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Introduction

Vitamin D, or the “sunshine Vitamin,” is a fat-soluble
hormone precursor derived from both skin synthesis and
dietary sources.' About 80% is produced in the skin via UVB-
induced conversion of 7-dehydrocholesterol to pre-Vitamin
Ds;, while the rest comes from food and supplements. Both
D, and D; are inactive and require hydroxylation in the liver
and kidneys to form the active metabolite, 1,25(0H),D.
Circulating Vitamin D and its metabolites bind to Vitamin D
binding protein (VDBP) before entering target cells. The
active form regulates calcium homeostasis and influences
cell proliferation and differentiation in keratinocytes,
endothelial cells, osteoblasts, and lymphocytes via the
Vitamin D receptor (VDR), a nuclear transcription factor.
Serum 25(OH)D is the best indicator of Vitamin D status,
with optimal levels between 75-125 nmol/L for PTH
suppression and calcium absorption; levels below 50
nmol/L indicate deficiency. Supplementation is essential for
the elderly, debilitated individuals, or those with low sun
exposure. Vitamin D metabolism depends on synthesis,
absorption, conversion, transport, and degradation, with
CYP24A1 inactivating metabolites for biliary excretion.?

Vitamin D Impact on Health

Vitamin D provides many under-recognized benefits
beyond musculoskeletal health. It supports extra-renal
tissues, prenatal development, brain function, immune
regulation, pregnancy outcomes, cancer prevention, and
cardiovascular health (Fig. 1).**
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Genomic Functions of the Vitamin D
Receptor

The Vitamin D Receptor (VDR), a nuclear receptor activated
by 1,25(0OH),D, forms a heterodimer with retinoid X receptor
(RXR) to bind Vitamin D response elements (VDREs) and
regulate gene transcription through coactivators and
corepressors. Beyond ligand activation, VDR influences cell
proliferation and differentiation, notably in keratinocytes. In
immune regulation, the 1,25(0H),D-VDR-RXR complex
inhibits NFAT and AP-1, suppressing IL-2, IFN-y, and IL-17
while promoting Foxp3 expression and regulatory T-cell
activity. VDR signaling governs calcium balance,
inflammation, immunity, cell cycle, and apoptosis. VDR
gene polymorphisms are linked to cancer and inflammatory
disease susceptibility. Chronic glucocorticoid use lowers
Vitamin D by inducing CYP24A1, whereas Vitamin D
enhances glucocorticoid receptor function. The
1,25(0OH),D-VDR axis also provides negative feedback on
CYP27B1 and parathyroid hormone, maintaining
calcium-Vitamin D homeostasis.”



Vitamin D and Sepsis

Sepsis, a severe infection complication with high mortality,
is associated with low Vitamin D levels. Vitamin D modulates
immune responses, and early high-dose supplementation
(400,000 V) in sepsis patients safely elevated Vitamin D and
cathelicidin levels and reduced inflammatory cytokines,
suggesting it may help manage inflammation.’

Vitamin D and Organ Transplantation
Recipients

Recipients of solid organ and stem cell transplants
(especially liver, kidney, and lung) frequently exhibit low
25(0OH)D levels, which correlate with prolonged hospital
stays and higher post-surgical mortality. Immuno-
suppressive therapy, infection risk, and long-term bone
complications contribute to their vulnerability. Vitamin D
insufficiency in these patients arises from limited sunlight
exposure, reduced mobility, poor nutrition, and hepatic or
renal dysfunction. Liver transplant recipients, in particular,
often show markedly low Vitamin D levels and rapid bone
mineral density loss within the first-year post-transplant.
Low Vitamin D is also linked to poorer graft function, while
adequate levels may reduce hepatitis C recurrence. Studies
indicate that Vitamin D supplementation lowers the
incidence of graft rejection* and, as shown by Doi J et al.
(2020), optimal Vitamin D status in the post-transplant
period may improve survival and reduce acute cellular
rejection (ACR).

Vitamin D in Muscle Strength

Vitamin D deficiency (VDD) is associated with reduced
muscle strength and mass, increased intramuscular fat, and
overall musculoskeletal dysfunction. A meta-analysis of 29
RCTs involving over 5,500 participants showed that Vitamin
D supplementation modestly improved overall and lower-
limb muscle strength—particularly in severely deficient
(<30 nmol/L) and older adults (>65 years)—with a
dose-response relationship between 25(OH)D levels and
strength gains. However, supplementation did not
significantly improve muscle mass or power. Enhanced
lower-limb strength may help preventfalls, as both VDD and
weak quadriceps increase fall risk, though recent meta-
analyses and large trials show inconsistent benefits of
Vitamin D, even when combined with calcium.’

Cardiovascular Health and Precision
Supplementation

While observational studies link Vitamin D deficiency to
poor cardiovascular outcomes, randomized trials have had
mixed results due to uniform dosing. However, the TARGET-
D trial (2017-2025) showed that personalized Vitamin D3

supplementation targeting serum levels above 40 ng/mL
halved the risk of second heart attacks in survivors. Meta-
analyses confirm that adequate Vitamin D reduces blood
pressure, improves lipid profiles (lowering total cholesterol
and triglycerides while increasing HDL cholesterol), and
decreases inflammation markers such as hs-CRP,
particularly when serum levels exceed approximately 86
nmol/L.**

Role of Vitamin D in Immune Regulation
and Respiratory Infections

Vitamin D regulates innate and adaptive immunity through
VDR and CYP27B1 expression in immune cells, enabling
local activation to 1,25(0OH),D. In innate immunity, it
suppresses macrophage proinflammatory gene expression,
while in adaptive immunity, it inhibits B and T helper cells
and enhances regulatory T cells, reducing inflammation. It
decreases proinflammatory cytokines (TNF-a, IFN-B, IL-6, IL-
8) in influenza-infected cells, with each 10 nM/L rise in
serum Vitamin D linked to a 7% lower infection risk. In trials,
1200 IU/day supplementation reduced influenza A
incidence by 42%in children, and a meta-analysis of 25 RCTs
showed a 12% reduction in acute respiratory infections,
most evident in those with baseline levels <25 nmol/L. In
COVID-19, Vitamin D may limit viral entry, cytokine storm,
and ARDS risk. Deficiency correlates with a 2-3.6-fold higher
hospitalization rate. Trials show benefits such as fewer ICU
admissions with calcifediol, though late high-dose therapy
is ineffective. Meta-analyses report reduced ICU admissions
but unchanged mortality, suggesting outcomes depend on
dosage and timing.’

Vitamin D and Tuberculosis

Historically, Vitamin D was used in the pre-antibiotic era for
tuberculosis (TB) treatment through “heliotherapy,” or
sunlight exposure. Modern studies show that 1,25(0H),D
has antimycobacterial effects by activating monocytes and
macrophages, though clinical evidence remains
inconsistent. A systematic review found no link between
serum Vitamin D levels and latent TB infection, possibly due
to assay variability. In an RCT among TB contacts, a single
100,000 IU dose enhanced early innate immune responses
but had no sustained effect, while another large trial in
children found that weekly supplementation (14,000 IU for
three years) did not reduce TB or respiratory infection risk.
The largest meta-analysis in pulmonary TB patients showed
improvements in lymphocyte counts, radiographic
findings, and sputum conversion rates but no effect on time
to conversion or mortality. Overall, Vitamin D may aid
immune and radiologic recovery in TB, but its impact on
clinical outcomes remains limited and inconsistent. *



Vitamin D and Type 2 Diabetes (T2D)

Vitamin D supports glucose metabolism by promoting
pancreatic 3-cell growth, enhancing calcium-dependent
insulin secretion, improving insulin receptor expression,
and reducing inflammation and oxidative stress, thereby
enhancing insulin sensitivity. Observational studies show
inverse links between serum 25(0OH)D and fasting glucose,
HbA1c, insulin resistance, and T2D prevalence. In a major
RCT, 4000 IU/day Vitamin D slowed T2D progression,
especially in non-obese, deficient,and adherentindividuals.
Meta-analyses confirm that higher doses (=1000 IU/day)
lower T2D risk and support reversion from prediabetes to
normoglycemia. Supplementation modestly improved
HbA1c in deficient or non-obese patients. Low 25(0OH)D
(<50 nmol/L) also increases gestational diabetes risk, while
>20001U/day reducesincidence.’

Vitamin D in Diabetic Neuropathy and
Diabetic Foot Ulcers (DFU)

Emerging evidence links Vitamin D to peripheral nerve
health and wound repair. It promotes nerve growth factor
synthesis, modulates pain perception, and enhances
keratinocyte and fibroblast function, aiding wound healing
and infection control in diabetic foot ulcers (DFU). Vitamin D
also induces antimicrobial peptides, promotes
angiogenesis, and accelerates healing via endothelial and
keratinocyte migration. Severe deficiency (25(0OH)D <10
ng/mL) triples DFU risk. RCTs show supplementation
reduces ulcer size and improves healing—50,000 U
biweekly for 12 weeks reduced ulcer size and erythema,
while 6800 IU/day achieved a higher healing rate than 800
IU/day (70% vs. 35%, p=0.01). In diabetic neuropathy (DN),
supplementation alleviates pain, improves nerve
conduction and balance, and reduces inflammation,
underscoring Vitamin D's neuroprotective and circulatory
benefitsin DN and DFU management.”

Vitamin D and Neuroprotection

Vitamin D has key neuroprotective roles, with its receptor
(VDR) and activating enzyme 1a-hydroxylase highly
expressed in the substantia nigra and hippocampus—
regions vital for motor and cognitive function. It regulates
neurotrophic factors, promotes neuronal growth, reduces
oxidative stress, and aids amyloid beta clearance and
acetylcholine balance. While a Finnish cohort (N=3173)
showed a 65% lower Parkinson's disease risk in individuals
with the highest Vitamin D levels, larger U.S. studies found
no association. Cross-sectional data consistently link lower
Vitamin D levels to worse motor function in Parkinson's

disease, though causality is unclear. An RCT using 10,000
IU/day for 4 months showed no overall improvement in
balance, but younger participants (52-66 years) benefited.
Low Vitamin D is also associated with cognitive decline, yet
supplementation trials show inconsistent effects. The role of
Vitamin D in multiple sclerosis is discussed separately under
autoimmunity.”

Vitamin D Anticancer Effects

Vitamin D and its active form, 1,25(0OH),D, exert
antiproliferative, pro-differentiating, anti-angiogenic, and
anti-metastatic effects by inducing apoptosis, halting cell
cycle progression (G0/G1 or G2/M phase), reducing
metastatic spread, and downregulating proliferative
signals. It also enhances antioxidant defense, DNA repair,
and inflammation control, preventing tumor initiation and
progression. Observational studies associate higher
Vitamin D levels with reduced mortality in breast, colorectal,
prostate, and hematologic cancers, though lifestyle factors
may confound these results. In the large VITAL trial
(n=25,871), daily 2000 IU Vitamin D did not lower overall
cancer incidence but significantly reduced cancer mortality
after excluding early events, with greater benefit in lean
individuals. A meta-analysis including VITAL confirmed that
Vitamin D supplementation lowers cancer mortality (HR
0.87) without affecting incidence.**"

Vitamin D and Inflammatory Bowel Disease

(IBD)

Vitamin D deficiency (VDD) is common in inflammatory
bowel disease (IBD) due to malabsorption, bowel resection,
and bile acid loss, and contributes to disease progression.
Vitamin D supports gut barrier integrity, reduces
permeability, and upregulates cathelicidin, an anti-
inflammatory peptide. Meta-analyses show VDD affects
38% of Crohn's disease (CD) and 32% of ulcerative colitis
(UQ) patientsandis linked to greater disease activity, relapse
risk, mucosal inflammation, and reduced quality of life, with
stronger associationsin CD. Although smaller studies report
mixed benefits, a large RCT using high-dose Vitamin D
(25,000 IU/week) showed no significant improvement in
endoscopic recurrence despite increased serum levels,
indicating uncertain therapeutic efficacy.’

Autoimmune Disorders

Activation of the Vitamin D receptor (VDR) by 1,25(0H),D
suppresses B- and T-cell proliferation, downregulates Th1
cytokines, enhances Th2 and regulatory T-cell activity, and
reducesIL-17 production via RORa/y modulation,



promoting immune tolerance. VDD has been consistently
linked to autoimmune diseases such as IBD, rheumatoid
arthritis, Sjogren's syndrome, autoimmune thyroiditis,
multiple sclerosis (MS), type 1 diabetes, and psoriasis. In MS,
low Vitamin D levels and CYP27B1 gene variants increase
disease susceptibility, though supplementation—ranging
from moderate doses to high-dose “Coimbra protocol” (up
to 1000 IU/kg/day)—has not shown clear clinical benefit.
Meta-analyses found no significantimprovementin relapse
rate, disability, or MRI outcomes, and potential harm with
very high doses.

In the VITAL trial (n=25,871), daily 2000 IU Vitamin D for five
years reduced new autoimmune disease risk by 22% (and by
39% after excluding the first two years), with greater benefit
in non-obese participants. These findings suggest a
preventive, rather than therapeutic, role for adequate
Vitamin D intake in autoimmune diseases.”

Effects of Vitamin D on Skin Biology

Vitamin D, through the 1,25(0OH),D/VDR signaling pathway,
regulates keratinocyte proliferation, differentiation, and
apoptosis, maintaining skin integrity. In basal keratinocytes,
it limits proliferation, while in spinous cells, it promotes
differentiation by inducing keratins, involucrin, loricrin, and
filaggrin. By enhancing calcium signaling via the calcium-
sensing receptor (CaSR), Vitamin D strengthens the
epidermal barrier and stabilizes B-catenin, preventing
excessive proliferation. It also inhibits the hedgehog
pathway, enhances DNA repair, and protects against UVB-
induced damage, reducing basal and squamous cell
carcinoma risk. In the oral epithelium, VDR signaling
regulates keratinocyte growth and immune balance.
Deficiency increases proliferation and may elevate oral
squamous cell carcinoma risk, especially in darker-skinned
individuals. Through its anti-inflammatory, antimicrobial,
and immunomodulatory actions, Vitamin D supports
periodontal health, and deficiency or VDR polymorphisms
are associated with chronic periodontitis, indicating that
supplementation may improve periodontal therapy
outcomes.’

C

onclusion

Vitamin D is essential not only for bone health but also
for its broad regulatory roles in immunity, cardio-
vascular function, muscle strength, neuroprotection,
and chronic disease prevention. Clinicians should
recognize that vitamin D deficiency is common in high-
risk populations—including the elderly, transplant
recipients, and those with chronic illnesses—and
contributes to worse clinical outcomes across multiple
systems. Personalized vitamin D assessment and
supplementation, targeting optimal serum 25(OH)D
levels, can improve patient outcomes by reducing
infection risk, cardiovascular events, muscle weakness,
and disease progression. Integration of vitamin D
monitoring into routine clinical practice is crucial for
comprehensive patient care and optimizing lifelong
health beyond skeletal integrity.
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