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The Association Between Telomere Length and
Vitamin D: A Comprehensive Analysis of Current
Evidence

The relationship between vitamin D status and telomere length has emerged as a significant area
of research interest, particularly given the potential implications for healthy aging and age-
related disease prevention. Recent evidence from the landmark VITAL randomized controlled
trial suggests that vitamin D supplementation may help preserve telomere length, with
participants experiencing significantly reduced telomere shortening equivalent to nearly three
years of delayed aging compared to placeboll 2l However, the body of research examining
this association presents a complex picture, with observational studies showing mixed results
and mechanistic pathways still being elucidated. This comprehensive analysis examines the
current state of evidence regarding the association between vitamin D and telomere length,
exploring both supportive findings and conflicting results while considering the methodological
challenges and clinical implications of this emerging field.

Biological Background and Rationale

Telomeres represent critical protective structures consisting of repetitive DNA sequences and
specialized proteins located at chromosome ends that prevent degradation and fusion during
cellular division!3l. These nucleoprotein caps are progressively shortened through successive
rounds of cell division and environmental stressors, including oxidative stress, making telomere
length a potential biomarker of cellular aging!3l. The variation in telomere length between
individuals of equal chronological age reflects both genetic and environmental determinants,
with shorter leukocyte telomere length associated with aging and increased risk of age-related
diseases including cardiovascular disease, diabetes, hypertension, and all-cause mortality 3L

Vitamin D, beyond its well-established role in calcium homeostasis and bone health, exerts
pleiotropic effects on cellular processes including differentiation, proliferation, and apoptosis[4l,
The vitamin D system involves multiple biomarkers, with 25-hydroxyvitamin D [25(OH)D] serving
as the primary indicator of vitamin D status, while 1,25-dihydroxyvitamin D represents the active
hormonal form that binds to vitamin D receptors and mediates biological effectslsl. The
presence of vitamin D receptors in leukocytes supports the possibility of direct effects on
telomere biology, while vitamin D's anti-inflammatory properties provide an additional
mechanism through which it might influence telomere maintenance&l.

The theoretical basis for an association between vitamin D and telomere length rests on several
mechanistic pathways. Vitamin D may reduce telomere shortening through anti-inflammatory
mechanisms, as chronic inflammation is known to accelerate telomere attrition4l. Additionally,
vitamin D might directly influence telomerase activity, the enzyme responsible for telomere
maintenance, or affect cellular proliferation rates that impact telomere dynamics!3l.



Evidence from Observational Studies

Large Population-Based Studies

The most comprehensive population-based examination of vitamin D and telomere length comes
from the UK Biobank study, which analyzed data from 148,321 participants aged 60 and
older!Zl. This massive cross-sectional study revealed a complex relationship, finding that both
very low and very high levels of vitamin D were associated with shorter leukocyte telomere
length, suggesting a potential U-shaped association rather than a simple linear relationship.

The National Health and Nutrition Examination Survey (NHANES) provided important insights
through its analysis of 4,347 eligible participants representing the general US populationl2l. In
models adjusted for age, race, marital status, education, and C-reactive protein, researchers
found a statistically significant positive association between vitamin D levels and telomere
length, with each 1 ng/ml higher 25(0OH)D level associated with a 0.045 longer telomere-to-single
copy gene ratiol3l. This association was observed in both men and women, though it was
stronger in women. However, after further adjustment for smoking, body mass index, and
physical activity, the significance disappeared, suggesting that lifestyle factors may confound or
mediate the relationship 3.

Gender-Specific Findings

Studies examining gender differences have produced particularly intriguing results. The Nurses'
Health Study, involving 1,424 female participants, demonstrated a significant positive
association between higher 25(0OH)D levels and longer telomere length, with the odds ratio
increasing progressively across quartiles of vitamin D status!8l. The association was strongest
when comparing the highest quartile of 25(0H)D to the lowest, yielding an odds ratio of 1.59 18l

In contrast, the Health Professionals Follow-up Study, which examined 2,483 men, found no
association between either 25(0H)D or 1,25-dihydroxyvitamin D and relative leukocyte telomere
lengthlél. This gender disparity suggests potential sex-specific mechanisms in the vitamin D-
telomere relationship. Several biological explanations have been proposed for these differences,
including the stimulatory effects of estrogen on telomerase production and its ability to reduce
reactive oxygen species compared to testosteronelél. Additionally, males being heterogametic
(XY) may experience greater vulnerability to telomere maintenance defects due to having only
one X chromosome 81,

Methodological Considerations in Cross-Sectional Studies

The interpretation of cross-sectional studies faces significant limitations regarding causality and
temporality. The possibility of reverse causation exists, where individuals in poorer health may
engage in less outdoor physical activity, resulting in lower vitamin D levels rather than low
vitamin D causing shorter telomeres 8. Furthermore, cross-sectional designs cannot establish
whether vitamin D status influences telomere length over time or whether the associations reflect
other underlying biological processes.



Evidence from Randomized Controlled Trials

The VITAL Trial: Landmark Findings

The most significant evidence supporting a causal relationship between vitamin D and telomere
length comes from the VITAL (VITamin D and OmegA-3 TrialL) study, the first large-scale, long-
term randomized controlled trial to examine this relationship 1 L21. This double-blind, placebo-
controlled trial involved 1,054 participants (females aged 55+ and males aged 50+) who were
followed for four years with telomere length measurements at baseline, year 2, and year 4191

The results demonstrated that compared to placebo, vitamin D3 supplementation (2,000
IU/day) significantly reduced telomere shortening by 0.14 kilobase pairs over four years,
preventing the equivalent of nearly three years of aging 1 (21191 The overall trend analysis
showed that the vitamin D supplementation group maintained telomere lengths that were
approximately 0.035 kb higher per year of follow-up compared to the placebo groupﬁl.
Notably, omega-3 fatty acid supplementation, which was also tested in this trial, showed no
significant effect on telomere length 1 (2]

Contrasting Findings from the D-Health Trial

The D-Health Trial, conducted in Australia with 1,519 participants aged 60-84 years, provided
contrasting results[9l . This randomized, double-blind, placebo-controlled trial examined the
effects of monthly vitamin D supplementation over 4-5 years and found no effect on telomere
length. The mean telomere-to-single copy gene ratio was 0.70 for both vitamin D and placebo
groups, with an adjusted mean difference of -0.00112l. The researchers concluded that
routinely supplementing older adults who are largely vitamin D replete with monthly doses of
vitamin D is unlikely to influence telomere lengthl19l

The discrepancy between VITAL and D-Health trials may reflect differences in study
populations, dosing regimens (daily versus monthly), baseline vitamin D status, or other
methodological factors. The D-Health trial specifically noted that participants were largely
vitamin D replete, which may have limited the potential for benefit from supplementation19l.

Shorter-Term Intervention Studies

Several smaller intervention studies have provided additional insights into the vitamin D-telomere
relationship. A study of 37 overweight African American adults examined the effects of 16 weeks
of vitamin D3 supplementation (60,000 IU monthly, equivalent to 2,000 IU daily) on peripheral
blood mononuclear cell telomerase activityml. The intervention significantly increased
telomerase activity by 19.2 %, with significance persisting after controlling for age, sex, and
body mass index . This study provided direct evidence that vitamin D supplementation can
enhance the enzymatic machinery responsible for telomere maintenance.

A placebo-controlled study of 102 postmenopausal women with vitamin D deficiency examined
short-term effects of vitamin D supplementation on various vitamin D-related parameters and
telomere Iength[ﬂlﬁl. Interestingly, both supplementation and placebo groups showed
significant increases in leukocyte telomere length, with the change being more prominent in the
placebo group@ml. The researchers concluded that seasonal changes and sun exposure,



rather than supplementation per se, may have been the primary drivers of telomere length
changesii2l,

Mechanistic Pathways and Biological Plausibility

Anti-Inflammatory Mechanisms

Vitamin D's anti-inflammatory properties provide a biologically plausible mechanism for telomere
protection. Chronic inflammation is well-established as a driver of telomere attrition, with studies
demonstrating negative associations between inflammatory markers such as C-reactive protein
and interleukin-6 with leukocyte telomere length3l. Vitamin D, through both its active
metabolite 1,25-dihydroxyvitamin D and the precursor 25(0OH)D, suppresses core
proinflammatory cytokines including tumor necrosis factor-q, interleukin-6, and interleukin-8 in
human peripheral blood mononuclear cellsl3l,

Direct Effects on Telomerase Activity

Vitamin D may directly enhance telomerase activity through several pathways. Human
telomerase reverse transcriptase (hTERT), a key component of the telomerase complex, requires
phosphorylation by the phosphatidylinositol 3-OH kinase (PI3K)/Akt signaling pathway for
optimal activity 13L. Calcitriol can activate second messengers through nongenomic actions of
the vitamin D receptor and upregulate vitamin D receptor expression, which stimulates the
PI3K/Akt kinase pathwaylﬁl. This mechanism provides a direct link between vitamin D status
and telomerase enzyme function.

Klotho-Mediated Effects

Vitamin D may influence telomere length through upregulation of Klotho, a recognized anti-aging
proteinlﬁl. In vitro studies have demonstrated that reduced intracellular Klotho levels induce
telomere shortening in human umbilical vein endothelial cells, while exogenous Klotho prevents
this shorteninglﬁl. Importantly, calcitriol can upregulate Klotho expression, providing another
pathway through which vitamin D might protect telomeresi3l

Cellular Proliferation and Oxidative Stress

Vitamin D's effects on cellular differentiation, proliferation, and apoptosis may indirectly influence
telomere dynamics by affecting the rate of cell division and exposure to oxidative stress[4l. Cells
with slower proliferation rates may experience less telomere attrition, while vitamin D's
antioxidant properties could protect telomeres from oxidative damage.

Special Populations and Life Course Considerations



Maternal-Fetal Programming

Emerging evidence suggests that vitamin D's influence on telomere length may begin before
birth. A cross-sectional study of 106 healthy pregnant women and their offspring found that
maternal 25(0OH)D concentrations were positively correlated with newborn leukocyte telomere
lengths (r = 0.72, p < 0.01) 8L |n multivariate analysis, newborn telomere lengths remained
significantly associated with maternal vitamin D concentrations (B = 0.33, p < 0.01) after
adjustment for multiple confounderst3l. This finding suggests that maternal vitamin D status
during preghancy may be a significant determinant of offspring telomere length, potentially
programming long-term health outcomes.

Age and Population-Specific Effects

The relationship between vitamin D and telomere length may vary across different age groups
and populations. Some studies have suggested that the association may be stronger in younger
populations or those with specific health conditions. The lack of association found in some
studies of older adults may reflect the complexity of aging processes and the multiple factors
that influence telomere dynamics in advanced agelél.

Disease Populations

Limited evidence from disease populations provides additional context. A case-control study in
systemic lupus erythematosus patients found positive correlations between telomere length in
peripheral blood mononuclear cells and 25(0OH)D concentrations in both patients and controls
with low vitamin D levels[4l. A retrospective study in hemodialysis patients reported longer
telomeres in those treated with calcitriol or analogues for at least six months compared to
untreated patients[13l,

Methodological Challenges and Limitations

Telomere Length Measurement

The measurement of telomere length presents significant technical challenges that may
contribute to inconsistent findings across studies. Most studies have used quantitative
polymerase chain reaction (qPCR) methods, which can be sensitive to factors such as sample
collection timing, storage conditions, and processing delays[4l. This methodology has been
compared to other approaches and found to be the least reproducible, potentially introducing
variability that obscures true associations[14l.

Vitamin D Assessment

The assessment of vitamin D status also presents challenges for establishing associations with
telomere length. Most studies rely on single measurements of 25(0OH)D, which may not reflect
lifetime vitamin D status or biologically relevant exposure periods2l 6l The use of different
assays across studies, with varying detection capabilities and standardization, further
complicates comparison of results8l. Additionally, the focus on 25(0OH)D as a biomarker may
miss important aspects of vitamin D biology, as it is the active form, 1,25-dihydroxyvitamin D,
that mediates most biological effects[3l.



Confounding and Reverse Causation

Observational studies face significant challenges from confounding variables and potential
reverse causation. Vitamin D status is associated with numerous lifestyle and health factors,
including physical activity, sun exposure, diet quality, and overall health status, all of which may
independently influence telomere Iength@l. The possibility that poor health leads to both low
vitamin D levels and shorter telomeres, rather than vitamin D deficiency causing telomere
shortening, cannot be excluded in cross-sectional studies.

Genetic Factors

Individual genetic variation in vitamin D metabolism and telomere biology may influence the
observed associations. Some studies have examined genetic variants in vitamin D pathway
genes, with mixed results[81 161 A single nucleotide polymorphism in the retinoid X receptor
alpha gene was associated with longer telomere length in one study, but this finding requires
replication and may not necessarily implicate the vitamin D pathway specifically 181,

Clinical Implications and Public Health Considerations

Current Supplementation Recommendations

The emerging evidence regarding vitamin D and telomere length occurs in the context of
evolving clinical recommendations for vitamin D supplementation. The Endocrine Society
currently recommends vitamin D supplements for people aged 75 and older, as well as for
individuals of any age with prediabetes to prevent type 2 diabetes progressionM. The VITAL
trial findings regarding telomere protection provide additional scientific support for these
recommendations by highlighting potential mechanisms through which vitamin D may influence
long-term health outcomes 4l

Dosage and Duration Considerations

The VITAL trial used a moderate dose of 2,000 IU daily, which appears to be effective for
telomere protection without reaching potentially harmful high levels[4l. The UK Biobank study's
finding that very high vitamin D levels were associated with shorter telomeres suggests that
more is not necessarily better, supporting a targeted approach to supplementation rather than
megadosesZ.

Population Targeting

The mixed results across different populations suggest that vitamin D supplementation for
telomere protection may be most beneficial in specific groups. Individuals with vitamin D
deficiency, certain ethnic populations with higher deficiency rates, older adults, and those with
specific health conditions may derive the greatest benefitlll. The lack of effect observed in
vitamin D-replete populations suggests that routine supplementation in individuals with
adequate status may not provide additional telomere protection[10l.



Future Research Directions

Mechanistic Studies

Further research is needed to elucidate the precise mechanisms through which vitamin D
influences telomere biology. Studies examining the effects of vitamin D on telomerase activity,
oxidative stress markers, inflammatory cytokines, and Klotho expression in human populations
could provide valuable insights into the pathways mediating observed associations.

Longitudinal Cohort Studies

Long-term prospective studies with repeated measurements of both vitamin D status and
telomere length are essential for establishing temporal relationships and understanding how
changes in vitamin D status over time influence telomere dynamics. Such studies could also
examine critical periods during which vitamin D may have the greatest impact on telomere
maintenance.

Personalized Medicine Approaches

Future research should investigate genetic and other individual factors that may modify the
vitamin D-telomere relationship. Pharmacogenomic studies could identify individuals most likely
to benefit from vitamin D supplementation for telomere protection, enabling more personalized
therapeutic approaches.

Intervention Studies in Diverse Populations

Additional randomized controlled trials are needed in diverse populations, including different
ethnic groups, age ranges, and health conditions. Studies examining different dosing regimens,
formulations, and duration of treatment could optimize vitamin D supplementation strategies for
telomere protection.

Conclusion

The association between vitamin D and telomere length represents an emerging and complex
area of research with significant implications for healthy aging and disease prevention. The
evidence presents a nuanced picture, with the landmark VITAL trial providing strong support for
a protective effect of vitamin D supplementation on telomere length, while other studies show
mixed results depending on population characteristics, methodology, and study design.

The biological plausibility of vitamin D's effects on telomere maintenance through anti-
inflammatory mechanisms, direct telomerase activation, and other pathways provides a strong
theoretical foundation for observed associations. However, the complexity of both vitamin D
metabolism and telomere biology, combined with methodological challenges in measurement
and study design, contributes to inconsistencies in the literature.

Current evidence suggests that vitamin D supplementation may offer telomere protection,
particularly in deficient populations or those at higher risk for vitamin D inadequacy. The
moderate dosing approach demonstrated in the VITAL trial appears promising, while very high



levels may be counterproductive. The potential for vitamin D to slow biological aging processes
through telomere protection adds to the growing evidence for its role beyond traditional skeletal
health benefits.

Future research should focus on mechanistic understanding, optimal dosing strategies,
population-specific effects, and long-term health outcomes associated with vitamin D-mediated
telomere protection. As the field continues to evolve, the integration of vitamin D status
assessment and supplementation strategies into comprehensive approaches for healthy aging
warrants serious consideration by clinicians and public health practitioners.
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