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Abstract:

Background: Shorter leukocyte telomere length (LTL) is observed in multiple age-related diseases,
which are also associated with vitamin D deficiency (i.e., osteosarcopenia, neurocognitive disorders,
cancer, osteoarthritis, etc.), which suggests a close association. In this study, we examined the rela-
tionship between vitamin D levels and LTL in older participants of the UK Biobank.

Methods: Data were collected from the UK Biobank. Participants aged 60 and older (n=148,321)
were included. Baseline LTL was measured using a multiplex gPCR technique and expressed as the
ratio of the telomere amplification product (T) to that of a single-copy gene (S) (T/S ratio). Serum 25-
hydroxyvitamin D (250HD) was stratified by z score and linked to LTL in a linear regression model
adjusting for covariates.

Results: Compared to the medium level, a low (in the range of 16.6 nmol/L, 29.7 nmol/L) or ex-
tremely low (< 16.6 nmol/L) level of serum 250HD was associated with shorter LTL: 0.018 SD (stand-
ardized p=-0.018, 95% CI -0.033 to -0.003, P=0.022) and 0.048 SD (standardized p=-0.048, 95% CI -
0.083 to -0.014, P=0.006), respectively. Additionally, the high serum 250HD groups (> 95.9 nmol/L)
had 0.038 SD (standardized p=-0.038, 95% CI -0.072 to -0.004, P=0.030) shorter mean LTL than the
group with medium 250HD levels. The associations above were adjusted for multiple variables.
Conclusion: In this population-based study, we identified an inverted U-shape relationship be-
tween LTL and vitamin D status. Whether high or low vitamin D-associated shorter LTL is mecha-
nistically related to age-related conditions remains to be elucidated.
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1. Introduction

Genome instability is considered one of the hallmarks of aging [1]. Telomeres are one of
several key elements required for genome stability. Telomeric DNA consists of tandem
repeats of a simple, often G-rich, sequence. This sequence is determined by the action of
telomerase, which lengthens terminal regions of eukaryotic telomeric DNA by RNA-
templated addition of the repeated DNA sequence [2]. However, with advancing age,
telomerase activity is affected, and telomeres start shortening, which compromises cell
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function and lifespan [2]. This shortening has been associated with multiple age-related
diseases, including cardiovascular disease, malignancies, dementia, osteosarcopenia,
frailty, and other conditions [2-4].

Vitamin D is a micronutrient with an important role in inflammation, cell growth & dif-
ferentiation, and apoptosis [5]. Vitamin D insufficiency, defined as serum levels of 25-
hydroxyvitamin D [25(OH)D] concentrations below 50 nmol/L, has also been associated
with the age-related diseases listed above [6]. Therefore, a link between serum 250HD
levels and telomere shortening has been proposed but remains partially explored [7, 8].
In a recent study analyzing data from 1,542 younger adults (aged 20-39 years), 1,336
middle-aged adults (aged 40-59 years), and 1,382 older adults (aged 260 years) partici-
pants in the US NHANES 2001-2002, Beilfuss et al. [9] reported that serum 25(OH)D was
positively associated with leukocyte telomere length (LTL) in middle-aged participants
(aged 40-59 years) only, independently of other factors. However, this association was
discrete and not observed in older participants. Liu et al., [10] examined the cross-sec-
tional association between serum 250HD concentration in plasma and LTL in 1,154 US
radiologic technologists aged 48-93 (373 white females, 278 white males, 338 black fe-
males, 165 black males) and found a weak positive association between 25(OH)D and
LTL over the entire range of 25(OH)D level in the overall study population and sub-
groups as a function of sex and race. Other studies have shown conflicting results and
are difficult to interpret because of their small sample size [2].

In addition to the deleterious effect of vitamin D deficiency and its known association
with multiple age-related conditions [5], the impact of very high 250HD serum levels on
the pathogenesis of those conditions remains to be elucidated. Recent research has iden-
tified a “U-shaped association”, with morbidity and mortality risks at both high and low
25 (OH) D levels [11, 12]. However, the underlying mechanisms explaining the harmful
effects of having too much or too little circulating vitamin D levels remain elusive. Inter-
estingly, there is growing evidence suggesting that higher circulating vitamin D levels
are associated with longer LTL, thus having a potentially beneficial effect on aging and
age-related diseases [2]. If this hypothesis proved to be correct, longer LTL, induced in
part by vitamin D, would be responsible for improved cell differentiation, function and
survival, and overall healthy aging. To test this hypothesis, the present study examined
the relationship between 250HD levels and LTL in the very large and well established
UK Biobank.

2. Materials and Methods

UK Biobank

Over 500,000 participants aged 40-70 years were recruited between 2006 and 2010.
Participants visited one of 22 assessment centers near their residences. Baseline assess-
ments (at recruitment) included physical measures such as grip strength, heel ultrasound,
and bioimpedance measurements, biological samples (blood, saliva, and urine samples)
for various assays, and surveys on demographics, lifestyle, and environmental factors,
plus personal and family medical history [13]. UK Biobank received ethical approval from
the Northwest Centre for Research Ethics Committee (11/NW/0382), and all participants
provided written informed consent.

Data

Data used to examine the association between LTL and serum 250HD included: 1)
LTL from the baseline visit, 2) 250HD levels at the baseline visit, 3) baseline covariates:
serum calcium, anthropometric, demographic, or socioeconomic variables, and lifestyle
factors. The UK Biobank field IDs used to find the data above are provided in Table 1.
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Inclusion and exclusion criteria

UK Biobank participants attending the baseline visit were included regardless of self-
reported ethnicities; we chose 60 years as a cut-off due to the high prevalence and clinical
significance of vitamin D deficiency in this population [5,7]. Additionally, participants
with any missing data were excluded, leaving a total of 148,321 participants for analysis
(Figure 1).

Leukocyte Telomere Length

DNA was extracted from peripheral blood leukocytes. LTL was measured using a
multiplex gPCR-based technique by comparing the amount of the telomere amplification
product (T) to that of a single-copy gene (S). A T/S ratio was derived representing the
mean LTL. LTL adjusted for the influence of technical parameters was released by UK
Biobank and used in this project.

Defining serum vitamin D status

Biochemical assays were performed on blood samples collected during the baseline
evaluation at the assessment centers. Samples were collected in a silica clot accelerator
tube and stored at -80°C. These samples were later processed in a central laboratory using
an automated dispensing system [14]. Serum 25(OH)D status was measured by chemilu-
minescence immunoassay (DiaSorin LIAISON XL, Italy), which was certified by the Vita-
min D Standardization-Certification Program of the Centers for Disease Control and Pre-
vention [15]. To ensure the precision of analysis, quality control samples at different con-
centrations were analyzed [16], and the accuracy of 250HD was verified through the
RIQAS Immunoassay Specialty I EQA program (Randox Laboratories), an external qual-
ity assurance scheme [17].

Covariates

Race included White, Black, South Asian, and Other ethnicities. Education ranged
from none to college or university degree (higher education). Townsend deprivation in-
dex was a measure of material deprivation at the postcode level based on the preceding
national census data (mean 0 in the UK population), with higher scores representing
greater levels of deprivation. Whole body fat mass was measured using bioelectrical im-
pedance analysis. Smoking status (never, previous, or current) was accessed through a
touchscreen questionnaire, and similarly for alcohol intake frequency (daily or almost
daily, three or four times a week, once or twice a week, one to three times a month, special
occasion only). Physical activity was assessed by adapted questions from the short Inter-
national Physical Activity Questionnaire (IPAQ) [18]. Time spent in vigorous, moderate,
and walking activities was weighted by their intensity levels to derive the total metabolic
equivalent task (MET) minutes per week, which along with days of each activity for a
certain duration were used to determine low, moderate, or high physical activity level,
following the IPAQ guidelines. Serum calcium was measured using a Beckman Coulter
(UK) Ltd assay and Beckman Coulter AUS800 platform using colorimetric analysis meth-
odology. Units of measurement were mmol/L and the manufacturer’s analytical range
was 1-3.5 mmol/L. Extensive QC procedures were followed to identify invalid results, di-
lution issues and laboratory drift as previously described [17].

Statistical Methods

Serum 250HD was linked to LTL in a linear regression model adjusting for covari-
ates. Serum 250HD and LTL were z-transformed using the rank-based inverse normal
transformation prior to the association analysis. The transformed 250HD and LTL fol-
lowed a standard normal distribution with the mean 0 and standard deviation 1. To cap-
ture a non-linear relationship of 250HD with LTL, 250HD was categorized into five
groups with z-scores in the ranges of < -2, (-2, -1], (-1, 1] (reference), (1, 2], and > 2, corre-
sponding to the ranges of 250HD in the original scale: <16.6 nmol/L, (16.6 nmol/L, 29.7
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nmol/L], (29.7 nmol/L, 71.8 nmol/L] (reference), (71.8 nmol/L, 95.9 nmol/L], and > 95.9
nmol/L. For convenience, the five 250HD groups were named as follows: extremely low,
low, medium, moderately high, and high. The unadjusted associations between 250HD
and LTL were reported as well as associations adjusting for demographic/socioeconomic
variables (age, sex, ethnicity, Townsend deprivation index, education), whole body fat
mass (z-transformed by the rank-based inverse normal distribution), and lifestyle factors
(smoking status, alcohol intake frequency, and IPAQ activity group), and serum calcium
(z-transformed by the rank-based inverse normal transformation). P-values smaller than
5% were considered statistically significant. All the statistical analyses were performed in
R version 4.1.2.

3. Results

Population characteristics

Data were obtained at the baseline visit when the mean age of the included samples
was 64.13 years (SD: 2.85). Fifty percent of participants were women, and the vast majority
were of European ancestry (97.3%). 27.5% of the participants received a college or univer-
sity degree whereas 25.5% had no degree. Overall, according to the Townsend deprivation
index, the included samples were less materially deprived than the population on aver-
age. Fifty percent had never smoked, 92% drank more or less, and 86.3% reported moder-
ate to high physical activity levels (Table 2).

Associations between telomere length and serum 250HD

As shown in Figure 2, there was an inverted U-shaped relationship between z-trans-
formed 250HD and LTL. Low and extremely low 250HD levels were significantly asso-
ciated with shorter LTL as well as high 250HD levels in both unadjusted and adjusted
association analyses (Table 3). In the adjusted association analysis (Table 3), a low (z score
in (-1, 1] or serum 250HD in (29.7 nmol/L, 71.8 nmol/L]) or extremely low (z score < -2 or
serum 250HD < 16.6 nmol/L) level of serum 250HD compared to the medium level (z
score in (-1, 1] or serum 250HD in (29.7 nmol/L, 71.8 nmol/L]) was associated with shorter
LTL: 0.018 SD (standardized B= -0.018, 95% CI -0.033 to -0.003, P=0.022) and 0.048 SD
(standardized f=-0.048, 95% CI -0.083 to -0.014, P=0.006) shorter mean LTL, respectively.
Additionally, the high serum 250HD group (z score >2 or serum 250HD > 95.9 nmol/L)
had 0.038 SD shorter mean LTL than the group with medium 250HD levels (z score in (-
1, 1] or serum 250HD in (29.7 nmol/L, 71.8 nmol/L]). As expected, the adjusted model
(Table 3) showed that older age and males were associated with shorter LTL. Longer LTL
was observed in Blacks than in Whites and South Asians. Higher education, lower whole
body fat mass, never smoking, and physical activity was associated with longer LTL, but
lower Townsend deprivation or alcohol intake frequency was not significantly associated
with LTL. Calcium in the blood also was not significantly associated with LTL.

Table 1. Data used to examine the association between leukocyte telomere length(LTL) and serum
250HD. https://biobank.ndph.ox.ac.uk/showcase/search.cgi

Variable UK Biobank Data Field
Leukocyte telomere length (T/S ratio), adjusted for the influence of

- 22191
technical parameters
250HD (nmol/L) 30890
Calcium (mmol/L) 30680
Age 21003
Sex 31
Ethnicity 21000
Education 6138
Townsend deprivation index at recruitment 189
Whole body fat mass 23100
Smoking status 20116
Alcohol intake frequency 1558

International Physical Activity Questionnaire (IPAQ) activity group 22032
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Table 2. Participant characteristics of the included samples.

Variable

Mean £ SD (Min, Max) or Frequency

(%)

Leukocyte telomere length (T/S ratio), adjusted for the influence of

technical parameters
Calcium (mmol/L)
Vitamin D (nmol/L)

0.81+0.12; (0.08, 3.72)

2.38£0.09; (1.19, 3.57)
51.34 % 20.65; (10, 276)

Extremely low! 3,333 (2.2%)
Low? 20,191 (13.6%)
Medium? (reference) 101,195 (68.2%)
Moderately High* 20,215 (13.6%)
High® 3,387 (2.3%)
Age (years) 64.13 + 2.85; (60, 70)
Sex
Female 74,549 (50.3%)
Male 73,772 (49.7%)
Ethnicity
White 144,292 (97.3%)
Black 1,048 (0.7%)
South Asian 1,655 (1.1%)
Other 1,326 (0.9%)
Townsend deprivation index -1.62 + 2.92; (-6.26, 10.59)
Education
None 37,779 (25.5%)
CSEs 2,677 (1.8%)
GCSEs/O-levels 20,977 (14.1%)
A-levels/NVQ/HND/HNC 22,521 (15.2%)
Prof. qualification (e.g., nursing, teaching) 23,632 (15.9%)
College or University degree 40,735 (27.5%)

Whole body fat mass (kg) 24.9 +8.84; (5, 108.1)
Smoking status
Never 73,929 (49.8%)
Current 11,739 (7.9%)
Previous 62,653 (42.2%)
Alcohol intake frequency
Never 11,865 (8%)
Special occasions only 16,934 (11.4%)
One to three times a month 14,470 (9.8%)
Once or twice a week 35,499 (23.9%)
Three or four times a week 33,689 (22.7%)
Daily or almost daily 35,864 (24.2%)
IPAQ group
Low 20,213 (13.6%)
Moderate 67,683 (45.6%)
High 60,425 (40.7%)

lextremely low: z score < -2 or serum 250HD <16.6 nmol/L; 2low: z score in (-2, -1] or serum 250HD in (16.6 nmol/L,
29.7 nmol/L]; *medium: z score in (-1, 1] or serum 250HD in (29.7 nmol/L, 71.8 nmol/L]; “moderately high: z score in (1,
2] or serum 250HD in (71.8 nmol/L, 95.9 nmol/L]; *high: z score >2 or 250HD > 95.9 nmol/L.
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Table 3. Association between vitamin D and leukocyte telomere length, unadjusted and adjusted
for covariates.

95% ClI
Overall
Model Beta Lower Upper P-Value P-Value
Unadjusted
Vitamin D 3.24x10*
Extremely low! -0.053 -0.088 -0.019 0.002
Low? -0.018 -0.033 -0.003 0.021
Medium? (reference)
Moderately High* -0.003 -0.018 0.012 0.663
High® -0.051 -0.086 -0.017 0.003
Adjusted
Vitamin D 0.004
Extremely low! -0.048 -0.083 -0.014 0.006
Low? -0.018 -0.033 -0.003 0.022
Medium? (reference)
Moderately High* -0.002 -0.017 0.013 0.778
High® -0.038 -0.072 -0.004 0.030
Serum calcium (z score) -0.0004 -0.006 0.005 0.869 0.869
Age (years) -0.030 -0.032 -0.028 1.44x10%% < 2.2x10716
Sex <2.2x1016
Female Ref Ref Ref Ref
Male -0.220 -0.231 -0.209 <2.2x1076
Ethnicity <2.2x1016
White Ref Ref Ref Ref
Black 0.363 0.302 0.424 1.23x103!
South Asian -0.010 -0.059 0.039 0.695
Other 0.182 0.129 0.236 3.01x10
Townsend deprivation index -0.001 -0.003 0.001 0.344 0.344
Education <2.2x10%6
None Ref Ref Ref Ref
CSEs 0.012 -0.027 0.051 0.555
GCSEs/O-levels 0.035 0.018 0.052 5.02x10°
A-levels/NVQ/HND/HNC 0.032 0.015 0.048 1.80x10*
Prof. quallflcat_lon (e.g., nursing, 0.058 0.042 0075 3.35x10-12
teaching)
College or University degree 0.097 0.082 0.111 6.49x10°%°
Whole body fat mass -0.026 -0.032 -0.021 1.65x102t  1.65x102!
Smoking status < 2.2x10°16
Never Ref Ref Ref Ref
Current -0.095 -0.115 -0.075 3.32x102%
Previous -0.024 -0.035 -0.013 1.72x10%
Alcohol intake frequency 0.714
Never Ref Ref Ref Ref
Special occasions only 0.002 -0.021 0.025 0.856
One to three times a month 0.006 -0.018 0.031 0.602
Once or twice a week 0.000 -0.021 0.021 0.982
Three or four times a week -0.007 -0.028 0.014 0.518
Daily or almost daily -0.007 -0.028 0.015 0.550
IPAQ group 0.010
Low Ref Ref Ref Ref
Moderate 0.024 0.008 0.039 0.003
High 0.021 0.005 0.037 0.009

lextremely low: z score < -2 or serum 250HD <16.6 nmol/L; 2low: z score in (-2, -1] or serum 250HD in (16.6 nmol/L,
29.7 nmol/L]; *medium: z score in (-1, 1] or serum 250HD in (29.7 nmol/L, 71.8 nmol/L]; “moderately high: z score in
(1, 2] or serum 250HD in (71.8 nmol/L, 95.9 nmol/L]; % high: z score >2 or serum 250HD > 95.9 nmol/L.
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Active UKB participants excluding
dropouts (n= 502,398)

, Participants excluded:
Ages below 60 years
v (n=284,943)

Participants 60 years and older
(n=217,456)

Participants excluded:

Any missing values in
> serum vitamin D or calcium,
LTL, or covariates
(n=69,135)

k

Included samples
n=148,321

Figure 1. Flowchart of the final analytical sample.
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Figure 2. Relationship of z-transformed leukocyte telomere length versus z-transformed vitamin D
(curve plotted based on the generalized additive model including a cubic regression spline with
shrinkage-to-zero).
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4. Discussion

In this population-based study, we examined the association between LTL and vit-
amin D status. Shorter LTL was associated with high and low 250HD levels in older
individuals aged 60 and older. Interestingly, we found an inverted U-shaped association
between shorter LTL and serum 250HD at very low and high serum levels.

The clinical implications of vitamin D deficiency on the musculoskeletal system [6],
which include osteosarcopenia [19] and rheumatic conditions [20], are well established.
In addition, vitamin D deficiency is also associated with the development of age-related
conditions such as Alzheimer's disease, Parkinson's disease, multiple sclerosis, and car-
diovascular disease [6]. Although the biological mechanisms explaining these associa-
tions remain partially elucidated, there is mounting evidence to propose that normal
vitamin D levels are required to delay the appearance of several of the major biological
hallmarks of aging [1, 6], including genomic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, disabled autophagy, mitochondrial dysfunction, cellular
senescence, stem cell exhaustion, and chronic inflammation [6, 21].

Amongst these mechanisms, the effect of vitamin D on telomere attrition has re-
ceived significant attention not only because of its biological plausibility but also be-
cause there is a clear correlation between those age-related conditions associated with
vitamin D deficiency and those associated with telomere shortening [2, 6]. Vitamin D
may reduce telomere shortening through anti-inflammatory and anti-cell proliferation
mechanisms. Interestingly, very few clinical trials have tested the effect of vitamin D
supplementation on telomere length in vitamin D-deficient populations, and the reports
appear contradictory. Yang et al. [22] tested the effect of vitamin D supplementation on
cognitive function in 183 subjects randomized to an intervention group (vitamin D 800
IU/day, n = 93) or a placebo group (the matching starch granules, n = 90), and followed
up for 12 months. They reported that vitamin D supplementation for 12 months im-
proved cognitive function by reducing oxidative stress regulated by increased LTL in
older adults with mild cognitive impairment. In contrast, Agirbasli et al. [23] investi-
gated the short-term effects of vitamin D supplementation on LTL in a cohort of vitamin
D-deficient postmenopausal women (n = 102). The group was divided into supplementa-
tion those with oral vitamin Ds (cholecalciferol) at a dose of 50,000 IU/week for eight
weeks (n=>52) and placebo groups (n =50). At the end of the study period, LTL levels
were significantly increased in both groups, and this change was more prominent in the
placebo group.

Although normalization of serum 250HD levels in older individuals could have a
beneficial effect on LTL and thus partially explain the therapeutic impact of vitamin D
supplementation on age-related conditions, there is always a risk of administering too
much supplementation and inducing harmful effects associated with high serum levels
of vitamin D. Indeed, results from observational, population-based studies and random-
ized clinical trials have shown a U- or J-shaped curve and suggested an increased risk of
adverse outcomes in those with the highest serum 250HD levels, including falls, frac-
tures, and frailty [24-26]. Most studies have reported a higher risk in those participants
with serum levels of 250HD above 100 nmol/L. Although these findings have discour-
aged the practice of administering high loading doses of vitamin D, the mechanisms un-
derlying the negative impact of high serum levels of 250HD remain mostly speculative
[26]. Since telomere shortening is also associated with an increased risk of these adverse
events [25,27,28], it is therefore tempting to speculate that induction of LTL shortening
by high levels of serum 250HD could be among the involved mechanisms but require
further studies.
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In the present study, our data show a non-linear relationship between 250HD and
LTL after modeling vitamin D by the serum 250HD z-score groups: < -2, (-2, -1], (-1, 1],
(1, 2], and >2. A z score of -2 corresponds to serum 250HD 16.6 nmol/L in the original
scale, and a z score of 2 corresponds to 95.9 nmol/L. These extremely low and moder-
ately high 250HD serum levels approach those previously associated with adverse out-
comes in clinical trials (25). Whether a dose response could explain these findings goes
beyond the scope of this study.

5. Conclusion

In conclusion, our study is the first of its kind to demonstrate an inverted U-shape
relationship between LTL and vitamin D status in a large sample of community-dwell-
ing individuals. We conducted this analysis adjusting for various demographic/socioeco-
nomic variables and lifestyle factors known to affect serum vitamin D and/or telomere
length. We also controlled for whole body fat since obese and overweight individuals
tend to demonstrate blunted responses to vitamin D replacement [29]. Nonetheless, the
cross-sectional nature of our study prohibits any causal inferences, limiting our ability to
exclude the role of unknown confounders or the existence of reverse causation. Never-
theless, non-linear Mendelian randomization methods are useful tools to test causality
[30]. Further mechanistic studies in animal models and human subjects are still required.
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