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REVIEW

Circulating vitamin D levels and colorectal cancer risk: A meta-analysis and
systematic review of case-control and prospective cohort studies

Pablo Hern�andez-Alonsoa,b,c,d,e† , Hatim Boughanemd†, Silvia Canudasa,b,c,f,
Nerea Becerra-Tom�asa,b,c,g,h, Mar�ıa Fern�andez de la Puentea,b, Nancy Babioa,b,c,
Manuel Macias-Gonzalezc,d#, and Jordi Salas-Salvad�oa,b,c#

aUniversitat Rovira i Virgili, Departament de Bioquimica i Biotecnologia, Unitat de Nutrici�o Humana, Reus, Spain; bInstitut d’Investigaci�o
Sanit�aria Pere Virgili (IISPV), Reus, Spain; cConsorcio CIBER, M.P. Fisiopatolog�ıa de la Obesidad y Nutrici�on (CIBERObn, Instituto de Salud
Carlos III (ISCIII), Madrid, Spain; dUnidad de Gesti�on Cl�ınica de Endocrinolog�ıa y Nutrici�on del Hospital Virgen de la Victoria, Instituto de
Investigaci�on Biom�edica de M�alaga (IBIMA), M�alaga, Spain; eOpen Evidence Research Group, Universitat Oberta de Catalunya, Barcelona,
Spain; fDepartment of Nutrition, Food Sciences and Gastronomy, School of Pharmacy and Food Sciences. Food Torribera Campus, University
of Barcelona, Santa Coloma de Gramenet, Spain; gDepartment of Preventive Medicine and Public Health, School of Medicine, University of
Valencia, Valencia, Spain; hMRC Centre for Environment and Health, Department of Epidemiology & Biostatistics, School of Public Health,
Faculty of Medicine, Imperial College London, St Mary’s Campus, London, UK

ABSTRACT
The associations between circulating vitamin D concentrations and total and site-specific colorectal
cancer (CRC) incidence have been examined in several epidemiological studies with overall inconclu-
sive findings. The aim of this systematic review and meta-analysis of both case-control and prospect-
ive cohort studies was to evaluate the association between CRC and circulating levels of vitamin D.
The main exposure and outcome were circulating total 25(OH)D and CRC, respectively, in the overall
population (i.e., all subjects). Two reviewers, working independently, screened all the literature avail-
able to identify studies that met the inclusion criteria (e.g., case-control or prospective cohort stud-
ies, published in English, and excluding non-original papers). Data were pooled by the generic
inverse variance method using a random or fixed effect model, as approriate. Heterogeneity was
identified using the Cochran’s Q-test and quantified by the I2 statistic. Results were stratified by
study design, sex, and metabolite of vitamin D. Sensitivity and subgroup analyses were also per-
formed. A total of 28 original studies were included for the quantitative meta-analysis. Meta-analyses
comparing the highest vs lowest categories, showed a 39% lower risk between levels of total
25(OH)D and CRC risk (OR (95% CI): 0.61 (0.52; 0.71); 11 studies) in case-control studies; whereas a
20% reduced CRC risk in prospective cohort studies (HR (95% CI): 0.80 (0.66; 0.97); 6 studies). Results
in women mirrored main results, whereas results in men were non-significant in both analyses. Our
findings support an inverse association between circulating vitamin D levels and CRC risk.

KEYWORDS
colon cancer; colorectal
cancer; meta-analysis; rectal
cancer; systematic review;
vitamin D

Introduction

Colorectal cancer (CRC) is considered the third most common
cancer diagnosis and second deadliest malignancy for both
sexes combined (Siegel et al. 2020). Environmental and genetic
risk factors for CRC include aging, family history of CRC, med-
ical history of benign adenomatous polyps and inflammatory
bowel diseases, obesity, diabetes, lack of physical exercise, as
well as diet (Dekker et al. 2019). Since the first prospective
study published by Garland et al. in 1989, showing a significant
protective role of serum 25-hydroxyvitamin D [25(OH)D] on
colon cancer, many studies have been conducted in human and
animal models to explore this association (C. Garland, et al.
1989). Indeed, this first analysis was motivated by the

circumstance that the areas of the world receiving the least
amounts of light, were also the areas with the highest death
rates by colon cancer (Garland and Garland 1980).

Vitamin D is a fat-soluble vitamin that can be synthe-
sized in the skin through energy of sunlight or can be
obtained from the diet or supplements. The 25(OH)D - the
major circulating form of vitamin D - is a pre-hormone that
is produced in the liver by hydroxylation of both isoforms,
which in turn, comes from diet, supplements, or its produc-
tion by the skin. In clinical practice, the measurement of
25(OH)D as a blood test is considered the best indicator of
vitamin D status for different outcomes, including the risk
of cancer. However, the active form for vitamin D is

CONTACT Silvia Canudas silvia.canudas@ub.edu; Nerea Becerra-Tom�as n.becerra-tomas@imperial.ac.uk
†These authors contributed equally to this work.
#Senior authors.
Protocol registration: PROSPERO 2020 CRD42020207186.

Supplemental data for this article is available online at https://doi.org/10.1080/10408398.2021.1939649

� 2021 The Author(s). Published with license by Taylor and Francis Group, LLC
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION
https://doi.org/10.1080/10408398.2021.1939649

http://crossmark.crossref.org/dialog/?doi=10.1080/10408398.2021.1939649&domain=pdf&date_stamp=2021-07-09
http://orcid.org/0000-0002-9977-8976
http://orcid.org/0000-0003-2700-7459
https://doi.org/10.1080/10408398.2021.1939649
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/10408398.2021.1939649
http://www.tandfonline.com


1,25(OH)2D3 (calcitriol). Although there are some discrep-
ancies on adequate serum levels of vitamin D for health out-
comes, a recent study indicates that the recommended
serum 25(OH)D for the prevention of CRC must exceed
30 ng/mL, and the best values were situated at levels between
36 and 40 ng/mL (Bischoff-Ferrari et al. 2006).

Overall, calcitriol – the biologically active form of vitamin
D - exerts its biological effects by binding to the nuclear
vitamin D receptor (VDR) and further regulating gene
expression in many targets. However, the response of cancer
cells to calcitriol not only depends on VDR expression, but
also on the intracellular concentrations of calcitriol as well.
Thus, mostly coming from in vitro studies, it has been
shown that vitamin D may act on CRC by its action on pro-
liferation, differentiation, apoptosis, angiogenesis, immune
modulation, and/or epigenetic regulation (reviewed in (Dou
et al. 2016)). These results suggest that vitamin D may play
a chemopreventive role in colorectal malignant transform-
ation and/or progression to CRC. However, results coming
from different meta-analyses of epidemiological studies have
reported either significant inverse associations or non-sig-
nificant associations in populations worldwide (Huang et al.
2020; Lee et al. 2011; Ma et al. 2011). Even there have been
considerable controversies about the association between
vitamin D levels and CRC, the novelty of our meta-analysis
suits best for an update of the literature, limited in CRC
incidence - but not in adenoma incidence - and a robust
systematic analysis. Likewise, these previous analyses have
not simultaneously considered: i) the design of the studies;
ii) sex differences; iii) CRC subsite (i.e., colon or rectal); iv)
different metabolites of vitamin D (i.e., 25(OH)D,
1,25(OH)2D); among others.

Based on the previous inconclusive evidence reported by
epidemiologic studies, our objective was to systematically
review the literature and perform a meta-analysis of both
case-control and prospective cohort studies evaluating the
association between CRC and circulating levels of vitamin
D. This article provides a complete and updated state of the
art about vitamin D levels and CRC risk, while considers
putative differences coming from sex, specific-site CRC,
metabolites, and status of vitamin D (i.e., free, bioavailable
or total 25(OH)D, and 1,25(OH)2D), and study designs.

Methods

Search strategy and study selection

For the present systematic review and meta-analysis, we fol-
lowed the methodological guidelines of the Cochrane
Handbook for Systematic Reviews of interventions (J. P.
Higgins and Green 2019) and the results were reported
according to Meta-analysis of Observational Studies in
Epidemiology (MOOSE) guidelines (Stroup et al. 2000). The
present study and the corresponding search protocol have
been registered in the PROSPERO registry (http://www.crd.
york.ac.uk/PROSPERO) as CRD42020207186.

We conducted a comprehensive electronic systematic
search in two databases (Medline through PUBMED and
Cochrane Library) until 24th August 2020, combining

different MeSH terms and key words. PubMed search was
conducted using R packages “pubmed.mineR” and
“RISmed”. Supplementary Table 1 depicts detailed search
strategy. Additionally, a manual review of the reference list
from the retrieved articles was conducted to ensure that all
relevant studies conducted in the field were identified.

In the first step, duplicate studies from the identified
articles through the search strategy were discarded. In a
second step, two independent reviewers (HB and SC) per-
formed an initial screening of the titles and abstracts of the
retrieved papers against the eligibility criteria. For that pur-
pose, the Abstrackr (http://abstrackr.cebm.brown.edu/)
online screening program was used. Their selection was
supervised by PH-A and NB-T.

Eligible studies were those case-control or with prospect-
ive cohort design with at least 1-year of follow-up, con-
ducted in adults (� 18 years old), and reporting the risk
estimates as odd ratios (OR) or hazard ratios (HR) and their
corresponding 95% confidence interval (CI) for the associ-
ation between circulating vitamin D levels - including
25(OH)D and 1,25(OH)D - and the risk of CRC, colon can-
cer and/or rectal cancer. If more than one paper from the
same study were found, both were included when different
outcomes were reported (i.e., CRC in one and CC in the
other one). However, if the same outcome was reported in
different studies (Feskanich et al. 2004; Hiraki et al. 2014;
Lee et al. 2011; M. Song et al. 2014, 2016; Wu et al. 2007,
2011), the one with the larger sample size and/or reporting
non-merged cohort analyses was selected for the meta-ana-
lysis (Feskanich et al. 2004; Hiraki et al. 2014; Lee et al.
2011; M. Song et al. 2016; Wu et al. 2007). We did not con-
sider for inclusion published abstracts or proceedings.
Information available was sufficient to perform the analyses,
therefore, we did not need to contact author for asking for
extra information.

Data extraction

To verify that the articles that passed the previous process
met the eligibility criteria, two independent researchers (HB
and SC) reviewed the full text. In addition, they also
extracted relevant information for the systematic review and
meta-analysis of each of the studies using a standardized
spreadsheet proforma. Collected data included authors, jour-
nal and year of publication, title of the article, study name,
participant characteristics, sample size, follow-up (only for
cohort studies), type of exposure, methodology for vitamin
D assessment, type of outcome and assessment method,
number of cases, statistical analyses, and multivariable-
adjusted effect estimates (OR or HR, and 95% CI) for the
association of interest. Disagreements between researchers
were solved by consensus or consulting a third researcher
(PH-A).

Quality assessment of the included studies

Two different tools were used to assess the quality of the
included studies. For case-control studies, we used The
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Study Quality Assessment of Case-Control Studies from the
National Heart, Lung, and Blood Institute (NHLBI 2014). It
consists of 12 questions that help the researcher to rate the
studies as good, fair or poor based on details that are
reported. Poor quality is translated to high risk of bias, and
good quality as low risk of bias.

For prospective cohort studies we used the Newcastle-
Ottawa Scale (Wells et al. 2000). This is a rating scale rang-
ing from 0 to 9 points that are given to the studies based on
3 domains. A maximum of 4, 3 and 2 points are given after
evaluating the population selection, outcome assessment and
comparability domains, respectively. Studies with a total
punctuation of at least 7 points were considered as high
quality. Any disagreement between researchers (HB and SC)
was solved by consensus or consulting a third researcher
(PH-A). A priori subgroup analysis for case-control and pro-
spective cohort studies included: sex, obese status, assess-
ment method of circulating vitamin D levels, and
geographical data. In addition, a priori subgroup analysis for
prospective studies included: follow-up duration (median)
and individual domains of risk of bias (selection, outcome
and comparability). Applicable subgroup analyses were
reported in the Results’ section.

Circulating vitamin d and colorectal cancer outcomes

In this meta-analysis, we have considered as exposure circu-
lating (i.e., plasma, serum, whole blood) levels of vitamin D,
either total 25(OH)D or total 1,25(OH)2D metabolites.
Moreover, in case of 25(OH)D, we have also collected data
regarding free or bioavailable 25(OH)D.

Importantly, we considered the outcomes: CRC and its
subsites (i.e., colon cancer and rectal cancer). However, the
main exposure and outcome were circulating total 25(OH)D
and CRC, respectively, in the overall population (i.e., all
subjects). Results from the same study were included in the
meta-analysis when data was reported by non-overlapping
subjects (i.e., men and women to create all subjects).
However, independent meta-analyses were performed for
studies comprising only men, only women, or including
both as it has been shown that CRC - and its subsites - risk
is sex-dependent (Keum and Giovannucci 2019).

Statistical analyses

We conducted all the analyses using R version 3.6.3 software
including packages “meta” (v. 4.11) and “dmetar” (v. 0.0.9).
The natural log-transformed ORs, HRs, and 95% CI com-
paring highest versus lowest categories of circulating levels
of vitamin D were pooled using the generic inverse variance
method with fixed-effects model (when less than 5 study
comparisons were available) or random-effects model (when
at least 5 or more study comparisons were available). The
results were reported back in the original scale. Studies
using continuous risk per dose were excluded from the anal-
yses, but we described their results within the text.
Moreover, studies with other type of comparisons (e.g., bot-
tom versus top; or middle versus top) were re-calculated

(Acikgoz, Cimrin, and Ergor 2020; C. Garland, et al. 1989;
Jenab et al. 2010; McCullough, et al. 2019; Neuhouser et al.
2012; Jos�e M. Ord�o~nez-Mena et al. 2016; Weinstein et al.
2011; Wong et al. 2014) in a highest versus lowest fashion
using Jan Hamling et al. methodology (Hamling et al. 2008).
We conducted separated meta-analyses for case-control and
prospective cohort studies.

For all meta-analyses, the Cochran Q statistic was used to
estimate inter-study heterogeneity and it was quantified by
the I2 statistic. We considered substantial heterogeneity
when I2 was �50% and Pheterogeneity < 0.10. We additionally
reported the tau2 as the estimate of the between-study vari-
ance in random-effects meta-analyses.

Sensitivity analyses were conducted when more than 4
study comparisons (from independent studies) were avail-
able in the analyses by the removal of one study at a time
(i.e., leave-one out approach) from the meta-analyses and
recalculating the summary estimates and heterogeneity val-
ues. We considered an influential study that one that
changed the evidence of heterogeneity or the magnitude by
more than 20%, the significance and/or direction of the
association. Moreover, the detection of outliers (i.e., study’s
original confidence interval does not overlap with the confi-
dence interval of the pooled effect) was also performed.
Finally, a graphic display of heterogeneity (GOSH) plot was
performed to test all the possible study combinations within
a meta-analysis (2n � 1 individual analyses, where “n” is the
number of studies) and then plot the pooled effect size on
the x-axis and the between-study heterogeneity at the y-axis.

We performed a posteriori subgroup analyses by the
method and sample used to determine vitamin D levels in
each study, when at least two studies were available within
each stratum.

Publication bias – by means of a funnel plot to visually
assess small study effects – is only possible to be tested
when 10 or more study comparisons are included in a meta-
analysis (J. Higgins and Green 2015), thus we include it
only for the meta-analysis of case-control studies assessing
circulating vitamin D levels and CRC risk in all the subjects.

Results

Study characteristics

A primary search of MEDLINE-PubMed and Cochrane
databases, together with manual search, retrieved a total of
1396 articles (Figure 1) after duplicates were removed. An
87.5% (n¼ 1221) were excluded based on its title and
abstract information according to the eligibility criteria.
Therefore, 175 articles were collected as full texts and were
further assessed for inclusion. A total of 32 articles were
included in the qualitative synthesis, whereas 28 were
included in quantitative synthesis meta-analysis (Figure 1).

Information regarding each study is included in Tables 1
and 2. This meta-analysis included 23 case-control studies
and 10 prospective studies, representing a total of 140,112
subjects from different countries around the world: half of
the included studies were from USA, one third from
European countries (i.e., Finland, Denmark, or Germany),
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c.a. 7% from Australia, c.a. 7% from Japan, and one study
from Jordan, Turkey and, China (Tables 1 and 2). The dur-
ation of the follow-up in the prospective cohort studies
ranged from 4 to 20 years. Most of the studies assessed cir-
culating vitamin D through chemiluminescent immunoassay
(CLIA)/enzyme immunoassay (EIA) (28%), radioimmuno-
assay (RIA) (23%) or liquid chromatography (15%). Some
studies stratified the analysis by sex. Therefore, we

considered these results separately in each corresponding
meta-analysis.

In which regards the quality of the studies, most case-
control studies were evaluated as “Good” (87%), whereas
only 3 studies as “Fair” (13%). All the prospective studies
except two (Ananthakrishnan et al. 2014; C. Garland, et al.
1989) which scored less than 7 (i.e., “low quality”) were
qualified a mark at least “7/9” (i.e., “high quality”). Estimate

Figure 1. Flowchart of the studies included in this meta-analysis.
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risks from two prospective cohort studies (Ananthakrishnan
et al. 2014; Vojdeman et al. 2019) were only reported on a
continuous scale, instead of categories of circulating vitamin
D (i.e., highest versus lowest) and were not included in the
meta-analysis. Of note, participants in the included studies
were overall classified in the highest category when
25(OH)D values were higher than 25-30 ng/ml (50-75 nM),
whereas in the lowest category when values were below 15-
20 ng/ml. These distribution of 25(OH)D levels were in
accordance with the current 25(OH)D recommendations
(Pludowski et al. 2018) and showed more variability
restricted to the lowest category.

Meta-analyses of case-control and prospective studies

Colorectal cancer
We collected results from case-control studies (15.542 cases
and 22.376 controls) assessing the risk of CRC by circulating
levels of vitamin D (Figure 2), which included data from
total, bioavailable and free 25(OH)D (in all subjects and
women only) and data considering 1,25(OH)2D (in men and
women) in all subjects, men and women (Figure
2.A).Regarding prospective cohort studies, a total of 1,402
incident cases of CRC were analyzed from 68,710 total
population, as showed in Table 2. We only had data from
25(OH)D in all subjects, and for both men and women
(Figure 2.B).

Bioavailable 25(OH)D and colorectal cancer

Only one case-control study has analyzed the association
between bioavailable 25(OH)D in all subjects and CRC.
Therefore, we could not perform a meta-analysis. The results
of this study showed a 71% lower risk of CRC when com-
paring highest versus lowest categories of bioavailable
25(OH)D ((OR (95% CI): 0.29 (0.15; 0.56); Figure 2.A).
Similarly, only one case-control study conducted in women
was identified, which showed a non-significant association
between bioavailable 25(OH)D and CRC ((OR (95% CI):
0.92 (0.60; 1.42); Figure 2.A). The search strategy did not
identify any case-control study evaluating this association
only in men.

Free 25(OH)D and colorectal cancer

The meta-analysis of two case-control studies evaluating the
association between free 25(OH)D and CRC showed a 35%
lower risk when considering all the subjects ((OR (95% CI):
0.65 (0.44; 0.96); Figure 2.A and Supplementary Figure 1.A).
We identified substantial heterogeneity for the meta-analysis
of case-control studies evaluating the association between
free 25(OH)D and CRC in all subjects (I2 ¼ 62%; P¼ 0.10;
Figure 2.A). In relation to women, only one case-control
study has been published to date evaluating this association.
The results showed a non-significant association between
free 25(OH)D and CRC (Figure 2.A). None-study has been
published evaluating this association only in men.

Total 25(OH)D and colorectal cancer

Results from the meta-analysis of eleven case-control studies
conducted in all subjects showed a significant 39% lower
risk between levels of total 25(OH)D and CRC risk (OR
(95% CI): 0.61 (0.52; 0.71)) when comparing extreme cate-
gories. Figure 3.A shows the specific forest plot for that
meta-analysis. When we analyzed the association between
25(OH)D and CRC risk stratified by sex, a significant 48%
lower risk between levels of total 25(OH)D and CRC risk
were observed in case of women (0.52 (0.41; 0.67); based on
6 studies; forest plot in Supplementary Figure 1.B), but not
in men (0.78 (0.55; 1.11); based on 8 studies; forest plot in
Supplementary Figure 1.C). We identified substantial hetero-
geneity for the meta-analysis of case-control studies evaluat-
ing the association between 25(OH)D and CRC considering
only men (I2¼ 78%; P< 0.01; Figure 2.A).

Results coming from prospective cohort studies are
scarce. The levels of 25(OH)D were significantly associated
with a 20% lower risk of CRC in the meta-analysis of six
studies including all the subjects (HR (95% CI): 0.80 (0.66;
0.97); Figures 2.B and 3.B) and with a 48% lower risk in the
unique study reported specifically in women (0.52 (0.33;
0.82); Figure 2.B), whereas non-significant association was
reported in men based on two studies (0.97 (0.69; 1.37);
Figure 2.B and Supplementary Figure 1.D)

1,25(OH)2D and colorectal cancer

No study reported the association between 1,25(OH)2D and
CRC in all subjects (i.e., irrespective of sex). A non-signifi-
cant inverse association between 1,25(OH)2D and CRC was
observed in the meta-analysis of two case-control studies
considering only men ((OR (95% CI): 0.78 (0.52; 1.16);
Figure 2.A and Supplementary Figure 1.E). We could not
perform a meta-analysis considering only women since a
single study was identified, showing a non-significant associ-
ation between 1,25(OH)2D and CRC (Figure 2.A).

Colon cancer
In Figure 4, we represent the results of case-control studies
assessing the association between circulating vitamin D
(25(OH)D and 1,25(OH)2D) and colon cancer. A total of
3,102 cases of colon cancer and c.a. 4,831 controls were ana-
lyzed as showed in Table 1. Regarding prospective studies, a
total of 1.218 incident cases were analyzed out of the
222.056 total population, as showed in Table 2. No studies
were identified analyzing the association between bioavail-
able neither free 25(OH)D and colon cancer comparing
extreme categories. However, Andersen et al. 2017 reported
in a case-control study a significant 37% lower risk of colon
cancer per 1-SD increase in free 25(OH)D levels (OR
(95%CI): 0.63 (0.44; 0.89) in all subjects (Andersen
et al. 2017).
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Figure 2. Super plot of case-control and prospective cohort studies assessing the association between circulating vitamin D levels (highest versus lowest categories)
and the risk of colorectal cancer (CRC). A. Case-control studies for CRC risk; B. Prospective studies for CRC risk. Meta-analyses were constructed using generic
inverse-variance fixed-effects model (for meta-analysis with less than 5 studies) or random-effects model (for meta-analysis with 5 or more studies). Abbreviations:
Bio, bioavailable; CI, confidence interval; HR, hazard ratio; NA, not applicable; OR, odds ratio.
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25(OH)D and Colon cancer

We reported a non-significant inverse association between
levels of 25(OH)D and colon cancer in all subjects (based
on 5 studies), and men (based on 5 studies) and women
(based on 3 studies) separately (Figure 4, and
Supplementary Figures 2.A, 2.B and 2.C, respectively). This
same result was observed in the meta-analysis of two pro-
spective cohort studies conducted in all subjects ((HR (95%
CI): 0.69 (0.25; 1.89); Figure 4.B and Supplementary Figure
2.D). We reported substantial heterogeneity in the meta-

analyses of all subjects (I2 ¼ 63%; P¼ 0.03), men (I2 ¼ 70%;
P< 0.01) and women (I2 ¼ 67%; P¼ 0.05). In a continuous
scale, Vojdeman et al. 2019 reported the prospective associa-
tions between colon cancer and circulating 25(OH)D levels
(per 1 nM increase) in all subjects, showing non-significant
borderline inverse associations (HR (95% CI): 0.98 (0.96;
1.00)) (Vojdeman et al. 2019). Moreover, Ananthakrishnan
et al. 2014, found in subjects with inflammatory bowel dis-
ease, a significant 6% lower risk of colon cancer by per 1ng/
mL increase in 25(OH)D in all subjects (HR (95% CI): 0.94
(0.91; 0.97)) (Ananthakrishnan et al. 2014).

Figure 3. Forest plot for the association between circulating vitamin D levels (25(OH)D; highest versus lowest categories) and risk of colorectal cancer including all
subjects. Both meta-analyses were constructed using generic inverse-variance random-effects model for: A) case-control studies; B) prospective cohort studies.
Abbreviations: CI, confidence interval; HR, hazard ratio; NA, not applicable; OR, odds ratio.
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1,25(OH)2D and Colon cancer

A non-significant association was observed between
1,25(OH)2D and colon cancer in both the unique study
assessing it in all subjects and in the meta-analysis of two
studies conducted in men (Figure 4 for both, and
Supplementary Figure 2.E for men).

Rectal cancer
A total of 1.158 cases of rectal cancer and c.a. 2,130 controls
were analyzed as showed in Table 1. Figure 5 depicts the
forest plot for the meta-analyses of case-control studies eval-
uating the association between 25(OH)D and rectal cancer
conducted in all subjects, men and women, as well as the
meta-analysis evaluating the association between 1,25(OH)D
and rectal cancer in men. Moreover, Andersen et al. 2017
reported in a case-control study a non-significant inverse
association (per 1-SD increase) between free 25(OH)D levels
and rectal cancer in all subjects (Andersen et al. 2017).

25(OH)D and rectal cancer

We did not report a significant association between
25(OH)D and rectal cancer when comparing extreme cate-
gories in the meta-analysis considering all subjects (Figure 5
and Supplementary Figure 3.A, based on 4 studies), nor in

the meta-analyses considering only men (Figure 5 and
Supplementary Figure 3.B, based on 5 studies) neither
women (Figure 5 and Supplementary Figure 3.C, based on
3 studies). Interestingly, we reported substantial heterogen-
eity for the meta-analysis of 25(OH)D considering only men
(I2 ¼ 64%; P¼ 0.03; Figure 5). In a continuous scale,
Vojdeman et al. 2019 reported the prospective associations
between circulating 25(OH)D levels and rectal cancer in 461
cases out of 217,244 total subjects, showing non-significant
inverse associations (Vojdeman et al. 2019).

1,25(OH)2D and rectal cancer

Two case-control studies conducted only in men have been
published so far evaluating the association between
1,25(OH)D and rectal cancer. Pooled analysis showed a
non-significant inverse association between 1,25(OH)D and
rectal cancer when comparing extreme categories (Figure 5
and Supplementary Figure 3.D).

Meta-analyses heterogeneity and publication bias

Publication bias

The best way to visualize whether small studies with small
effect sizes are missing is through funnel plots.

Figure 4. Super plot of case-control and prospective cohort studies assessing the association between circulating vitamin D levels (highest versus lowest categories)
and the risk of colon cancer. A. Case-control studies for CC risk; B. Prospective studies for CC risk. Meta-analyses were constructed using generic inverse-variance
fixed-effects model (for meta-analysis with less than 5 studies) or random-effects model (for meta-analysis with 5 or more studies). Abbreviations: CI, confidence
interval; HR, hazard ratio; NA, not applicable; OR, odds ratio; vit, vitamin.
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Supplementary Figure 4 shows the funnel plot for the meta-
analysis of case-control studies assessing the association
between 25(OH)D and CRC in all the subjects. We did not
detect evidence of publication bias by visual inspection of
the funnel plot neither with the Egger’s test (P¼ 0.385).
Because of the reduced number of studies (less than 10), we
could not assess publication bias for the other
meta-analyses.

Sensitivity analyses

We conducted a sensitivity analysis removing one study at a
time in those meta-analyses with more than four independ-
ent studies included, in order to assess whether the results
could have been substantially affected by a single study.

Importantly, in which regards the influence analyses, we
reported influential studies – by means of different reasons
as detailed in Methods section - in the meta-analyses of
case-control studies between circulating 25(OH)D levels and
CRC, CC and RC risk in men, together with in the case-
control studies between circulating 25(OH)D levels and
CRC risk in women. Interestingly, after removal of Anic
et al. 2014 in the meta-analysis of case-control studies
assessing the risk of CRC by 25(OH)D in men, the associ-
ation became significant (OR (95% CI): 0.69 (0.51; 0.93))
unless the heterogeneity remained significant
(Supplementary Table 2).

Moreover, in the analyses of outliers, only in the meta-
analysis of case-control studies assessing the risk of CRC by
25(OH)D in men, we found one outlier: Theodoratou et al.
(2012). Removal of Theodoratou et al. 2012 did not modify
the non-significant association nor the high heterogeneity
(Supplementary Table 2).

In the meta-analysis of case-control studies assessing the
risk of CRC by 25(OH)D in all subjects, we found that the
removal of any of the studies did not significantly modify
the OR nor the null heterogeneity reported. This pattern
was also exhibited in the GOSH plot (Supplementary Figure
5.A), where all the iterations reported a pooled OR toward
an inverse association and null heterogeneity among studies.
However, GOSH plot in Supplementary Figure 5.B shows
the dispersion of pooled OR with two clouds of results

toward high heterogeneity and differential pooled ORs in
case of the association between 25(OH)D in men and CRC.
In fact, when we performed the GOSH plot (Supplementary
Figure 6) excluding each of the influence studies, we
observed that the pooled ORs were increased (blue versus
red) when omitting Theodoratou et al. 2012 (Supplementary
Figure 6.A), whereas are decreased (blue versus red) in case
of omitting Anic et al. 2014 (Supplementary Figure 6.B), in
both cases with a high heterogeneity.

In case of the meta-analysis with the same exposure and
outcome but conducted in women, we found that the
removal of any study did not modify the significant inverse
association between 25(OH)D and CRC, but in some cases,
it slightly modified the heterogeneity. This scenario was mir-
rored in the GOSH plot (Supplementary Figure 5.C).

In which regards the meta-analysis assessing the risk of
colon cancer by 25(OH)D levels in men, the removal of
Weinstein et al. (2011) or Wu et al. (2007) reduced the het-
erogeneity, but the association remained non-significant. A
same trend happened in the meta-analysis assessing rectal
cancer by levels of 25(OH)D in men, as the removal of any
study did not modify the non-significant association neither
the high heterogeneity. The GOSH plots for both meta-anal-
yses showed this pattern (Supplementary Figure 5.D and E).

Finally, in the meta-analysis of prospective studies assess-
ing the risk of CRC by 25(OH)D levels in all subjects, we
found that the exclusion of Ord�o~nez-Mena et al. (2013) or
Heath et al. (2020) made the inverse association non-signifi-
cant, with a null impact on heterogeneity. In the GOSH plot
we may observe that this null heterogeneity was reported
with a gradient of pooled HRs toward inverse associations
between 25(OH)D levels and CRC (Supplementary Figure
5.F).

Subgroup analyses by methodological procedure and
sample source

Subgroup analyses by methodology and source of vitamin D
were performed (Supplementary Table 3). We found no
relevant change in ORs nor heterogeneity in the subgroup
analysis by method nor sample source in case of case-con-
trol studies assessing CRC risk by circulating vitamin D in

Figure 5. Super plot of case-control studies assessing the association between circulating vitamin D levels (highest versus lowest categories) and the risk of rectal
cancer. Meta-analyses were constructed using generic inverse-variance fixed-effects model (for meta-analysis with less than 5 studies) or random-effects model (for
meta-analysis with 5 or more studies). Abbreviations: CI, confidence interval; HR, hazard ratio; NA, not applicable; OR, odds ratio; vit, vitamin.
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all subjects. In case of the same exposure and outcome in
men, we reported a null heterogeneity and significant
inverse association in case of RISA method (OR (95% CI):
0.67 (0.47; 0.95), I2¼0%), but same non-significant associ-
ation remained in CLIA method. The OR only considering
plasma show a significant inverse association with reduced
non-significant heterogeneity (OR (95% CI): 0.56 (0.41;
0.77), I2¼42.2%), whereas no relevant change was found in
serum. In case of women, subgroup analyses mirrored main
results. Subgroup analyses in case-control studies assessing
25(OH)D and both colon and rectal cancer in men, showed
the same non-significant associations reported in their main
ORs. However, in case of colon cancer, RIA method showed
a trend toward inverse association.

Finally, in case of prospective studies assessing the risk of
CRC by 25(OH)D in all subjects, subgroup analysis by
methods (immunoassays and LC-MS/MS) made the HRs
non-significant, and the same happened with results focused
on serum samples.

Discussion

The present systematic review and meta-analysis is the larg-
est one assessing circulating vitamin D (including total, bio-
available and free 25(OH)D and 1,25(OH)D measurements)
and site-specific CRC risk also considering differences by
sex. Our results showed an inverse association between vita-
min D levels (highest versus lowest categories) and risk of
CRC including all subjects, where the differences between
sexes were also considered.

In the present meta-analysis, regarding to case-control
studies, we found that total, bioavailable and free 25(OH)D
were significantly and inversely associated with CRC in all
subjects, but not with CC and RC. However, when we sepa-
rated the subjects by sex, we only observed a significant
inverse association between total 25(OH)D and CRC in
women. No significant associations were observed between
1,25(OH)2D and CRC in both men and women. With
respect to the results from the meta-analysis of prospective
cohort studies, a significant inverse association was found
between 25(OH)D and CRC in all subjects, but not with
CC. When we stratified the participants by sex, this associ-
ation only remained significant in women. Importantly, sub-
group analyses by sample source and methodological
procedure for vitamin D determination were mostly consist-
ent with our main analyses. In which regards the heterogen-
eity, we reported substantial and significant heterogeneity
among studies in the meta-analyses of case-control studies:
free 25(OH)D and CRC in all subjects, 25(OH)D and CRC
in men, 25(OH)D and CC in all subjects, men and women,
and 25(OH)D and RC in men. Based on sensitivity and
subgroup analyses, we hypothesize that these increased
heterogeneity values were explained either by specific studies
- such as Wu et al. 2007 in case of case-control studies
evaluating risk of CC by circulating 25(OH)D levels in men
- and/or method and/or sample type of vitamin D measure-
ment. However, it may also rely on the confounders by
which each study adjusted their models for.

Several systematic reviews and meta-analyses have been
conducted to evaluate the association between circulating
vitamin D and CRC risk (Ekmekcioglu, Haluza, and Kundi
2017; Gandini et al. 2011; C. F. Garland and Gorham 2017;
Gorham et al. 2007; Grant 2010; Lee et al. 2011; Ma et al.
2011; Touvier et al. 2011; Yin et al. 2009), although these
studies did not consider different factors that are crucial at
the time of performing the meta-analysis. For instance,
many of them included a combination of case-control and
prospective cohort studies, but not separately, which could
lead to a misinterpretation of results due to the nature of
the study design. Likewise, these studies did not distinguish
different circulating vitamin D subtypes, such as total, bio-
available, or free 25(OH)D, neither 1,25(OH)2D. Finally,
many of these studies did not evaluate CRC, CC, or RC sep-
arately, neither accounted for differences between sexes.

Our results from the meta-analysis of case-control studies
are in line with a previous one conducted by Gorham et al.
(2007). This study included five nested case-control studies
and reported a 51% lower risk (OR: 0.49 (95% CI: 0.35;
0.68)) of CRC when comparing serum 25(OH)D level above
33 ng/mL to 12 ng/mL (Gorham et al. 2007). However, this
study did not evaluate specific-site cancer and sex separately
and neither different vitamin D metabolites (e.g. total, bio-
available or free).

Concerning meta-analyses of prospective cohort studies,
four studies reported similar findings in regarding to our
results, but with some dissimilarities. Grant (2010) reported
an inverse associated between 25(OH)D and CRC risk as
well (Grant 2010), but did not evaluate specific-site cancer,
sex and vitamin D metabolites separately. In addition, Ma
et al. (2011) also showed a negative association between
CRC and CC and 25(OH)D levels (Ma et al. 2011).
Although they find a significant decreased risk of rectal can-
cer, which disagree with our results, since they did not con-
sider men and women separately. Lee et al. (2011) observed
a significant inverse association for CRC and RC but not for
CC (Lee et al. 2011), which was partially in agreement with
our results, since we found a significant association between
vitamin D and CC. Finally, Touvier et al. (2011) reported an
inverse association between CRC and CC risk and serum/
plasma 25(OH)D, but not in case of RC (Touvier et al.
2011), which was partially in agreement with our results.
With respect to meta-analyses including a combination of
case-control and PC studies, four studies reported an inverse
association between 25(OH)D levels and CRC (Ekmekcioglu,
Haluza, and Kundi 2017; Gandini et al. 2011; C. F. Garland
and Gorham 2017; Yin et al. 2009), which were according
with our findings. However, most of the aforementioned
studies did not consider some of potential cofounding varia-
bles, such as different metabolites of vitamin D or men and
women separately.

The most common forms of pre-vitamin D are vitamin
D3 (cholecalciferol) and vitamin D2 (ergocalciferol) which
differ in the structure of their side chains but theoretically
can be used by the body in an indistinguishable manner. In
addition, to dietary and supplemental intakes, bioavailable
vitamin D depends on a set of different variables that
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include sun exposure time, season, phototype, lifestyle data,
and genetic polymorphisms. Calcitriol exerts its biological
functions by binding to the VDR and modulating the gene
expression of more than 1,600 target genes in numerous cell
types (Nurminen et al. 2015). In fact, calcitriol - via VDR -
is able to induce changes in nucleosome histones, thus ena-
bling transcription (Carlberg and Mu~noz 2020). In addition,
vitamin D has been also associated with DNA methylation
of genes related with CRC (Boughanem et al. 2020), which
suggests a role in epigenetic pathways. Likewise, several
studies have shown that vitamin D regulates the process of
tumorigenesis, from initiation to stabilization, and the inter-
action with the cellular microenvironment (Feldman et al.
2014). Moreover, vitamin D has been shown to have anti-
inflammatory, oxidative stress, and immune response, which
may help to inhibit tumor cell initiation and progression
(Wimalawansa 2019). In fact, an association between circu-
lating levels of vitamin D and anti-inflammatory markers
has been reported indicating that a modulation of inflamma-
tory responses by vitamin D could probably result in
improved cancer prognosis (Wesselink et al. 2020).

In our meta-analysis, we did not find an association
between 1,25(OH)2D3 and CRC, maybe because this metab-
olite in blood is more associated with bone mineral density
(Swanson et al. 2015). Interestingly, the action of calcitriol
in cancer cells not only depends on VDR expression, but on
the intracellular concentrations of calcitriol as well. The con-
centration of calcitriol in the intracellular cancer cells is
determined by the circulating concentrations of 25(OH)D
and calcitriol, but also by the activity of enzymes encoded
by the genes CYP27B1 – which catalyzes the renal activation
of vitamin D - and CYP24A1 (inactivation of vitamin D)
and the VDR amount. The function of these genes is crucial
to maintain the active form available into the cancer cells
since these enzymes could be implicated in cellular vitamin
D resistance. Overall, the concentration of circulating
25(OH)D seems to be important in the prevention of CRC,
although there are some discrepancies on adequate circulat-
ing levels of vitamin D for different outcomes, such as bone
mineral metabolism, heart disease, or overall mortality. In
case of CRC, the optimal values are between 36 and 40 ng/
mL (Bischoff-Ferrari et al. 2006). The US Endocrine Society
defined vitamin D levels of 20 ng/mL or less as deficiency,
21–29 ng/mL as insufficiency, and 30 ng/mL or more as suf-
ficiency (Bischoff-Ferrari et al. 2006).

The main strength of this meta-analysis, is that this is the
first systematic review and meta-analysis that analyzed the
association between circulating vitamin D levels, in both
case-control and prospective cohort studies separately, tak-
ing into account sex, specific cancer sites, as well as different
vitamin D metabolites. In addition, two different databases
were used to identify available studies about the relationship
between circulating vitamin D levels and on the CRC risk,
in which a few of additional manually articles were identi-
fied and further added to the analyses. In fact, the research
of literature and selected studies, data selection and extrac-
tion, was performed by two independent reviewers, which
guarantee the lack of missing of related publishing data.

Finally, we performed previously published methodological
approaches for data transformation (e.g., changing reference
of quintiles) to avoid excluding publications from the analy-
ses. Several limitations also need to be addressed. First,
results regarding the association between 1,25(OH)2D3 and
CRC are limited by the few number of studies that evaluated
this association3. Second, most of the studies only have one
vitamin D measurement, which do not reflect the long-term
vitamin D status. Third, the design of the included studies
(case-control and prospective cohorts) does not allow us to
exclude residual confounding and neither to stablish a causal
association between circulating vitamin D and CRC. Finally,
measurement of 25(OH)D was performed by several meth-
ods and from different sources (i.e., plasma, serum) in the
included studies. Although these methods may be accurate
and reproducible compared with many assays used in medi-
cine, it could hinder the comparability between studies and
introduce heterogeneity between them. Importantly, we per-
formed different subgroup analyses to analyze the putative
relevance of either sample source or methodological proce-
dures to each overall meta-analysis OR or HR. However, it
should be acknowledged that when less than 10 study com-
parisons are included in the meta-analysis, results from sub-
group analysis might not be useful (Deeks, Higgins, and
Altman 2021). Moreover, subgroup analysis based on sample
source or methodological procedures was a post-hoc analysis
not pre-specified in the protocol, which increases the likeli-
hood of spurious findings.

Conclusions

In this large systematic review and meta-analysis of case-
control and prospective studies, we observed that higher
25(OH)D concentration was associated with lower risk of
CRC, especially in women. Our results support the hypoth-
esis that circulating vitamin D levels could have a large
beneficial impact for CRC prevention. However, further
studies should elucidate underlying mechanisms involved in
the progression of CRC and the role of vitamin D.
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