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Accepted 19.02.2026 Vitamin D is a multifunctional secosteroid compound that plays a key role in maintaining systemic homeostasis in
humans and animals. Its active form, 1,25-dihydroxyvitamin Ds (calcitriol), acts as an endocrine and autocrine modulator,
influencing the expression of hundreds of genes that regulate metabolism, immune response, cell proliferation, and antioxi-
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autoimmune, metabolic, cardiovascular, and oncological diseases. Calcitriol inhibits excessive NF-kB activation, reducing
the production of pro-inflammatory cytokines IL-6, TNF-o, and IL-17; at the same time, it activates AMPK and PTEN,
inhibiting the PI3K/Akt/mTOR pathway and promoting autophagy. By inhibiting -catenin, vitamin D blocks the transcrip-
tion of proto-oncogenes, preventing excessive proliferation. Due to its effect on these signaling systems, vitamin D acts as a
universal integrator of cellular responses to stress, oxidative disturbances, and inflammatory stimuli. Particular attention is
paid to its effect on the antioxidant and excretory systems, where vitamin D enhances the expression of antioxidant en-
zymes, reduces lipoperoxidation, and promotes the normalization of renal tubule function. In addition, epidemiological and
clinical studies confirm the inverse relationship between vitamin D deficiency and the incidence of cancer, especially
breast, prostate, and colon cancer. Vitamin D should be considered as a systemic regulator that integrates immune-
endocrine, antioxidant, and metabolic processes, ensuring the stability of the body's functional systems. Its pleiotropic effect
opens up new opportunities for the development of personalized approaches to the prevention and treatment of chronic
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Introduction

Vitamin D (calciferols) is considered in modern biology to be a
multifunctional secosteroid that goes beyond the classical paradigm of
an “anti-rachitic factor” and regulator of calcium-phosphorus metabo-
lism. The presence of the vitamin D receptor (VDR) in most cell ty-
pes, as well as the discovery of extra-renal activation of 25 (OH)D to
1,25(OH)2D (calcitriol) have led to a revision of traditional ideas abo-
ut its physiological role and emphasized its hormone-like action (Bo-
uillon et al., 2019; Wimalawansa, 2023). In this concept, vitamin D
appears as an endocrine, paracrine, and autocrine module capable of
controlling the expression of a significant array of genes associated
with metabolism, immune response, cell proliferation/differentiation,
and antioxidant protection.

At the level of systems biology, vitamin D acts as a coordinator
of interconnected regulatory circuits in biosystems, from cellular sig-
naling cascades to integrative axes of body homeostasis. In particular,
the interaction of the “calcium-phosphorus-PTH-FGF23” axis with
the "immune response—inflammation—oxidative stress axis creates a
basis for interpreting pleiotropic effects as a result of cross-talk bet-
ween key molecular regulatory pathways (Fenercioglu et al., 2024).
In clinical and population studies, 25(OH)D deficiency is associated
with metabolic disorders and an increased risk of cardiovascular, au-
toimmune, neurodegenerative, and mental disorders. However, the
degree of causality and modifying factors (baseline level, dose, durati-
on, population differences) require careful interpretation (Malihi et al.,
2017; Aslamet al., 2019).

It is worth noting that review articles on vitamin D often have an
overly broad scope, resulting in the mechanistic line being lost in a list
of phenotypes and associations. However, it is fundamentally impor-
tant to consider the pleiotropy of vitamin D as a consequence of spe-
cific regulatory nodes (VDR-dependent and VDR-independent ef-
fects) and signaling pathway interactions, rather than as a collection of
disparate clinical observations. Therefore, this review focuses on a
mechanistic approach: from the metabolism and availability of D-me-
tabolites to molecular targets, biomarkers, and phenotypic consequen-
ces in humans and animals.

The aim of the review is to systematize current understanding of
vitamin D as a regulatory factor in biosystems, focusing on the mole-
cular nodes of the VDR-mediated transcriptional response and cross-
talk between key signaling axes that shape pleiotropic effects. The no-
velty of the review lies in the comparison of mechanistic data (in vit-
ro/in vivo), observational population results, and evidence from ran-
domized clinical trials in a single logic: “signaling axis — targets /
biomarkers — functional consequences — level of evidence”.

The scope of the review covers: vitamin D metabolism and trans-
port and key regulators of active forms; VDR-dependent mechanisms
of gene expression regulation; vitamin D involvement in the regulati-
on of inflammation, oxidative stress, energy metabolism, and cell fate
through universal signaling cascades. The review does not aim to for-
mulate clinical recommendations on dosing for specific nosologies;
issues of therapeutic doses and protocols are considered only within
the limits of evidence and biosafety. The review is presented in a
narrative format with transparent elements of search and source selec-
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tion. The literature search was conducted in leading scientometric da-
tabases (e.g., PubMed/Medline, Scopus, Web of Science, Google
Scholar) using the following key terms: “vitamin D,” “VDR,” “calci-
triol,” “25(OH)D,” “CYP27Bl,” “CYP24Al,” “DBP,” “FGF23,”
“PTH,” “NF-B,” “PI3K / Akt / mTOR,” “Wnt/B-catenin,” “oxidati-
ve stress,” and “immune regulation.” The main focus is on publicati-
ons from the last 10-12 years, including classic works that defined
conceptual approaches and terminology (Bouillon et al., 2019; Wima-
lawansa, 2023).

Criteria for inclusion of sources: peer-reviewed articles, systema-
tic reviews, and meta-analyses; randomized controlled trials; high-
quality in vivo and in vitro experimental studies that reveal the mecha-
nisms of VDR-mediated regulation. Exclusion criteria: non-peer-re-
viewed materials without a clear editorial policy, duplicates, studies
without defined methods for measuring 25(OH)D or without the pos-
sibility of verifying bibliographic data. To minimize bias, priority was
given to sources with clearly described methodologies and reproduci-
ble endpoints, and in cases of conflicting results, both positions were
presented with an explanation of the possible causes of heterogeneity
(Malihi et al., 2017; Aslam et al., 2019).

Structure of vitamin D

Vitamin D is a member of a group of fat-soluble secosteroid
compounds that are structurally derived from steroids but differ in the
presence of a cleaved B-ring (from Latin secare — to cut). This feature
gives the molecule conformational flexibility and the ability to bind to
the vitamin D receptor (VDR), providing a wide range of biological
effects (Christakos et al., 2011; Bishop et al., 2021).

The main natural forms of vitamin D are ergocalciferol (D2) and
cholecalciferol (D3). Ergocalciferol (Dz) is formed by ultraviolet (UV-
B) irradiation of ergosterol, which is synthesized by fungi and some
invertebrates. Cholecalciferol (D3), the main form in humans and ani-
mals, is formed by the action of UV-B on 7-dehydrocholesterol in the
skin and provides up to 90% of the body's vitamin D requirement
(Holick, 2007).

After entering the body, vitamin D is metabolized in two succes-
sive hydroxylating stages: first, 25-hydroxyvitamin D (25(OH)D) is
formed in the liver, and then the active hormonal form 1,25(OH)2D,
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or calcitriol, is formed in the kidneys. The latter interacts with the vi-
tamin D receptor (VDR) in the cell nucleus, forming a complex with
the retinoid X receptor (RXR), which acts as a transcription factor that
regulates the expression of genes associated with calcium homeosta-
sis, immune response, cell proliferation, and differentiation (Norman,
2008; Fleet, 2017; Wimalawansa, 2018).

Vitamins D> and D; differ only in the structure of their side
chains, but their biological activity is not identical: D3 has a higher af-
finity for VDR and provides more stable maintenance of serum
25(OH)D levels (Japelt & Jakobsen, 2013) (Fig. 1).
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Fig. 1. General structure of secosteroids compared to traditional ster-
oids (A) and structure of vitamin D secosteroids (B) and calcitriol (C)

Biochemical pathways and metabolism of vitamin D

Ds is synthesized in the skin from 7-dehydrocholesterol (7-DHC)
under the action of UV-B (290315 nm) through the previtamin D3
stage with subsequent thermoisomerization (Fig. 2). D2 comes mainly
from mushrooms/yeast or fortified foods (both forms are also possible
in a fortified diet) (Sun et al., 2024). The proportion of endogenous
synthesis in real populations is currently declining due to “indoorizati-
on” of lifestyles, sun protection habits, and latitudinal/seasonal fac-
tors, making 25(OH)D deficiency common in many countries (Battis-
tini et al., 2020).
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Fig. 2. Vitamin D metabolism
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After being formed in the skin or ingested with food, vitamin D is
transported in the blood in a complex with vitamin D-binding protein
(DBP) (Chen et al., 2022). In the liver, with the participation of the
enzyme 25-hydroxylase (CYP2RI1), it is converted to 25(OH)D
(Elkhwanky et al., 2020). The next step occurs mainly in the kidneys,
where 25(OH)D is hydroxylated by la-hydroxylase (CYP27B1) to
1,25(0OH)2D (calcitriol) — the main biologically active form (Khan
etal., 2020). Excess 1,25(0OH)2D and 25(OH)D are inactivated by 24-
hydroxylase (CYP24A1) to form water-soluble metabolites for excre-
tion (Wimalawansa, 2018; Bikle, 2020).

The discovery of alternative pathways for vitamin D metabolism
(via the CYP11A1 enzyme to form a series of hydroxy derivatives)
has broadened our understanding of its functions. These metabolites
exhibit their own biological activities and may be involved in the re-
gulation of cellular processes (Milan et al., 2024; Slominski et al.,
2024). In addition, local production of 1,25(OH)2D outside the kid-
neys (e.g., in immune cells) plays an important role in autocrine and
paracrine regulation (van Megen et al., 2021).

Vitamin D in the regulation
of calcium homeostasis and bone health

Optimal D status is an important condition for maintaining bone
mineral density (BMD) and preventing disorders such as rickets, os-
teomalacia, and osteoporosis (Fig. 3). Studies show that maintaining
25(OH)D levels above 30 ng/mL significantly reduces the risk of hip
fractures and vertebral compression fractures (Bischoff-Ferrari et al.,
2020). In children, deficiency leads to rickets with impaired mineraliza-
tion of growth plates, while in adults it leads to osteomalacia and osteo-
porotic changes (Chowdhury et al., 2023; Thacher & Bishop, 2023).

Vitamin D stimulates calcium absorption in the intestine (Christa-
kos et al., 2021) and ensures mineralization of the bone matrix (Haus-
sler et al., 2022). At the same time, excessive levels of 1,25(0OH).D
(calcitriol) can cause hypercalcemia and accelerated bone resorption.
However, vitamin D toxicity is rare and is usually associated with ex-
tremely high doses (Marcinowska-Suchowierska et al., 2018). It is
important to adhere to the recommended doses and regularly monitor
25(OH)D during long-term supplementation.

VDR receptors are present in muscle tissue, and vitamin D affects
myogenesis and the maintenance of muscle strength. Calcitriol affects
the expression of calcium transport channels (L-type Ca* channels,
RyR) and buffer proteins that maintain intracellular Ca** homeostasis
(Holick et al., 2020; Girgis et al., 2022). Vitamin D deficiency causes
a decrease in calcium sensitivity and neuromuscular synapse conduc-
tion, which manifests itself in muscle weakness, tremors, or tetany
(Bislev et al., 2021; Visser et al., 2021). Restoring 25(OH)D levels
above 30 ng/mL improves walking speed, balance, and muscle
strength-effects associated with increased calcium signaling in myofi-
brils (Veugelers et al., 2015; Visser et al., 2021; Girgis & Brennan-
Speranza, 2022). Calciferol supplementation in this group can improve
muscle finction and coordination (Girgis & Brennan-Speranza, 2022).

The physiological action of calcitriol is to maintain adequate con-
centrations of ionized calcium in the blood plasma, which is necessa-
ry for the depolarization of cell membranes, the release of neurotrans-
mitters, and the contraction of skeletal and cardiac muscles (Fig. 3).
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Fig. 3. Calcium-dependent processes regulated by calcitriol

Calcitriol also regulates calcium-dependent stages of the blood
coagulation cascade. Ca>* ions are necessary for the activation of pro-
thrombin (factor II), factors VII, IX, and X, which bind to the phos-
pholipid surface via y-carboxylated glutamic acid residues. By activa-

ting the expression of y-glutamyl carboxylase in hepatocytes, calcitri-
ol promotes the biosynthesis of functionally active coagulation prote-
ins (Matsunuma & Hattori, 2020).

At the same time, calcitriol regulates the balance between coagu-
lation and fibrinolysis by inhibiting PAI-1 expression and increasing
tPA activity, which prevents excessive thrombus formation (Wu
etal., 2021). Calcitriol affects calcium-dependent signaling pathways
in immune cells, primarily through NFAT (Nuclear Factor of Activa-
ted T-cells) and Ca*"*CaM-dependent kinase II. Activation of VDR
in T-lymphocytes suppresses the Th1/Th17 response and increases
Treg activity, which promotes immune homeostasis and suppression of
autoimmune reactions (Mousa et al., 2022).

Calcitriol stimulates macrophages to produce antimicrobial pepti-
des — cathelicidin (LL-37) and -defensins, enhancing phagocytosis and
protection against bacterial pathogens (Adams & Hewison, 2021).
Since Ca?* plays a central role in macrophage and lymphocyte signal-
ing, vitamin D indirectly regulates their activation and cytokine secre-
tion through calcium channels (ORAI1, STIM1).

Thus, the relationship between calcitriol and calcium is funda-
mental to the neuromuscular, hemostatic, and immune balance of the
body. Maintaining adequate D status is necessary for the normal func-
tioning of Ca?-dependent pathways in all systems.
Vitamin D and key signaling pathways

Vitamin D is one of the most important systemic regulators of
cellular homeostasis, coordinating signaling cascades related to prolife-
ration, apoptosis, immune response, metabolism, and antioxidant pro-
tection. The active form, 1,25(OH)2Ds, interacts with the VDR recep-
tor to regulate the expression of hundreds of genes that maintain cel-
lular stability and reduce inflammatory stress (Tkach et al., 2022; Ja-
roslawska & Carlberg, 2023). This effect is pleiotropic in nature and
manifests itself in the influence on several universal signaling sys-
tems, including NF-kB, P3BK/Akt/mTOR, and Wnt/B-catenin (Fig. 4).

Control of expression of
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TNF-o 4 Differentiation
U 1 Autophagy

Fig. 4. Mechanisms of cellular signaling pathway regulation
by vitamin D

NF-B is a key mediator of the inflammatory response that acti-
vates the transcription of cytokines IL-6, TNF-o, IL-1p3, and enzymes
COX-2 and iNOS (Bityutsky et al., 2020). Excessive activation of
this cascade underlies chronic inflammation and tumor growth. Vita-
min D inhibits IkB kinase phosphorylation, stabilizes the kB inhibi-
tor, and prevents the translocation of the p65/p50 complex into the
nucleus (Sartika & Gayatri, 2022). This mechanism limits the synthe-
sis of pro-inflammatory cytokines, reduces oxidative stress, and main-
tains cellular balance (Deepika et al., 2025). Thus, vitamin D acts as a
natural antagonist of NF-kB-dependent hyperactivation and may be a
protective factor in autoimmune and metabolic diseases.

Another important pathway, PI3K/Akt/mTOR, coordinates cell
growth, metabolism, and autophagy. Its hyperactivation is observed in
many neoplasms and neurodegenerative processes (Jiang et al., 2025).
Vitamin D inhibits Akt phosphorylation, reducing mTORCI activity,
activates AMPK, and promotes autophagy. Through the induction of
PTEN expression, it blocks PI3K and inhibits cell proliferation. Such
regulation contributes to the antitumor potential of the D-hormone
(Al-Hendy et al., 2016; Singh et al., 2025).
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The Wnt/B-catenin pathway is key in regulating epithelial cell
growth. Its activation stimulates the transcription of proto-oncogenes
(c-Myc, Cyclin D1), leading to increased proliferation. The active
form of vitamin D interacts with B-catenin via VDR, preventing its
translocation to the nucleus, which limits the expression of proliferati-
ve genes and inhibits carcinogenesis (Al-Hendy et al., 2016). In addi-
tion, the D-hormone stimulates the formation of Wnt pathway inhibi-
tors (DKK1, SFRP), which reduces the activity of the cascade (Dee-
pika et al., 2025).

Thus, vitamin D functions as a universal regulator of signaling
networks that provide adaptive, anti-inflammatory, and antiproliferati-
ve responses of the cell. Its effect on NF-kB, PI3K/Akt/mTOR, and
Wnt/B-catenin explains the multifaceted biological action of D-hor-
mone — from maintaining cellular homeostasis to preventing patholo-
gical tissue transformation (Jaroslawska & Carlberg, 2023; Giustina
etal., 2024).

Vitamin D and the metabolic system

Vitamin D plays an important endocrine-metabolic role, affecting
insulin sensitivity, pancreatic -cell function, and systemic glucose
metabolism. The active form 1,25(OH).D binds to receptors in B-
cells, enhancing insulin expression, regulating intracellular calcium
homeostasis, and preventing apoptosis of these cells. In peripheral tis-
sues (muscle and fat), vitamin D stimulates the expression of insulin
receptors, increases the activity of the glucose transporter GLUT4,
and reduces the level of inflammatory cytokines that impair insulin
signaling (Khamseh et al., 2022; Sun et al., 2024). Epidemiological
and interventional studies show that low 25(OH)D levels are associa-
ted with an increased risk of type 2 diabetes (T2D) and metabolic
syndrome. Optimizing 25(OH)D levels reduces HOMA-IR (insulin
resistance index), increases insulin secretion, and improves HbAlc in
patients with prediabetes (Pittas et al., 2023; Probosari et al., 2025).
Randomized clinical trials show that vitamin D supplementation
(>2000 IU/day) in deficient individuals can reduce the risk of pro-
gression from prediabetes to diabetes by 15-30 % (Pittas et al., 2023;
Mitri et al., 2024). Calcitriol modulates the expression of genes res-
ponsible for lipid metabolism, including LPL (lipoprotein lipase) and
ApoA-], leading to a decrease in triglyceride levels and an increase in
HDL cholesterol concentration (Kurytowicz et al., 2021). Metabolic
studies in animal and human models show that vitamin D deficiency
correlates with higher LDL levels, increased HMG-CoA reductase
activity, and accelerated lipogenesis in the liver (Khosravi et al., 2023).
Obesity is associated with reduced vitamin D bioavailability due to its
sequestration in adipose tissue. At the same time, low vitamin D sta-
tus impairs energy metabolism, exacerbates inflammatory responses,
and increases insulin resistance (Khamseh et al., 2022; Wimalawansa,
2023). Optimizing vitamin D levels improves adipocyte function, re-
duces leptin and TNF-a levels, and regulates adiponectin secretion,
which increases insulin sensitivity (Rafiq et al., 2024). 0

Vitamin D and the cardiovascular system

Vitamin D deficiency (low serum 25(OH)D levels) is consistently
associated with elevated blood pressure, hypertension, ischemic heart
disease, heart failure, and overall cardiovascular risk (Forman et al.,
2010; Zhang et al., 2020; Kose et al., 2022; Verdoia et al., 2022; Ah-
madieh & Arabi, 2023). Mechanistically, vitamin D affects the re-
gulation of the renin-angiotensin system (suppresses renin gene ex-
presion) and reduces vascular inflammation, which contributes to im-
proved endothelial function (Pascale et al., 2018; Kose et al., 2022).
One of the key pathways is the inhibition of the renin-angiotensin-
aldosterone system (RAAS) through a VDR-dependent mechanism
(Yuan et al., 2007). Lower levels of 25(OH)D are associated with hig-
her RAAS activity, greater arterial stiffness, and higher blood pressu-
re (Forman et al., 2010; Zhang et al., 2020; Jia et al., 2022).

Low 25(OH)D levels are associated with arterial stiffness, endo-
thelial dysfunction, and progression of atherosclerosis (Tomson et al.,
2017; Zhang et al., 2020); mechanistically, this is associated with de-

creased eNOS signaling, increased oxidative stress, and proinflamma-
tory response (Michos & Cainzos-Achirica, 2021).

Large RCTs in mixed populations have largely failed to show a
significant reduction in “hard” CV events (heart attack/stroke/CV
death) with routine vitamin D supplementation (Thompson et al., 2023;
Fadini et al., 2024). At the same time, stratified analysis in individual
studies indicates a moderate reduction in risk in people with lower pre-
dicted 25(OH)D or on concomitant cardiac therapy (Song et al., 2022).

Elevated PTH is an independent predictor of CV risks; optimiza-
tion of D status reduces PTH and may improve hemodynamics and
inflammatory response. Vitamin D deficiency stimulates PTH secreti-
on, which is associated with vascular calcification (Pascale et al., 2018).

Thus, vitamin D is a multi-targeted cardiometabolic modifier: it
affects RAAS, endothelium, and oxidative stress and likely reduces
pressure in “deficient” or high-risk subgroups (Thompson et al., 2023).

Vitamin D and the nervous system

Low 25(OH)D status is associated with an increased risk of de-
mentia, Alzheimer's disease, and other neurodegenerative diseases.
Mechanisms include dysregulation of calcium homeostasis in neu-
rons, increased neuroinflammation, and oxidative stress (Fig. 5). Stu-
dies show that vitamin D promotes neurogenesis, reduces the produc-
tion of pro-inflammatory mediators, and supports the production of
neurotrophic factors (Garcion et al., 2021; Burne et al., 2022; Wang
etal.,, 2023; Fenercioglu et al., 2024; Zhao et al., 2024). Correction of
D deficiency in older adults is associated with improved cognitive test
scores and a slower rate of cognitive decline (Annweiler et al., 2023;
Fuetal., 2023).
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Fig. 5. Schematic representation of the neuroprotective mechanisms
of vitamin D

Vitamin D deficiency is associated with an increased risk of de-
pression, seasonal affective disorder, and sleep disorders (Li et al.,
2023). Vitamin D, through VDR receptors in the hypothalamus, can
influence the synthesis of neurotransmitters and hormones, including
melatonin. Studies have found that people with low 25(OH)D levels
are more likely to complain of chronic fatigue, depressive symptoms,
and sleep disturbances (Cheng et al., 2022; Smith et al., 2023). The
loss of daily fluctuations in melatonin secretion in D deficiency may
explain circadian rhythm disturbances. Maintaining adequate D status is
considered an adjunctive therapy for affective disorders and insomnia.

Vitamin D and the immune system

Vitamin D plays a central role in regulating the immune system,
acting as an endocrine and paracrine modulator of inflammation and
protection against infections (Fig. 6). Through the VDR receptor, ex-
pressed in macrophages, dendritic cells, and T lymphocytes, the acti-
ve form 1,25(OH)2D; regulates the expression of more than 200 ge-
nes associated with innate and adaptive immunity (Adams & Hewi-
son, 2021). It enhances phagocytosis and the production of antimicro-
bial peptides (cathelicidin (LL-37) and B-defensin) by activating Toll-
like receptors, providing an effective antiviral and antibacterial res-
ponse (Martens et al., 2020; Sanlier & Guney-Coskun, 2022).

This promotes the transition of the immune response from a
Th1/Th17-dominant to a regulatory (Treg) orientation, which is im-
portant for preventing autoimmune reactions. This promotes a shift in
the immune response from Th1/Th17-dominant to regulatory (Treg)
orientation, which is important for preventing autoimmune reactions
(Bui et al,, 2021; Daryabor & Shiri, 2023). In particular, vitamin D
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has been found to suppress the maturation of dendritic cells by redu-
cing the expression of HLA-DR and CD80/86 molecules, leading to
the formation of a tolerant phenotype (Guo et al., 2024).

Low levels of 25(OH)D are associated with an increased inciden-
ce of respiratory tract infections, an increased risk of autoimmune dis-
orders, and a more severe course of COVID-19, while its correction
improves immune resistance indicators (Rebelos et al., 2023; Srivas-
tava, 2025). Vitamin D supplementation has been shown to reduce
the risk of acute respiratory infections and reduce the exacerbation of
autoimmune diseases, although the optimal doses and duration of the-
rapy need to be clarified (van Megen et al., 2021; Milan et al., 2024).
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Fig. 6. Mechanism of action of vitamin D (1,25(0OH)D3)
in regulating the immune system

In addition, the D-hormone has an epigenetic effect: it influences
DNA methylation and alters the profile of microRNAs that regulate
the expression of pro-inflammatory genes and NF-kB signaling path-
ways (Mavar et al., 2024). The combination of these effects indicates
that vitamin D is a universal regulator of immune tolerance, simulta-
neously enhancing natural antimicrobial defense and preventing the
development of chronic inflammation.

Vitamin D and the reproductive system

Vitamin D plays a key role in maintaining the functional activity
of the reproductive system in both females and males (Fig. 7). Its re-
ceptors (VDR) are expressed in the ovaries, uterus, placenta, testes,
and Sertoli cells, indicating the universal regulatory influence of calci-
triol on gametogenesis and hormonal balance (Grzesiak et al., 2022;
Hrabia et al., 2023). The active form 1,25(OH)2Ds, interacting with
RXR receptors, regulates the transcription of genes associated with
steroidogenesis, follicular maturation, granulosa cell function, and
spermatogenesis (Reddy et al., 2022).

In females, vitamin D deficiency is associated with impaired fol-
liculogenesis, decreased estrogen and progesterone secretion, hyper-
prolactinemia, and the development of endometriosis (Farhangnia
etal., 2024). D deficiency is associated with fertility disorders, endo-
metriosis, preeclampsia, and gestational diabetes. Adequate maternal
D status is associated with better perinatal outcomes (newbomn
weight, reduced risk of preeclampsia). The mechanisms include ef-
fects on steroidogenesis, inflammation, and immune tolerance during
pregnancy (Fernando et al., 2020; Kurylowicz et al., 2021). Experi-
mental studies in chickens have demonstrated local expression of
CYP2R1 and CYP27BI enzymes in reproductive tissues, confirming
the autocrine-paracrine action of calcitriol (Hrabia et al., 2023). Addi-
tionally, it has been proven that the simultaneous presence of vitamin
D and calcium is a prerequisite for normal follicular development and
ovulation (Safari et al., 2022). In men, vitamin D regulates spermato-
genesis, supports testicular morphogenesis, and normalizes testos-
terone levels (Calagna et al., 2022; Kumar et al., 2025). Studies in
animal models have shown that vitamin D supplements stimulate

germ cell proliferation, reduce oxidative stress, and prevent drug-
induced testicular dysfunction (Tolulope et al., 2025). Recent reviews
highlight the link between metabolic disorders, gut microbiota, and
fertility, where vitamin D acts as an important mediator of the “gut
microbiome-reproductive organs” axis. Vitamin D plays a role in the
functioning of the gonads and placenta.
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Fig. 7. Vitamin D and the reproductive system

Thus, vitamin D exerts a multivector regulatory function in the
reproductive system, integrating hormonal, metabolic, and immune
signaling pathways that ensure fertility, normal embryogenesis, and
sex hormone homeostasis in humans and animals.

Vitamin D in the regulation of gene expression

The vitamin D receptor (VDR) belongs to the family of nuclear
transcription factor receptors. The binding of 1,25(0OH).D to VDR
leads to the formation of a heterodimer with RXR and binding to spe-
cific DNA sequences (vitamin D response elements (VDREs)) in the
promoters of target genes. Through this mechanism, vitamin D direct-
ly regulates the expression of over a thousand genes involved in vari-
ous processes (Adams & Hewison, 2021; Voltan et al., 2023). In par-
ticular, genes associated with the immune response (e.g., CAMP,
which encodes cathelicidin), cell cycle (p21, p27), differentiation (os-
teocalcin gene), etc. are regulated.

Vitamin D can also influence gene expression through epigenetic
pathways. 1,25(OH)2D modifies the activity of histone acetylases and
deacetylases, methyltransferases, and microRNAs, leading to changes
in chromatin accessibility and mRNA levels of target genes (Mousa
et al., 2022). Such epigenetic effects of vitamin D are important in the
long-term regulation of cell phenotype and may explain some of the
long-lasting effects of early D status on health.

Polymorphisms in VDR genes and vitamin D metabolism enzy-
mes (CYP2R1, CYP27B1, CYP24A1) determine individual differen-
ces in response to vitamin D and susceptibility to deficiency (Elkh-
wanky et al., 2020). Some VDR variants (e.g., Fokl, Bsml, Taq]) are
associated with the risk of osteoporosis, autoimmune diseases, and
certain types of cancer (Lee et al., 2023; Ma et al., 2024). Identifying
the genetic determinants of vitamin D sensitivity may contribute to
the personalization of approaches to its supplementation.

Vitamin D and the excretory system

The kidneys are a key organ in vitamin D metabolism, as this is
where it is activated to 1,25(0OH)2Ds under the action of the enzyme
lo-hydroxylase (Voiculescu et al., 2025). This form of vitamin acts as
a hormone that regulates the expression of genes associated with cal-
cium and phosphate transport, as well as anti-inflammatory mecha-
nisms in nephrocytes (Jorgensen & Demirel, 2025; Magagnoli et al.,
2025). Vitamin D deficiency causes hyperparathyroidism and mineral
metabolism disorders, which accelerate the progression of chronic
kidney disease (Kamal & Allwsh, 2024). In patients with diabetic ne-
phropathy, low levels of 25(OH)D are associated with microalbumin-
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uria, oxidative stress, and tubular inflammation (Chackochan et al.,
2025). Meta-analyses show that D3 supplementation reduces albu-
minuria and improves nephroprotection (Zomorodian et al., 2022).
At the same time, active D metabolites regulate the DKK-3 protein,
which reduces renal tissue fibrosis (Kamal & Allwsh, 2024). New
data confirm that in patients with CKD, the pharmacokinetics of cal-
citriol are altered, therefore individual strategies for correcting D sta-
tus are needed (Tuey et al., 2024). Thus, maintaining optimal
25(OH)D levels is an important prerequisite for the prevention of
nephropathies and normal functioning of the excretory system.

Vitamin D and the antioxidant system

Vitamin D acts as a powerful modulator of antioxidant defense,
influencing the balance between the formation and neutralization of
reactive oxygen species (Dentino et al., 2025). Through VDR activa-
tion, it stimulates the expression of SOD, GPx, catalase, and paraoxo-
nase-1 enzymes, increasing the overall antioxidant capacity of cells
(Honarvar & Zamani, 2022; Vazquez-Lorente et al., 2024). Vitamin
D improves mitochondrial function, reduces lipid peroxidation, and
helps maintain redox homeostasis (Miao & Goltzman, 2023; Voicu-
lescu et al., 2025). Its metabolites, formed with the participation of
CYP11Al, exhibit independent antioxidant activity, reducing the ex-
pression of pro-inflammatory cytokines (Vazquez-Lorente et al.,
2024). Vitamin D deficiency is associated with increased oxidative
stress, which underlies aging, atherosclerosis, and metabolic disorders
(Dentino et al., 2025). Clinical studies show that vitamin D supple-
mentation increases glutathione levels, reduces MDA, and enhances
the body's antioxidant reserve, especially in patients with inflammato-
ry conditions or COVID-19 (Moslemi et al., 2022). Therefore, vita-
min D should be considered a hormone with dual action—metabolic
and antioxidant—that supports cellular resistance to stress.

Vitamin D and cancer

Vitamin D has significant potential as a preventive factor and
supportive therapy for malignant tumors. Epidemiological studies in-
dicate that people with higher levels of 25-hydroxyvitamin D
(25(OH)D) have a lower risk of developing certain forms of cancer,
including colorectal, breast, and lymphoma (Wimalawansa, 2025).
Meta-analyses of randomized and observational studies have shown
that adequate vitamin D status correlates with lower overall mortality
from cancer (Afonso et al., 2025). Patients with D-hormone deficien-
cy are more likely to have aggressive clinical forms of tumors and a
poorer response to treatment (Zebalski et al., 2025).

At the molecular level, vitamin D exerts its antitumor effects by
binding to the VDR receptor, activating the transcription of target
genes (CYP24Al, p21, p53), inhibition of Wnt/B-catenin and NF-xB
signaling pathways, as well as stimulation of apoptosis and inhibition
of angiogenesis (Bettada et al., 2025; Naji et al., 2025). These mecha-
nisms also include modulation of the tumor immune microenviron-
ment: D-hormone increases the sensitivity of tumor cells to immuno-
therapy and chemotherapy by reducing the number of pro-inflamma-
tory cytokines and activating killer T lymphocytes (Gupta et al., 2024).

The clinical evidence base is most compelling for colorectal and
breast cancer, where maintaining 25(OH)D > 75 nmol/L is associated
with a lower risk of recurrence and improved prognosis (Wimalawan-
sa, 2025). In addition, the combined use of vitamin D with standard
cancer therapy shows promising results in reducing treatment side ef-
fects and improving patients' quality of life. However, the widespread
use of active forms of calcitriol is limited by the risk of hypercalce-
mia, which stimulates the development of analogues with reduced
calcium activity (Artusa & White, 2024).

In conclusion, vitamin D should be considered not only as a nutri-
ent but also as a multifunctional regulator in the carcinogenesis sys-
tem — it affects both tumor initiation and progression and the body's
response to therapy. However, to definitively establish its role in clini-
cal oncology, large-scale randomized studies with clear patient strati-
fication and standardized dosing are needed.

Conclusion

Vitamin D is a multifunctional steroid vitamin with hormonal ac-
tivity that exerts its effects through interaction with the VDR receptor
and influence on the expression of hundreds of genes involved in im-
mune, antioxidant, endocrine, and metabolic regulation. Its role ex-
tends far beyond the control of calcium and phosphorus metabolism.
It functions as a universal coordinator of cellular homeostasis, modu-
lating the key signaling cascades NF-kB, PI3K/Akt/mTOR, and
Wnt/B-catenin. These pathways underlie the anti-inflammatory, anti-
proliferative, antioxidant, and cytoprotective effects of vitamin D.

In animals and humans, 25(OH)D deficiency is associated with
an increased risk of chronic inflammatory, metabolic, nephrological,
and oncological pathologies. Adequate vitamin D levels help mainta-
in redox balance, reduce the production of pro-inflammatory cytoki-
nes, enhance autophagy, and protect against oxidative stress. Through
the regulation of CYP gene expression and VDR proteins, it influen-
ces apoptosis, proliferation, and cell differentiation, which determines its
potential in the prevention of neoplasms and maintenance of the func-
tional activity of the kidneys, heart, immune, and nervous systems.

Therefore, vitamin D should be considered not only as a nutrient,
but also as an endogenous signaling modulator that integrates the bo-
dy's immune-endocrine, metabolic, and stress responses. Further rese-
arch should focus on determining the optimal plasma concentrations
of 25(OH)D, the molecular targets of calcitriol, and its potential use in
personalized prevention and treatment of diseases associated with
impaired cellular regulation.
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