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Abstract

Vitamin D is a secosteroid hormone with known beneficial effects on several body systems other than the musculoskeletal system.
Both 25 dihydroxy vitamin D [25(OH),D] and its active hormonal form, 1,25-dihydroxyvitamin D [1,25(OH),D] are essential for hu-
man physiological functions, including damping down inflammation and the excessive intracellular oxidative stresses. In the present
study we set out to review all available literature on vitamin D and the role it plays in epigenetics and gene regulation. We searched the
PubMed/Medline electronic database for studies published in the English language up to January 2020. The Medical Subject Headings
(MeSH) database was searched with the keywords ‘vitamin D}, ‘DNA methylation, ‘nutritional supplements) ‘epigenome’ and ‘pregnancy’
Observational studies, supplementation studies, and meta-analyses dealing with the effect of vitamin D on epigenetics and gene regula-
tion were included in the review. The obtained information from the databases such as PubMed, Google Scholar, and ResearchGate was
analysed and summarized.

We found that hypovitaminosis D increases the incidence and severity of several age-related common diseases such as the oxidative
stress-associated metabolic disorders. These include obesity, insulin resistance, type 2 diabetes, hypertension, pregnancy complications,
memory disorders, osteoporosis, autoimmune diseases, certain cancers, and systemic inflammatory diseases. New understandings of
vitamin D-related advances in metabolomics, transcriptomics, epigenetics, in relation to its ability to control oxidative stress in conjunc-
tion with micronutrients, vitamins, and antioxidants, following normalization of serum 25(OH)D and tissue 1,25(OH)2D concentra-
tions, are likely to promise better cost-effective clinical outcomes in humans.

There is a strong reciprocity between the vitamin D system and epigenetic mechanisms. The vitamin D system is, on the one hand regu-
lated by epigenetic mechanisms and, on the other hand, is involved in regulating epigenetic events.
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INTRODUCTION

multifunctional secosteroid hormone that is essential for
human health. Globally, its deficiency is a major public

Vitamin D is a critical nutrient that is, apart from some
limited supply from diet and supplement use, mainly ob-
tained from the biosynthesis within the human body in
response to the exposure of solar ultraviolet B radiation.!
Vitamin D is a micronutrient that is metabolized into a

health problem affecting all ages and ethnic groups; it has
surpassed iron deficiency as the most common nutritional
deficiency in the world.

Vitamin D metabolism and functions are modulated by
many factors. Accumulating evidence supports biological
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associations of vitamin D with disease risk reduction and
improved physical and mental functions.

Epigenetic mechanisms play a crucial role in regulating
gene expression. The main mechanisms involve methylati-
on of DNA and covalent modifications of histones by me-
thylation, acetylation, phosphorylation, or ubiquitination.
The complex interplay of different epigenetic mechanisms
is mediated by enzymes acting in the nucleus. Modificati-
ons in DNA methylation are performed mainly by DNA
methyltransferases (DNMTs) and ten-eleven translocati-
on (TET) proteins, while a plethora of enzymes, such as
histone acetyltransferases (HATs), histone deacetylases
(HDAC:), histone methyltransferases (HMTs), and histone
demethylases (HDMs) regulate covalent histone modifica-
tions. In many diseases, such as cancer, the epigenetic regu-
latory system is often disturbed.

The field is rapidly advancing, including the knowledge
of the physiology of vitamin D receptor (VDR) interactions
and the biology and metabolism of vitamin D and their ef-
fects on vitamin D axis and gene polymorphisms.?

Vitamin D receptor is a member of the steroid nuclear
receptor superfamily. The effect of liganded VDR depends
on the epigenetic landscape of the target gene.

Genome wide analysis in the human leukemia cell line
THP-1 showed that VDR binds mainly at loci of open
chromatin. Upon treatment with the VDR ligand 1,25-di-
hydroxyvitamin D3 (1,25-D3), chromatin accessibility fu-
rther increases in more than 30% of these loci.*> The me-
chanism of action of the liganded VDR is dependent on
binding and action of histone acetyltransferases and histo-
ne methyltransferases. It has been shown that co-treatment
of cells with 1,25-D3, and histone deacetylase or DNA met-
hyltransferase inhibitors often have synergistic effects.*

Hypovitaminosis D increases the incidence and severity
of several age-related common diseases such as metabolic
disorders that are linked to oxidative stress. These include
obesity, insulin resistance, type 2 diabetes, hypertension,
pregnancy complications, memory disorders, osteoporo-
sis, autoimmune diseases, certain cancers, and systemic
inflammatory diseases.

Vitamin D deficiency during pregnancy has been asso-
ciated with some adverse neonatal outcomes as well as an
increased risk of late pregnancy complications.

Vitamin D and gene regulation

The effect of nutrition on the methylation equilibrium of the
genome is already accepted as one of the mechanisms pre-
venting either promoter hyper- or global hypomethylation.
Several nutrients are renowned for their impact on DNA
methylation, such as folic acid, vitamin B, green tea, and al-
cohol.® The effect of vitamin D is currently under debate.
Primary epigenetic effects of vitamin D are linked to
histone modifications, mainly acetylation. The VDR/RXR
dimer interacts with HATs to induce transcriptional acti-
vation.® Several studies have suggested that vitamin D may
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affect also DNA methylation. A recent study associated se-
vere vitamin D deficiency with methylation changes in leu-
kocyte DNA, although the observed differences were relati-
vely small.” This study suggested that subjects with vitamin
D deficiency were more likely to show reduced synthesis
and increased catabolism of active vitamin D. Whether this
was the cause of the vitamin D deficiency or the conse-
quence thereof is not clear and needs further studies.

The vitamin D system has pleiotropic functions and re-
gulates approximately 3% of the human genome.® To main-
tain balance, a strict regulation of the vitamin D system
genes is of utmost importance. The main role of liganded
VDR in tissues not involved in calcium homeostasis is to
control expression of genes that regulate cell proliferation,
differentiation, and apoptosis. One major limitation in the
therapeutic exploitation of these effects is the resistance of
cancer cells to 1,25-D,. Epigenetic corruption of VDR sig-
nalling is suggested to be one of the mechanisms that leads
to reduced responsiveness to 1,25-D, actions. This can be
caused by promoter methylation of key vitamin D system
genes or by skewed accumulation of VDR-associated co-re-
pressors, preferentially at promoters of anti-proliferative
target genes.’

Expression of the vitamin D degrading and metabolizing
enzymes is regulated through binding of 1,25-D,-liganded
VDR to vitamin D responsive elements (VDREs). Howe-
ver, the major regulators of 1,25-D, levels and signalling
CYP2R1, CYP24A1, CYP27B1, and VDR, “the vitamin D
tool” genes, are prone to epigenetic regulation. CpG islands
span the promoters of CYP2R1, CYP24A1, and VDR, while
a CpG island is located within the CYP27BI gene locus.

Epigenetic mechanisms influence cancer genesis, growth,
dissemination, and aging phenomena.!*'* For example,
the epigenetic modifications of VDR-1,25(OH),D effects
can be mediated through complex processes involving
CYP27A1 and CYP27B1 and via the vitamin D-cataboli-
zing enzyme CYP24.1>!* These actions can be favourably
influenced by modifications of VDREs across the geno-
me modulated by both histone acetylases and deacetyla-
SeS.6’15’16

Epigenetic regulation of vitamin D metabolism influen-
ces several physiological mechanisms and modulate outco-
mes of some human diseases. Example of diseases include
adenocarcinoma of the lung!?, specific gene mutations in
Asians with advanced non-small cell lung cancer!?, and
genetic alterations in the effectiveness of systemic therapy
for lung cancer induced by cigarette smoking.!! In severely
obese children, low 25(OH)D concentrations are associ-
ated with increased markers of oxidative and nitrosative
stress, inflammation, and endothelial over-activation.!”
CYP27B1-mediated target tissue production of 1,25(OH)
D is critically important for the paracrine and autocrine
functions of calcitriol to obtain the full biological potential
of vitamin D. Taken together, the benefits of having ade-
quate serum 25(OH)D concentrations and maintaining
vitamin D repletion in the long run and considering the
overall health benefits of vitamin D, there is an urgent need
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to create national policies to combat hypovitaminosis D.
The savings derived from reducing the risks and severity
of infectious and parasitic diseases alone would pay off the
cost of this public health approach. This can be achieved
through targeting to raise the population serum 25(OH)D
concentration, leading to a tangible positive impact on hu-
mans and on the economy.

Molecular and genetic studies confirm that vitamin D
also modulates risks of several other human diseases, in-
cluding autoimmune disorders such as multiple sclerosis.'®
Although the predominant cause of cancer is modulation
of the underlying metabolic abnormalities through genes,
such as p53 and c-myc modifying the metastatic risks, the
responsiveness to therapy is in part determined by epigene-
tic modifications of genes. Tumor-related key metabolic
abnormalities include imbalance between glucose fermen-
tation and oxidative phosphorylation (under aerobic and
anaerobic conditions - the Warburg effect); dysregulation
of metabolic enzymes, such as pyruvate kinase, fumarate
hydratase, and succinate dehydrogenase; isocitrate dehy-
drogenase mutations; and alterations of gene expression
levels linked to tumorigenesis that are influenced by the vi-
tamin D status.'® Examples related to activity of the vitamin
D axis include epigenetic changes that affect the expression
of the CYP24A1 gene and VDR polymorphisms. Although
epigenetic enhancement can occur through methylation
and repression by histone-modifications of DNA, vitamin
D markedly influences the regulation of cell replication.!>!3
This substantiates targeting of CYP24A1 to optimize the
antiproliferative effects of 1,25(0OH),D in a target-spe-
cific manner.?’ In addition, gene activation following the
interaction of 1,25(0OH),D with VDR is important for
mitochondrial integrity and respiration, and many other
physiological activities. Moreover, the vitamin D signalling
pathway plays a central role in protecting cells from eleva-
ted mitochondrial respiration and associated damage and
overproduction of reactive oxygen species (ROS), which
can lead to cellular and DNA damage.?!

Immunomodulatory effects on
vitamin D

The effects of vitamin D on the production and action of
several cytokines has been intensively investigated in re-
cent years. In this connection, deficiency of vitamin D has
been associated with several autoimmune diseases, inclu-
ding rheumatoid arthritis (RA), systemic lupus erythema-
tosus (SLE), antiphospholipid syndrome (APS), Hashimoto
thyroiditis (HT), and multiple sclerosis (MS). Research has
shown that autoimmune diseases have a significant pre-
valence within the female population, and women with
autoimmune disorders are at a higher risk for adverse preg-
nancy outcomes. Provocatively, dysregulation of T cells
plays a crucial role in the pathogenesis of autoimmunity,
and adverse pregnancy outcomes where these pathologies
are also associated with vitamin D deficiency.??

The expression of vitamin D receptor in immune cells
has highlighted an interesting role of vitamin D in immu-
nity. Today a compelling body of experimental evidence in-
dicates that vitamin D plays a fundamental role in regula-
ting both innate and adaptive immune systems.** Vitamin
D displays a local immune effect via intracellular vitamin
D receptors, that are known to be present in monocytes/
macrophages, T cells, B cells, natural killer cells, and dend-
ritic cells. After binding to its receptor VDR (a member of
nuclear receptor superfamily), vitamin D forms a heterodi-
mer with retinoid X receptor (RXR). This complex engages
vitamin D Response Element and recruits activators and
enzymes with histone acetylation activity. Therefore, the
structural changes in chromatin induced by this complex
result in the regulation of targeted gene.

Vitamin D and autoimmunity

Autoimmune diseases are characterized by self-tissue de-
struction via the adaptive immune responses which evade
immune regulation. Vitamin D regulates the differentiation
and activity of CD4+ T cells, resulting in a more balanced
Th1/Th2 response that limits development of self-reactive
T cells preventing inflammation and autoimmunity.
Vitamin D modulates adaptive immune cell functions
explaining the significant association between vitamin D
deficiency and autoimmune diseases, such as rheumatoid
arthritis, systemic lupus erythematosus, antiphospholipid

syndrome, Hashimotos thyroiditis, and multiple sclero-
1 25,26
sis.*>

The role of vitamin D in pregnancy

The concentration of 25(OH)D is relatively constant throug-
hout pregnancy. The mother is the only source of vitamin
D for the foetus.?” Vitamin D concentrations in the umbili-
cal cord are usually 60%-89% of the values in the mother’s
blood. The active form of vitamin D does not cross the pla-
centa. However, its concentrations in the mother’s blood
are doubled in pregnancy, probably because of its produc-
tion in foetal tissues and placenta.?®?° The concentration
of 1,25(OH),D is determined by the activity of the enzy-
mes la-hydroxylase and 24-hydroxylase. 1a-hydroxylase is
a product of the gene CYP27B1 which is expressed in the
kidneys, decidua and placenta during pregnancy. On the
other hand, 24-hydroxylase is an enzyme responsible for
the production of less potent vitamin D metabolites and is
a product of the gene CYP24A1. The rise in the concentra-
tion of 1,25(0OH),D during pregnancy could be due to the
methylation of catabolic gene CYP24A1. As shown by No-
vakovic et al., the methylation of CYP24A1 gene promoter
could cause the decreased activity of this gene and conse-
quently the decreased activity of 24-hydroxylase.?® The in-
creased concentration of 1,25(OH),D could also be caused
by increased concentrations of calcitonin during pregnan-
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cy. Calcitonin increases the activity of la-hydroxylase and
thus the production of 1,25(OH),D irrespective of serum
calcium concentration.”® Consequently, the intestinal cal-
cium absorption increases.?® Despite a 100% increase in
1,25(0OH),D concentration the serum calcium concentra-
tion in the mother remains constant.>? Another important
change during pregnancy is a rise in the concentration of
vitamin D-binding-protein. The circulating form of vita-
min D is bound to vitamin D-binding-protein which is fil-
tered in the glomeruli of the kidneys and then reabsorbed
in the proximal tubules. Vitamin D-binding-protein could
have a role in the function and metabolism of vitamin D
during pregnancy. It has a higher affinity to 25(OH)D than
to 1,25(OH),D and thus plays an important role in maintai-
ning 25(OH)D as it promotes the reabsorption of 25(OH)D
from the glomerular filtrate.”> The compound 1,25(0OH),D
as the active form of vitamin D has non-genomic and ge-
nomic effects through its action on vitamin D receptor. The
non-genomic effects occur quickly and include the activa-
tion of ion channels with the change of electrical state of
the cell and protein kinase activation. On the other hand,
the genomic effects which include the modulation of gene
expression take more time. The abnormalities of the action
of vitamin D receptor could manifest in signs and symp-
toms of vitamin D deficiency. During pregnancy, this may
present as gestational diabetes, preeclampsia, preterm birth
or miscarriage in early stages of pregnancy.>*

Several studies underscore the role of vitamin D in con-
ception, placentation, progression of pregnancy and preg-
nancy outcomes including the offspring’s health. Vitamin
D deficiency is common in women of reproductive age.*
A recent cohort study performed in Norway pregnant wo-
men from different ethnic groups showed hypovitaminosis
D. Circulating vitamin D levels (<25 nmol/L) were found
during pregnancy in women from South Asia (45%), Mid-
dle East (40%) and Sub-Saharan Africa (26%).%® Hypovita-
minosis D is a risk factor for infertility and several adverse
pregnancy outcomes.’”?® Furthermore, pre-pregnancy vi-
tamin D levels higher than 75 nmol/L were associated with
increased likelihood of pregnancy, reduced pregnancy loss
and increased number of live births.*

CONCLUSIONS

The aim of this review was to present the findings of diffe-
rent kinds of studies on vitamin D and role on epigenetics
and gene regulation. There is a strong reciprocity between
the vitamin D system and epigenetic mechanisms. The vi-
tamin D system is, on the one hand regulated by epigene-
tic mechanisms and, on the other hand, is involved in re-
gulating epigenetic events. Vitamin D deficiency during
pregnancy has been associated with some adverse neona-
tal outcomes as well as an increased risk of late pregnancy
complications. The impact of vitamin D in the maintenance
of the normal epigenetic landscape underlines the central
role of this hormone in physiology.
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Pe3tome

BuramuH D sABIIsieTCA CeKOCTEPOMIHBIM TOPMOHOM C HEKOTOPBIMM HOJIe3HbIMM 3 deKTaMyt Ha HECKOJIBKMX CYICTeM OPraHy3Ma, KpoMe
KOCTHO-MBIIIEYHOI cucTeMbl. V1 25 purnapokcusuramus D [25 (OH),D], u ero akTusHas ropmonanbHas popma — 1,25 TUTMapOKCH-
ButamuH D [1,25 (OH) 2D] Heo6xopuMbI /151 HUSMOIOrMIecKux QYHKIMI YeJIoBeKa, BK/II0Yast IOfaBeHNe BOCIIaJIeHNs 1 Ype3Mep-
HBIJ1 BHY TPUK/ICTOUHBII OKVMCTUTEbHBII CTpecc. B HacToAIeM MCCTeOBaHUY MbI CTPEMIUIMCh U3YYUTD BCIO JOCTYIIHYIO INTEPATypPy
o BuTaMuHe D 11 ero pony B SIUreHeTHKe M PeTy/IALUM FeHOB. MBI IIpOoBe/M ONCK B 37IeKTPOHHOI! 6ase faHHbIx PubMed / Medline Ha
IIpefIMeT MCCTIeIOBAHMIL, OITyOIMKOBaHHBIX Ha aHITIMIICKOM A3bIKe 1o AHBapsA 2020 ropa. basa janubix MeSH 6b11a MpoaHanusupoBa-
Ha C UCIIO/Ib30BaHNMeM KITI0YeBbIX C7IOB «BUTAaMUH D», «Metunmpoanue JTHK», «nuieBblie J06aBKI», «IMUTEHOM» M «0€peMEHHOCTD».
O630p BK/IIOYA 06CepBALVIOHHbIE UCCIEOBAHNA, MCCTIETOBAHNUA C OOABKaMM Y METAaaHa/IM3bl, TIOCBANIEHHbIC BIVIAHIIO BUTAMITHA
D Ha SIMTeHEeTUKY M pery/suuio reHoB. VIHpopmaiys, nonydeHHas us 6a3 nanHeix PubMed, Google Scholar u ResearchGate, 6pi1a
[IpoaHaIM3MpoBaHa 1 06001eHa.

Mbl 06HapY>XMny, YTO IMIOBUTAMUHO3 BUTaMMHA D yBemM4MBaeT 4acTOTY M TAXKECTb pPAfla PaclpOCTPaHEHHBIX BO3PACTHBIX 3a-
6ormeBaHMIl, TAKMX KaK MeTabO/MIIeCcKe HapyLIeHNs], CBSI3AHHbIE C OKVCIUTENbHBIM CTPeccoM. K HUM OTHOCSTCS OXKUpEHIe, MHCY-
JIMHOPE3UCTEHTHOCTD, fuabeT 2 THIIA, TUIIEPTOHMS, OCTIOXKHEHNs 6epeMeHHOCTI, HapylleHue IaMsATI, OCTEONOPO3, Ay TOUMMYHHbIE
3a60/eBaHNs, HEKOTOPbIe BUIbI paKa U CHCTEMHBIe BOCIAIUTE/NIbHbIe 3a00meBaHMs. JOCTIDKEHNI B HOBOM HOHMMAHNUY BUTaMIHA
D B MeTab0/mOMMKe, TPAHCKPUIITOMUKE, SIUTE€HETHKE B OTHOIIEHUN €r0 CIIOCOOHOCTY KOHTPOINPOBATb OKMCIUTENbHBI CTPecC B
COYeTaHUN C MUTATEIbHBIMM MMKPO3/IeMEeHTaMy, BUTaAMUHAMM ¥ aHTMOKCU/IJAaHTaMI TIOC/Ie HopManu3auyy KoHneHTpanuu 25 (OH)
D B cpiBOpoTKe KpoBu 1 KoHIeHTparuu 1,25(0OH)2D B TKaHAX IO BCeil BEPOATHOCTU IPUBERYT K IYYIIUM 1 60/Iee SKOHOMUYHBIM
K/IMHUYECKUM Pe3yNbTaTaM y JIFOfIEIL.

Me)}(uy CcUCTeMoi BuTaMuHa D 11 snureHeTMIECKMMI MeXaH3MaMI CyLIEeCTBYET TECHAA B3aIMOCBA3b. Cucrema Butamuna D, ¢ OTHO
CTOPOHDI, PETYIMPYETCA INUTE€HETUIECKVIMI MEXaHN3MaMI, a C I[pyl‘Of;I CTOPOHBI, YIaCTBYET B PETYyIALINN SMUTEHETUYECKON aKTUB-
HOCTH.
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