SCIENTIFIC REPLIRTS

Investigating causality in the
association between vitamin D
status and self-reported tiredness
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Published online: 27 February 2019 Self-reported tiredness or low energy, often referred to as fatigue, has been linked to low levels of

. circulating 25-hydroxyvitamin D (250HD), a biomarker of vitamin D status. Although it is uncertain if

. the association is causal, fatigue is a common indication for testing, and correcting, low 250HD-levels.

. We used two-sample Mendelian randomization to test for genetic evidence of a causal association

. between low 250HD-levels and fatigue. Genetic-250HD associations were estimated from the largest
genome-wide association study of vitamin D to date, and genetic-fatigue associations were estimated
in 327,478 individuals of European descent in UK Biobank, of whom 19,526 (5.96%) reported fatigue
(tiredness or low energy nearly every day over the past two weeks). Using seven genome-wide

. significant 250HD-reducing genetic variants, there was little evidence for a causal effect of 250HD on

. fatigue (odds ratio for fatigue was 1.05 with 95% confidence interval of 0.87-1.27 per 1-SD decrease in log-

. transformed 250HD). There was also little evidence of association between any individual 250HD-reducing

© variant and fatigue. Our results suggest that a clinically relevant protective effect of 250HD-levels on

. fatigue is unlikely. Therefore, vitamin D supplementation of the general population to raise 250HD-levels is

. not likely to be useful in preventing fatigue.

Tiredness or low energy, often referred to as fatigue, is a common complaint in the general population and one
of the leading reasons for consulting primary health care services!™. Fatigue is a complex and nonspecific phe-
nomenon. It is both a normal response to physical and mental exertion or stress, and a feature of illnesses such
as infection and inflammation, multiple sclerosis, rheumatoid conditions, cancers, depression and anxiety’. In
addition, fatigue is a defining characteristic of chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME),
requiring that fatigue is profound and impairing, long-lasting, and medically unexplained®.
There is no generally accepted set of criteria for fatigue, and the prevalence of fatigue varies widely depending
* on the assessment method and criteria for severity and duration of tiredness or low energy. The cross-sectional
. prevalence of broadly defined fatigue in U.S. workers and home-living adults over the age of 50 was 37.9%
: (answered yes to having low levels of energy, poor sleep, or a feeling of fatigue during the past two weeks) and
© 31.2% (answered yes to feeling that everything was an effort or could not get going during the past week), respec-
© tively"®. Of 15,283 individuals aged 18-45 years who were registered with general practices in England, 37.9%
. scored above the cutoff for substantial current fatigue on the widely used self-rated Chalder fatigue question-
© naire?. A systematic review of case definitions for CFS/ME showed that cross-sectional prevalence ranged from
. less than 0.1% to 7.6%, depending on the criteria for duration and associated symptoms’. Findings suggest that
self-reported fatigue is continuously distributed in the general population®®?, ranging from mild tiredness or low
energy to debilitating exhaustion or weakness. Therefore, any boundary between normal and abnormal levels
of fatigue may be arbitrary. Nevertheless, a threshold that has been used to classify clinically significant fatigue
is self-reported tiredness or lack of energy on nearly every day or more over a period of at least two weeks'.
. Findings suggest that in the general population approximately 6% meet this criterion for current fatigue (feeling
: tired nearly all the time for more than two weeks during a one-month period)'!.
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Figure 1. Directed acyclic graph of the Mendelian randomization study design. We selected seven independent
single nucleotide polymorphisms (SNPs) robustly associated with 25-hydroxyvitamin D (250HD) levels as
genetic instruments (leftmost box) to proxy circulating levels of 250HD. The SNPs were weighted according to
the strength of their association with 250HD in the largest available genome-wide association study (GWAS)
of 250HD (n=42,274 for rs117913124 and n = 79,366 for the remaining six SNPs). The genetic instruments
were then used to estimate if 250HD causally influences self-reported fatigue in the independent UK Biobank
sample (n=327,478). The genetic instruments should be unrelated to potential confounders of the 250HD-
fatigue association and should only affect fatigue through 250HD.

One biological factor that has been linked to fatigue is vitamin D insufficiency (low levels of circulating
25-hydroxyvitamin D [250HD])'?-*, although findings have been mixed!'*-?2. The association between fatigue and
vitamin D insufficiency has attracted considerable attention in the popular press, and readers are encouraged
to seek vitamin D testing and/or supplementation if feeling fatigued®*?*. Studies show that patient-reported
fatigue is one of the leading reasons for 250HD testing®>?. Tiredness, fatigue or exhaustion was the reason
for 22.4% of vitamin D test requests within the Northumbria Healthcare NHS Foundation Trust in England
in 20172,

Although the link between vitamin D status and fatigue has already begun to affect clinical practice, there is
uncertainty as to whether the association is causal. In observational studies, the potential for reverse causality is
substantial, as low vitamin D status could be a marker, or a consequence, of fatigue. Furthermore, the observed
association between vitamin D status and fatigue could be spurious, simply reflecting unmeasured confounders
that independently associate with lowered vitamin D status and fatigue. For example, vitamin D status and fatigue
are both associated with a range of lifestyle-related characteristics including low educational attainment, smok-
ing, adiposity, a generally unhealthy diet, and physical inactivity>?’-*!. Most RCTs of vitamin D supplementation
and fatigue have been carried out within patient groups with illnesses such as autoimmune diseases, cancers,
stroke or depression. There have been few RCTs of vitamin D supplementation with self-perceived fatigue among
the main outcomes in general population samples or in individuals with idiopathic fatigue. We identified a few
exceptions. In an RCT of otherwise healthy individuals with fatigue and low 250HD levels, individuals in the
supplementation group (n=>58) had greater odds (OR: 2.63, 95% CI: 1.23, 5.62) of perceiving an improvement in
their fatigue symptoms compared to those in the placebo group (n=62)'%, suggesting a clinically relevant effect.
However, the confidence interval (CI) of the average raw score change on the primary fatigue outcome measure
included the null in both the supplementation (—3.3, 95% CI: —14.1, 4.1) and placebo (—0.8, 95% CI: —9.0, 8.7)
groups (standardized mean difference [SMD]: —0.77, 95% CI:—1.13, —0.42). Two other RCTs showed little evi-
dence of an effect of vitamin D supplementation on fatigue symptoms in primary care patients with low 250HD
levels (intervention n =48, placebo n =42, SMD = —0.13, 95% CI: —0.55, 0.28)* or in individuals with CFS/ME
(intervention n =21, placebo n =24, SMD =0.12, 95% CI: —0.47, 0.71)*!. A large RCT of combined calcium and
vitamin D supplementation in middle-aged and older women found no strong evidence of a difference in fatigue
between the intervention (N=17,101) and placebo (N =17,056) groups (p-value =0.764, no change score was
reported)®*. We performed a random effects meta-analysis of the three smaller RCTs reporting fatigue change
scores and find that the effect of vitamin D supplementation on fatigue is inconclusive and heterogeneous (SMD:
0.29, 95% CI: —0.83, 0.24, I-squared: 77.3%, p-value for heterogeneity: 0.012).

In the absence of high-quality RCT evidence MR is an approach that can be used to strengthen causal inference
in observational studies by using genetic variants associated with an environmental exposure as instrumental vari-
ables (proxies) for the exposure®. If vitamin D status causally affects the risk of fatigue, then genetic variants that
robustly influence levels of vitamin D should be associated with fatigue to the extent predicted by their influence
on vitamin D status®.

In the present study, we used two-sample MR to assess if genetically lowered vitamin D status causally influ-
ences fatigue in the general population (Fig. 1). As instruments for vitamin D status we used independent single
nucleotide polymorphisms (SNPs) with robust evidence for association with 250HD levels**-*. We then used
MR methods to examine if 250HD-lowering SNPs are associated with the risk of feeling fatigued in an independ-
ent sample of 327,478 individuals from UK Biobank.
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Methods

Study population. UK Biobank is a population-based health research resource consisting of approximately
500,000 people, aged 38-73 years, recruited between the years 2006 and 2010 from across the UK*. Participants
provided a range of information (such as demographics, health status, lifestyle measures, cognitive testing, per-
sonality self-report, and physical and mental health measures) via questionnaires and interviews; anthropomet-
ric measures, BP readings and samples of blood, urine and saliva were also taken (data available at http://www.
ukbiobank.ac.uk). A full description of the study design, participants and quality control (QC) methods have
been described in detail previously*’. UK Biobank received ethical approval from the Research Ethics Committee
(REC reference 11/NW/0382). Written informed consent was obtained from each participant. The methods were
carried out in accordance with the relevant guidelines and regulations.

Genotyping, imputation and quality control.  The full data release contains the cohort of successfully
genotyped samples (n =488,377). 49,979 individuals were genotyped using the UK BiLEVE array and 438,398
using the UK Biobank axiom array. Pre-imputation QC, phasing and imputation are described elsewhere*!.
Sample QC included removing individuals of non-European ancestry, high relatedness to others in the sample, or
with sex-mismatch. Details of the QC and imputation process has been described previously**.

Fatigue. Fatigue was assessed in UK Biobank using the question “Over the past two weeks, how often have
you felt tired or had little energy?” which was part of the Mental Health Questionnaire consisting of items from
the Patient Health Questionnaire. The responses given at the initial assessment visit were used in this analysis.
Participants answering with “Do not know” or “Prefer not to answer” were excluded, resulting in a sample of
327,478 individuals with available genotype data and fatigue measurement (“Not at all” n=154,926, 47.31%,
“Several days” 134,204, 40.98%, “More than half the days” n= 18,822, 5.75%, and “Nearly every day” n = 19,526,
5.96%). Consistent with a previously used definition of clinically significant fatigue', we dichotomized the ordi-
nal fatigue variable into fatigue experienced nearly every day (n=19,526) or less (n =307,952).

SNP selection. To construct a genetic instrument for vitamin D status, we selected SNPs that were robustly
(p-values < 5 x 10~%) associated with circulating 250HD-levels in individuals of European ancestry in the
largest meta-analysis to date. Four genome-wide significant SNPs were identified from the SUNLIGHT con-
sortium?® (rs3755967, rs12785878, rs10741657 and rs17216707), all located in or near four 250HD-related
genes: Group-Specific Component (GC), Cytochrome P450 family 2, subfamily R, polypepetide 1 (CYP2RI),
7-Dehydrocholesterol Reductase (DHCR?) and Cytochrome P450, family 24, polypepetide 1 (CYP24A1). These
have been used as genetic instruments for 250HD in MR studies previously**** and have shown little associ-
ation with potential confounders such as BMI, smoking, diet and sunlight exposure®”*>*>. In more recent and
larger meta-analyses, three additional SNPs have shown genome-wide significant association with circulating
250HD-levels: rs117913124 in CYP2R1%, rs8018720 in SEC23A%, and rs10745742 in AMDHD]13®. The seven
SNPs (see Supplementary Table 1) are independent (r* > 0.8) and together explain approximately 5% of the vari-
ance in circulating 250HD levels®”38.

Effect estimates for the association of the SNPs with circulating 250HD-concentrations were taken from
the most recent meta-analysis® apart from rs117913124, for which the effect estimate was only available from
Manousaki et al.*’. The beta and standard error (SE) for rs117913124 were scaled to match the other SNPs by
plotting the betas of the other SNPs against each other and multiplying both the beta and SE by the beta of the
regression line.

The beta values reflect changes in standard deviations (SD) of the standardized log-transformed levels of
250HD?. Weighting by these beta coefficients means that each unit increase represents a standard deviation
increase in log250HD. The GWAS summary dataset and UK Biobank dataset were harmonized so that the effect
allele for all seven SNPs was the 250HD-decreasing allele?.

Covariates. All analyses were adjusted for sex, genetic batch, assessment centre and all of the 40 principal
components as provided by UK Biobank to correct for population structure.

Statistical analysis. Mendelian randomization (MR) analysis. MR is an instrumental variable analysis
based on a ratio of the regressions of the genetic instrument-outcome association (weighted 250HD-SNPs with
self-reported fatigue in UK Biobank) on the genetic instrument-exposure association (250HD-SNPs with cir-
culating 250HD in the independent vitamin D GWAS). The individual SNP-fatigue estimates were pooled using
three MR methods, each with different assumptions. The inverse-variance weighted (IVW) estimate is the inverse
variance weighted mean of the ratio estimates obtained for all the genetic instruments*, here the 250HD SNPs.
The IVW method assumes that all the SNPs included are valid instruments for 250HD-levels. The weighted
median employs the weighted empirical distribution function of each SNP ratio estimate and provides the median
of them. This method yields a consistent estimate of a true causal effect if more than 50% of SNPs are valid*®.
Finally, MR Egger is a weighted linear regression and provides a consistent estimate of a true causal effect even
if all SNPs are invalid instruments, assuming that pleiotropic effects are independent of instrument strength*.
In addition, the intercept provides a measure of horizontal pleiotropy, the absence of which would lead to a null
y-intercept (ie the mean value of the SNP-vitamin D associations when the SNP-tiredness association is zero).The
MR estimates are reported as odds ratios (OR) with their 95% confidence intervals (CI) for fatigue per genetically
determined 1-SD reduction in standardized log-transformed 250HD-levels. We estimated our statistical power
using the online tool mRnd (http://cnsgenomics.com/shiny/mRnd/) (alpha =0.05, r>=0.05). There was 85%
power to detect a relative 10% difference in risk of high fatigue for 1 SD difference in log-transformed 250HD
(i.e., an OR of at least 1.10 or 0.90).
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Figure 2. Mendelian Randomization analysis of the effect of 250HD on fatigue. Forest plot comparing results
from inverse variance weighted, weighted median and MR Egger methods. OR = odds ratio per 1 SDlog unit
increase in 250HD. 250HD = 25-hydroxyvitamin D.

Sensitivity analyses. For MR to provide valid results, the alleles used to instrument the exposure must be a)
robustly associated with the exposure, b) independent of confounding factors, and c) only influence the outcome
through the exposure. Assumption a) was met by including only SNPs robustly associated with vitamin D status.
The remaining assumptions cannot be empirically tested and potential violations were considered in sensitivity
analyses.

To test the assumption that the genetic instrument is not associated with factors that typically confound the
observational association, potential confounders such as sex (coded in the UK Biobank showcase as Data-Field
31), smoking status (Data-Field 20116 - coded as never, ever, current), alcohol use (Data-Field 20117 - coded as
never and ever) and assessment centre (Data-Field 54), were examined for associations with the 250HD instru-
ment. For each individual a polygenic risk score was generated combining the seven 250HD variants weighted
by the beta coeflicients mentioned above. This resulted in a score that is on the standardized log 250HD scale.
Associations of the 250HD instrument with strata of potential confounders were tested using linear regression
with categorical variables as factor variables. Boxplots display means and range 4-/— one standard deviation and
the overall p-value for the model.

The MR assumption that is most likely to be violated is c); assuming that the genetic instrument only influ-
ences the outcome through the exposure. To detect potential horizontal pleiotropy (the SNPs influencing
self-reported fatigue through other pathways than through circulating vitamin D), we assessed the intercept of
the Egger regression. The Cochran’s Q statistic was also calculated to estimate whether the estimate of the causal
effect of vitamin D on fatigue was inconsistent across the individual SNPs. To identify potentially influential
SNPs, which could be driven for example by horizontal pleiotropy, we used leave-one-out analyses and performed
single-SNP MR for each of the seven SNPs.

We examined if the association of the genetic instrument with fatigue differed across the categories of fatigue.
Given that the threshold used to define high fatigue may be arbitrary, and the possibility that the association
between 250HD and fatigue varies by level of fatigue, we performed the MR analysis with the fatigue outcome
dichotomized at each of the other response categories as well as as a continuous variable.

We performed a bidirectional MR investigating the effect of tiredness on 250HD level using the significantly
associated SNPs from the GWAS of the frequency of tiredness performed by the Neale group (http://www.neale-
lab.is/blog/2017/9/11/details-and-considerations-of-the-uk-biobank-gwas) and the vitamin D meta-analysis
summary statistics®.

We investigated the enrichment of common disorders, typically associated with tiredness, across the cate-
gories of tiredness. These disorders were defined through ICD-10 codes (UK Biobank data-field (DF) 41202),
the non-cancer coding illness questionnaire (UK Biobank DF 20002) or answers to questions. The disorders
were multiple sclerosis (DF =41202, data-coding (DC) = G35 and DF =20002, DC =1261), rheumatoid arthri-
tis (DF =41202, DC=MO05, M053, M058, M059, M06, M060, M068, M069, M08, M080 and DF =20002,
DC = 1464), inflammatory bowel disease (DF =41202, DC=K58 and DF =20002, DC = 1154 and 1461), cancers
(DF =2453), depression (DF =20002, DC = 1286), any long standing illness, disability or infirmity (DF =2188)
and chronic fatigue syndrome (DF =41202, DC= G933 and DF=20002, DC=1482).

All analyses were performed in R (version 3.3.1) (http://www.r-project.org). The TwoSampleMR R package
was used to perform MR analyses and sensitivity analyses.

Results

There was little evidence of association of the 250HD genetic instruments, combined as a polygenic risk score
(PRS), with sex, BMI, smoking status, alcohol intake or educational attainment. As there was some evidence
for a difference in the 250HD PRS across assessment centres, centre was included as a covariate in the analysis
(Supplementary Fig. 1).

Consistent with a previously used definition of clinically significant fatigue'’, we dichotomized the ordinal
tiredness variable into tiredness experienced nearly every day (n=19,526) or less (n =307,946). We weighted
the SNPs associated with 250HD to proxy for genetically lowered 250HD levels. The results, as displayed in
Fig. 2, were consistent among the different MR methods, and showed little association between genetically low-
ered 250HD levels and feeling fatigued nearly every day. Odds ratios were 1.05 (95% CI 0.87-1.27), 1.06 (95%
CI, 0.86-1.32) and 1.16 (95% CI, 0.85-1.59) per 1-SD change in log 250HD levels using IVW, weighted median
and MR Egger approaches, respectively. The scatter plot in Fig. 3 depicts the relationship between the effect of
the SNPs associated with vitamin D and their effects on tiredness. Given that MR is an instrumental variable
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Figure 3. Scatter plot showing the relationship of SNP effects on 250HD against the 250HD SNP effects

on fatigue. Each of the SNPs associated with 250HD levels are represented by a black dot with the error bar
depicting the standard error of its association with 250HD (horizontal) and tiredness (vertical). The effects
are given in betas. The slope of the lines represents the causal association as calculated using the different MR
methods and provides a comparison between the three MR methods. 250HD = 25-hydroxyvitamin D.
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Figure 4. Leave-one-out sensitivity analysis of the MR analysis (using IVW) excluding that particular SNP.
IVW = inverse-variance weighted method.

analysis based on a ratio of the regressions of the weighted 250HD-SNPs with self-reported fatigue (calculated
in UK Biobank) on the 250HD-SNPs with circulating 250HD (taken from the independent vitamin D GWAS),
the slope of the lines represents the causal association as calculated using the different MR methods and provides
a comparison between the three MR methods. These show no strong evidence for a causal effect of circulating
250HD levels on fatigue.

The small MR Egger intercept (—0.005, p = 0.25) suggests no strong unbalanced horizontal pleiotropy. In
addition, the Cochran Q statistic of 3.91 with an associated P value of 0.69 shows no strong evidence of hetero-
geneity in the analysis.

In the leave-one-out analysis, sequentially omitting each of the seven SNPs, all OR estimates of fatigue per
1-SD change in circulating 250HD levels were similar and all crossed the null (Fig. 4).

There was little evidence that the 250HD genetic instrument is associated with any level of fatigue
(Supplementary Fig. 2), and the MR estimates were similar when using alternative thresholds to define fatigue
(Supplementary Fig. 3-5) or using a continuous variable (Supplementary Fig. 6). The effect of fatigue on
vitamin D status was assessed and showed little association between genetically lowered fatigue levels and 250HD
(Supplementary Fig. 7).

We expanded this study to investigate the enrichment of common disorders across the categories of tiredness
(Supplementary Fig. 8). The proportion of individuals who responded that they are tired “nearly every day” was
not greater than those responding that they are “not at all” tired (except for chronic fatigue syndrome).

Discussion

This is the first study to date using MR to test if the association between vitamin D status and fatigue is likely to
be causal. We found little evidence of a causal association using a large population of individuals with European
descent. These findings suggest that vitamin D supplementation might not be helpful in reducing the risk of
feeling fatigued.
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It is possible that previously reported observational associations reflect unmeasured or residual confounding
from factors influencing both vitamin D status and fatigue. For example, adiposity may influence fatigue?®!
and reduce vitamin D status*’. Reverse causation could also explain the discrepancy between our MR results
and observational studies. Given that individuals feeling fatigued tend to be less physically active and to stay
indoors*”?, they receive less exposure to sunlight. The MR approach reduces the risk of confounding, as genetic
variants are much less associated with socioeconomic and lifestyle factors than directly measured environmental
exposures (e.g., 250HD)*>%%. The MR results should be less vulnerable to both confounding and reverse causation
given the random allocation of genetic variants at meiosis and that germline genotypes do not change thereafter.

To the best of our knowledge, only four vitamin D RCTs have been conducted with self-perceived fatigue
as one of the main outcomes in general population samples or individuals with idiopathic fatigue. Our results
are in line with the RCTs showing little evidence of improvement in fatigue after eight weeks of vitamin D sup-
plementation in primary care patients with low 250HD levels (N =90; SMD = —0.13, 95% CI: —0.55, 0.28)%,
after six months of vitamin D supplementation in patients with chronic fatigue syndrome (N =45; SMD =0.12,
95% CI: —0.47, 0.71)!, or over an average of five years of combined calcium and vitamin D supplementation in
middle-aged and older women (N =34,157; p=0.764)>.

However, the results of our study are not in accordance with Nowak et al.’¥, a trial (N = 120) reporting OR
of 2.63 (95% CI: 1.23, 5.62) for self-perceived amelioration of fatigue four weeks after a single high-dose of
vitamin D supplementation. The treatment group in Nowak et al. received 100,000 IU vitamin D (cholecalciferol)
and showed a mean increase in 250HD levels by 35 nmol/L (14 ug/L) from a mean baseline level of 33 nmol/L
(13pg/L). A previous MR study of vitamin D status reported that a 1-SD increase in log-transformed levels of
250HD was associated with an increase in circulating 250HD levels comparable in effect size to that obtained
through vitamin D supplementation®*. The effect of 1-SD increase in log-transformed 250HD levels on circu-
lating 250HD was 35.6 nmol/L in vitamin D sufficient individuals (50-75nmol/L), 23.7 nmol/L in vitamin D
insufficient individuals (25-49 nmol/L), and 11.9 nmol/L in vitamin D deficient individuals (<25 nmol/L)>.
Provided that this assumption holds here, there was power to exclude an effect of the size reported by Nowak et al.
This RCT had a short follow-up period compared with the RCTs with null results. An important difference
between RCTs and our MR study design is that RCTs assess the short-term effects of vitamin D supplementation
on fatigue, whereas MR methods assess the association of a lifelong exposure to reduced vitamin D status with
fatigue®. We cannot exclude that vitamin D supplementation may influence fatigue in individuals who have had
a sudden reduction from their lifelong vitamin D status.

The main strengths of this study are the large sample size of the UK Biobank, the robust genetic instruments
developed from a GWAS meta-analysis explaining approximately 5% of the variance in 250HD levels (the
explained phenotypic variance in MR studies is often around 1%)*, and the use of multiple MR methods with
different assumptions. Given that we relied on a single question to define fatigue (“Over the past two weeks, how
often have you felt tired or had little energy?”), there may be some outcome misclassification. Thus, additional
research is needed to assess if our results replicate when a more comprehensive measure of fatigue is used such as
the Patient Reported Outcomes Measurement Information System (PROMIS) fatigue item bank®®. The restriction
of the analyses to white populations of European ancestry was necessary to avoid confounding by population
stratification, but also limits interpretation of the results to this population.

We explored potential pleiotropy by using MR methods designed to account for pleiotropic effects and
assessed associations between the vitamin D-reducing SNPs and putative confounders. However, the possibility
of pleiotropic SNP effects cannot be excluded. Our understanding of the proximal functional consequences of the
SNPs (beyond the association with 250HD) is limited. In addition, the genetic instrument specifically proxies
average total (free and bound) circulating 250HD and does not necessarily predict the concentrations of free
250HD available at tissues or concentrations of free or bound 1,250HD,D in circulation or at the tissue level.
Therefore we restrict our interpretation of these results to circulating 250HD. Moreover, there is a possibility that
an effect of 250HD on fatigue may be obscured by compensatory feedback mechanisms (canalization)*. This is
most likely to occur in the early (generally prenatal) stage of the life course. The present study was underpowered
to exclude a small causal effect (<0.90 OR >1.10), and the confidence intervals of some of the MR estimates
included potentially non-negligible effects. A limitation of the MR design is that we cannot rule out the possibility
that individuals with frank vitamin D deficiency may benefit from vitamin D supplementation.

In conclusion, the results of our MR analyses provide no strong evidence of a causal association between vita-
min D status and self-reported fatigue. Our findings suggest that efforts to increase vitamin D status in the general
population are unlikely to have a clinically relevant influence on fatigue symptoms.

Data Availability
The data reported in this paper are available via application directly to the UK Biobank (http://www.ukbiobank.ac.uk/).
The summary statistics on the 250HD-associated SNPs are included in the Supplementary Information.
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