospective study involving 
12,762 participants in relation to VD serum level followed 
for 17 years, 67 PD cases were identified, and there was no 
relation to VD status (Shrestha et al. 2016), suggesting that 
VD deficiency is not a risk factor for the development of PD. 
A prospective study that included 3173 subjects followed for 
29 years revealed that VD supplementation could be protective 
against the development of PD via modulation of dopamin-
ergic neuron activity (Knekt et al. 2010). However, VD sup-
plementation in established PD might not effectively alleviate 
PD severity and progression (Chitsaz et al. 2013). VD serum 
level also does not change during the progression of PD neu-
ropathology (Evatt et al. 2011). Indeed, exposure to sunlight 
for more than 15 min per week could be a preventive measure 
against the development of PD (Zhou et al. 2019). Therefore, 
VD supplementation and sunlight exposure might effectively 
prevent the development of PD in the high-risk group.

VD acts on nuclear VDR and the MARRS, also known as 
Erp57/Grp58. ERp57 regulates the activity of dopaminergic 
neurons in the SN. ERp57 transgenic mice with the neuro-
toxin 6-OHDA trigger dopaminergic neuron degeneration 
(Bargsted et al. 2016). ERp57 is upregulated when the UPR 
is engaged in most experimental systems, suggesting that this 
foldase may reduce the load of abnormal proteins by enhanc-
ing the folding capacity of the ER (Bargsted et al. 2016). It has 
been demonstrated that altered gene expression of VDR and 
1,25D3-MARRS receptors influences vitamin D’s role within 
neurons and makes them more prone to degeneration (Janju-
sevic et al. 2022). ERp57 has a synergistic effect and regulates 
the gene expression mediated by redox-sensitive transcription 
factors and the adaptive responses of cells to oxidative dam-
age. These findings suggest a neuroprotective effect of VD 
against PD mediated by 1,25D3-MARRS.

VD insufficiency or deficiency is associated with 
increased PD risk, but VD supplementation in well-estab-
lished PD plays an inconsequential role. In this state, preclin-
ical and large-scale prospective studies are recommended.

Conclusions

PD is a progressive NBD due to dopaminergic neuron loss in 
the SN following a great dopamine deficiency in the caudate 
nucleus and putamen. VD and VDR, as well as VD metab-
olites, are highly expressed in the human brain that plays a 

crucial role in maintaining the functions of the CNS. VD can 
cross BBB, and regulates dopaminergic neurons’ activity and 
synaptic plasticity. VD exerts protective and therapeutic effects 
against the development of PD by modulating the expression 
of the tyrosin hydroxylase gene in the dopaminergic neurons 
of SN. However, due to its anti-inflammatory and antioxidant 
activities, VD could effectively reduce PD neuropathology. 
Different studies revealed the protective effect of VD in man-
aging PD. However, the potential therapeutic effect of VD in 
well-established PD remains controversial. Thus, there is a 
debate and conflict about whether or not treatment with VD 
can ameliorate PD. Together, VD insufficiency or deficiency 
is associated with increased risk. Still, VD supplementation in 
well-established PD plays a little role. In this state, preclinical 
and large-scale prospective studies are recommended.
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