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Abstract

Background Circulating 25-hydroxyvitamin D [25(0OH)D] levels and genetic polymorphisms in the vitamin D receptor
(VDR) have been explored as potential prognostic factors in colorectal cancer (CRC). This study aimed to investigate
the association between circulating 25(0OH)D levels and CRC prognostic outcomes, with a narrative evaluation of VDR
polymorphismes.

Methods We performed a systematic literature search in the Cochrane Library, PubMed, ScienceDirect, and Scopus.
The primary outcomes were CRC-specific survival, overall survival (OS) and disease-free survival (DFS). Hazard

ratios (HRs) with 95% confidence intervals (Cls) were pooled using the random-effects model with inverse variance
weighting, comparing high versus low 25(0OH)D levels. Due to heterogeneity in genetic models and limited available
data, VDR polymorphisms were synthesized using a narrative approach.

Results Of the 61 studies included in the systematic review, 35 studies were included in the meta-analysis, which
showed that higher 25(0OH)D levels were associated with a lower risk of mortality, including a 26% lower CRC-specific
mortality (HR 0.74; 95% Cl 0.69-0.80; 1=0.01%), a 32% lower overall mortality (HR 0.68; 95% Cl 0.64-0.72; 1°=7.6%),
and improved DFS (HR 0.71; 95% Cl 0.61-0.83; I°=36.8%). The prognostic roles of VDR polymorphisms, particularly
157975232 (Apal), rs1544410 (Bsml), rs2228570 / rs10735810 (Fokl), and rs731236 (Taql) with CRC outcomes, including
CRC-specific survival, OS, and DFS were reported across 18 studies.

Conclusion This study provides quantitative evidence supporting the potential prognostic relevance of circulating
vitamin D levels in CRC. The role of VDR genetic polymorphisms remains inconclusive, warranting further
investigations.

Trial registration The protocol of this systematic review and meta-analysis has been registered on PROSPERO (https:
//www.crd.york.ac.uk/PROSPERQOY/), with the registration number CRD42024575841.
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Introduction
Colorectal cancer (CRC) is a common malignancy with
a high incidence globally, with up to 1.6 million deaths
projected by 2040 [1]. CRC carcinogenesis results from
complex interactions between genetic susceptibility and
environmental exposures, among which diet represents
a significant modifiable risk factor. Epidemiological evi-
dence has demonstrated that dietary patterns character-
ized by high consumption of red and processed meats
and low intake of fiber and calcium are associated with an
increased risk of CRC [2, 3]. Emerging research further
highlights the influence of specific dietary components
such as dietary acid load on CRC progression and meta-
static risk, with higher potential renal acid load being
associated with an increased risk of metastatic CRC [4].
In the prognosis and pathogenesis of CRC, the clinically
important role of vitamin D has been increasingly inves-
tigated. Vitamin D status, often assessed through serum
25-hydroxyvitamin D [25(OH)D] levels, has also been
examined in relation to CRC outcomes. Higher circulat-
ing 25(OH)D levels have been associated with reduced
CRC risk and improved prognosis in patients with CRC
[5]. Prospective studies have demonstrated an inverse
relationship between plasma 25(OH)D levels and mortal-
ity, with individuals in the highest quartile of circulating
vitamin D exhibiting better survival outcomes compared
to those in the lowest quartile [6]. Additionally, low vita-
min D levels have been associated with adverse clinical
outcomes in patients with CRC, including an increased
risk of recurrence, accelerated tumor progression, and a
higher incidence of treatment-related complications [7].
The biologically active form of vitamin D, 1,25-dihy-
droxycholecalciferol, is synthesized through hydrox-
ylation by the enzyme 1-alpha hydroxylase. Upon
activation, vitamin D may regulate apoptosis, cellular
differentiation, and proliferation in cancer cells by bind-
ing to the vitamin D receptor (VDR) [8]. VDR, a nuclear
receptor encoded on chromosome 12q, functions as a
transcription factor that modulates the expression of
genes involved in oncogenesis. Variations in the VDR
gene, including single nucleotide polymorphisms (SNPs),
can alter mRNA stability, protein translation, and the
functionality of the VDR protein, potentially impact-
ing the biological pathways critical to CRC development
and progression [9]. Among the numerous SNPs identi-
fied within the VDR gene, the most extensively studied
and clinically significant variants include Apal, Bsml,
Fokl, and TagqI [10, 11]. Previous reports have highlighted
the association between VDR polymorphisms and CRC
risk. However, findings regarding specific genotypes
and their roles in CRC susceptibility have varied across
studies [12—15]. Beyond their impact on CRC incidence,
the influence of VDR polymorphisms on prognostic
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outcomes, particularly survival, has gained increasing
attention in recent years [16—18].

Vitamin D has both genomic effects through VDR and
non-genomic effects through rapid signaling pathways
that use membrane-bound receptors such as PDIA3 (also
known as 1,25D-MARRS). These pathways can modu-
late intracellular calcium, oxidative stress, and apoptotic
signaling pathways, which may help regulate tumors
[19]. These multi-pathway mechanisms further support
the role of vitamin D and its analogues in CRC preven-
tion and treatment, particularly as adjuncts to cytostatic
agents, and highlight the potential utility of gene expres-
sion profiling of key regulators like VDR for optimizing
treatment strategies [20]. Recent studies suggest that
vitamin D influences key elements of the tumor micro-
environment (TME), such as immune cell infiltration,
angiogenesis, and the epithelial-mesenchymal transi-
tion (EMT), which play crucial roles in CRC progression
and metastasis [21]. Although laboratory and popula-
tion-based research highlights its therapeutic ability,
especially via modulation of the TME, the lack of well-
designed clinical trials and unclear optimal dosing limit
its integration into routine clinical practice. A transcrip-
tomic study using CRC cell lines and patient-derived
organoids showed that calcitriol affects important genes
involved in tumorigenesis such as CDH1, GADDA45,
EFTUDI, and KIAA1199. This gene regulation supports
the role of vitamin D in controlling tumor progression
and suggests its potential as a therapeutic agent [22].

Recent evidence suggests that VDR may influence
CRC progression by directly regulating carcinogenic
pathways, particularly Wnt/B-catenin. VDR interacts
with p-catenin, suppresses its nuclear accumulation,
and downstream targets such as cyclin D1 and lymphoid
enhancer factor (LEF-1), thereby inhibiting cancer cell
invasion and promoting apoptosis [23]. Given the grow-
ing interest in exploring the pharmacogenomic implica-
tions of VDR SNPs in cancer susceptibility and outcomes
[24], integrating vitamin D biomarkers with genomic
data may enhance cancer risk prediction and prognostic
assessments. As oncology research increasingly focuses
on inter-individual variability, identifying individuals at
risk of poor clinical outcomes can be supported by incor-
porating both modifiable biomarkers such as vitamin D
and stable genetic markers such as VDR SNPs. Therefore,
this study aims to systematically review the association
between circulating 25(OH)D levels and prognostic out-
comes in CRC, with a complementary narrative evalua-
tion of VDR gene polymorphisms. We focus on survival
outcomes, tumor progression, and recurrence, providing
a systematic overview of the potential clinical relevance.
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Materials and methods

This systematic review and meta-analysis was reported in
accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guide-
lines [25]. The completed PRISMA checklist is provided
in Supplementary Table S1.

Protocol registration

The study protocol was approved for exemption from
Ethics Review by the Research Ethics Review Com-
mittee for Research Involving Human Research Par-
ticipants, Group I, Chulalongkorn University (COA No.
190/67), in accordance with the Declaration of Helsinki.
It was also registered in PROSPERO, an international
database of prospectively registered systematic reviews
(CRD42024575841).

Selection criteria

PICO criteria for the selection of the included studies are
described in Table 1. Full-text articles that assessed circu-
lating 25(OH)D concentration or VDR polymorphisms,
including rs7975232 (Apal), rs1544410 (Bsml), rs2228570
(also known as rs10735810; Fokl), and rs731236 (Tagl) in
CRC patients, and reported CRC prognostic outcomes
published in English were included. Studies involving
oral vitamin D intervention were excluded, as the objec-
tive of this systematic review was to assess the prognos-
tic associations of endogenous 25(OH)D levels and VDR
genetic variations rather than the therapeutic effects of
vitamin D intervention. The inclusion of intervention tri-
als could introduce clinical heterogeneity related to dos-
age, duration, and treatment protocols, which fall outside
the scope of the present study. Studies focusing on other
cancer types, conference abstracts or posters, study pro-
tocols, books, editorials, guidelines, letters, in vitro stud-
ies, in vivo or animal studies, and review articles were
also excluded.

Literature search

The literature search was conducted according to the
PRISMA guidelines [25]. Four databases: Cochrane
Library, PubMed, ScienceDirect, and Scopus were
searched from the inception of each database to February
2026. EMBASE and Web of Science were not included
due to institutional access limitations. Search terms
included primary exposures (vitamin D receptor gene
polymorphism, 25-hydroxyvitamin D, calcidiol, serum

Table 1 PICO criteria for the study selection

Population Patients diagnosed with colorectal cancer

Exposure Serum vitamin D measurement, VDR polymor-
phism analysis

Comparison Vitamin D (high vs. low) groups, VDR genotypes

Outcome Survival, prognostic outcomes
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vitamin D) and colorectal cancer. Additionally, the refer-
ence lists of records from databases were searched. Full
search strategies are available in Supplementary Table S2.

Data extraction

The search results were exported to the citation man-
ager (EndNote 20.6, Clarivate Analytics, New York, NY,
USA). After removing duplicates, titles and abstracts
were thoroughly screened. Eligible records were inde-
pendently selected by two authors for inclusion in this
systematic review, while reasons for exclusion (no CRC,
no VDR, no vitamin D measurements, or review articles)
were recorded. After screening full-text articles, data
extraction and quality assessment were performed by
two independent authors. Information on author, year of
publication, study design, study setting, characteristics
of CRC patients, sample size, any reported CRC treat-
ments (chemotherapy or targeted therapy, radiotherapy,
or surgery), rs numbers of VDR polymorphisms, and
prognostic outcomes including CRC-specific survival,
overall survival (OS), disease-free survival (DFS), recur-
rence-free survival (RFS), progression-free survival (PES),
and any reported side effects was extracted. Discrepan-
cies were resolved by discussing with a third author. In
addition, the data entry was judged by the co-authors.
Any disagreements were resolved by consensus among all
authors.

OS was defined as the time from diagnosis or treatment
initiation to death from any cause. CRC-specific survival
was defined as the time to death attributable to CRC.
RFS was defined as the time to first recurrence of CRC
or death from any cause. DFS was defined as the time to
recurrence of disease, occurrence of a second primary
CRC, or death from any cause. TTR was defined as the
time to first documented recurrence of CRC, with deaths
without documented recurrence treated as censored
events. PFS was defined as the time to disease progres-
sion or death from any cause. These definitions reflect
commonly used criteria; however, specific definitions
may vary slightly across the included studies.

Studies reported 25(OH)D levels as low or high based
on quartiles, tertiles, quantiles, or predefined catego-
ries. 25(OH)D concentrations were measured in ng/mL
or nmol/L, with thresholds varying across studies. Some
studies defined low levels using cutoffs as low as < 6.2 ng/
mL, while others classified levels >30 ng/mL as adequate.
Several studies grouped participants into categories such
as sufficient, insufficient, or deficient rather than strictly
as low or high. These variations were addressed by stan-
dardizing comparisons as high and low groups within the
context of each study’s reporting framework. However,
since there were differences in cutoff values and categori-
zation strategies across studies, pooled estimates should
be interpreted with caution.



Thet et al. BMC Cancer (2026) 26:687

Quality assessment

The methodological quality assessment of the included
cohort studies was performed using the Newcastle-
Ottawa Quality Assessment Scale [26, 27]. For cohort
studies, information on the representativeness of the
exposed cohort, selection of the non-exposed cohort,
ascertainment of exposure, reporting about the outcome
was not present at the beginning of the study, compara-
bility of cohorts, assessment of the outcome, follow-up
duration, adequacy of follow-up cohorts was evaluated.
For case-control studies, we evaluated the adequate
case definition, representativeness of the cases, selec-
tion of controls, the definition of controls, comparability
of cases and controls, ascertainment of exposure, ascer-
tainment of method, and non-response rate. Domains
including representativeness of the sample, sample size,
non-respondents, controlled confounders, assessment
of the outcome, and statistical tests were evaluated for
cross-sectional studies (Supplementary Table S3). The
certainty of evidence for each survival outcome was eval-
uated using the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) framework
for prognostic factor studies (Supplementary Table S4).
Evidence was assessed across five domains: risk of bias,
imprecision, inconsistency, indirectness, and publication
bias. The certainty of evidence was categorized as high,
moderate, low, or very low [28].

Statistical analysis

The statistical analyses of quantitative data were per-
formed using R software (R Core Team, 2025), and the
metafor package was used for meta-analysis. The hazard
ratios (HRs) with 95% confidence intervals (CIs) were
extracted from multivariate analyses of survival out-
comes. To standardize HRs across studies with differing
reference groups, HRs were inverted if necessary by cal-
culating the reciprocal of the HR and reversing the corre-
sponding 95% CI limits (i.e., lower limit = 1/upper, upper
limit = 1/lower), ensuring consistent comparisons of
the outcomes between high and low levels of vitamin D
groups. Effect estimates were pooled on the logarithmic
scale using inverse-variance weighting. This transforma-
tion was performed to maintain a uniform interpretation
of survival outcomes in the meta-analysis. Pooled effect
estimates were calculated using random-effects models
with the restricted maximum likelihood (REML) estima-
tor to account for potential between-study heterogeneity.
The I? statistic was used to assess heterogeneity among
the included studies (> 75% indicating high heterogeneity
and < 25% indicating low heterogeneity) [29]. To explore
the potential sources of heterogeneity, subgroup analy-
ses were conducted according to disease stage (meta-
static CRC and stage III CRC) and the timing of vitamin
D measurement (pre-diagnostic vs. post-diagnostic). The
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pooled results represent adjusted estimates to account
for confounding factors reported in the original studies.
The 95% prediction intervals were calculated. Where fea-
sible, subgroup or sensitivity analyses were considered to
explore the impact of differences in vitamin D category
definitions across studies. Additionally, sensitivity analy-
ses were performed by excluding studies rated as low
quality for each outcome where applicable. A sensitiv-
ity analysis was conducted including only studies using
harmonized clinical thresholds for vitamin D status,
defined as sufficient (= 50 nmol/L or > 20 ng/mL) versus
deficient (< 30 nmol/L or < 12 ng/mL). Publication bias
was assessed by visual inspection of the funnel plot and
Egger’s regression test. Statistical significance was set at
P <0.05.

Results

Study characteristics

A total of 3,872 records were retrieved from the database
search; of these, 489 records were identified as dupli-
cates. Six articles were retrieved from manual searching
through reference lists, additionally. After screening titles
and abstracts, followed by full-text readings, 72 articles
remained for potential inclusion in the qualitative syn-
thesis. However, in 11 records, no prognostic outcomes
in CRC patients were identified. Figure 1 depicts the sys-
tematic search of records.

Studies included in qualitative synthesis
Finally, 61 records were included in the systematic review
[6, 16—18, 30—86]. Table 2 provides an integrative sum-
mary of the included studies, while detailed characteris-
tics of each study are available in Supplementary Table
S5. There were 49 articles reporting 25(OH)D levels [6,
30, 32-36, 38, 40-49, 52, 53, 55-67, 69-71, 73-79, 81—
86], 12 articles reporting VDR polymorphisms [16-18,
31, 37, 39, 50, 51, 54, 68, 72, 80], and 6 articles report-
ing both exposures [34, 40, 59, 64, 77, 81], which are also
included in the 25(OH)D studies. Most of the studies
were conducted in Western countries (the United States,
Germany, the United Kingdom, Greece, Australia, Fin-
land, and Italy). In Asia, there were 3 studies from China,
1 study from South Korea, and 1 study from Japan.
Diverse racial and ethnic backgrounds were noted: Black,
White, and Asian. Studies included patients at any stage
of CRC, only stage III CRC, or specifically metastatic
CRC patients. Treatment information was reported in
39 studies, which included surgery, radiotherapy, and/or
chemotherapy. Across the studies included in the quali-
tative systematic review, follow-up duration ranged from
2.2 to 28 years.

There were 55,176 CRC patients in the 61 included
studies. Circulating 25(OH)D levels were assessed
either pre-diagnostic, post-diagnostic, pre-operative, or
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Identification of studies via databases
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Identitication of studies via other sources

Fig. 1 PRISMA flow diagram of study selection process

post-operative. The 25(OH)D levels were assessed using
radioimmunoassay or liquid chromatography-tandem
mass spectrometry. Most included genetic studies on
VDR polymorphisms and CRC outcomes assessed devia-
tions from Hardy-Weinberg equilibrium (HWE) and
used established genotyping techniques such as real-time
PCR, TagMan assays, or sequencing to ensure reliable
genetic data. No significant deviations from HWE were
reported, suggesting acceptable genotyping quality.

Association between VDR SNPs and prognostic outcomes
in CRC patients

The association between VDR gene polymorphisms
and survival outcomes in CRC patients has been widely
investigated in several studies, particularly for rs7975232
(Apal) [16, 17, 40, 72, 80], rs1544410 (Bsml) [16, 34, 39,
50, 80], rs2228570 (FokI) [16, 34, 37, 39, 50], rs731236
(Tagql) (16, 18, 37, 50], rs11568820 (Cdx2) [37, 40, 77, 81],
and other VDR SNPs [51, 54, 68]. However, the findings
remain inconsistent across studies regarding CRC-spe-
cific survival, OS, DFS, and other outcomes, as summa-
rized in Table 3. Given the limited number of studies for
individual VDR SNPs, variability in genetic models, and
heterogeneity in outcomes across studies, a quantitative

~—
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synthesis was precluded, and therefore, the results were
presented as a narrative exploratory summary of the
prognostic outcomes.

Meta-analysis results

We conducted quantitative syntheses to evaluate the
associations between circulating 25(OH)D levels and
survival outcomes in patients with CRC. A detailed sum-
mary of study-specific vitamin D exposure definitions,
timing of measurement, outcomes, and effect estimates
used in the meta-analysis is provided in Supplementary
Table S6.

Association of circulating 25(0OH)D levels with CRC-specific
survival and overall survival

We conducted a pooled analysis to evaluate the associa-
tion between circulating 25(OH)D levels (high vs. low)
and CRC-specific survival. The forest plot shown in Fig.
2 summarizes 22 estimates from 20 studies [6, 34—36, 40,
48, 53, 56, 60, 62-64, 66, 67, 71, 74, 77-79, 81], present-
ing HRs with 95% ClIs for individual studies and the over-
all effect. The pooled HR was 0.74 (95% CI 0.69-0.80),
indicating significantly improved survival associated
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Table 2 Integrative summary of the included studies
Category Summary

Study information Total number of studies (n=61)
Publication years: 2007-2024
Regions: Asia (n=5), Western countries (n=>56)

Population Total participants: 55,176

Median sample size: 522 (237-1169)
CRC characteristics ~ Stage |-l (n=16)

Stage I-IV (n=21)

mCRC (n=11)

Stage not reported (n=13)

Blood vitamin D measured by chemiluminescent
immunoassay (n=10), enzyme immunoassay
(n=3), mass spectrometry-based assay (n=13),
mixed (n=1), radioimmunoassay (n=19), un-
specified (n=3), High-pressure liquid chroma-
tography with ultraviolet detection (n=1)

VDR SNPs: Apal (n=5), Bsml (n=5), Fokl (n=4),
Taql (n=4), Cdx2 (n=4), others (n=3)

Surgery (n=4)

Surgery +Chemotherapy (n=16)
Surgery + Chemotherapy + Radiotherapy (n=10)
Chemotherapy (n=8)

Chemotherapy + Radiotherapy (n=1)

OS (n=46)

CSS (n=27)

DFS (n=12)

Note: *some studies reported more than one prognostic outcomes

Exposures

CRC treatments

Outcomes?

Abbreviations: CSS colorectal cancer-specific survival, DFS disease-free survival,
mCRC metastatic colorectal cancer, OS overall survival, SNP single nucleotide
polymorphism, VDR vitamin D receptor

with higher 25(OH)D levels (P < 0.00001). Heterogeneity
among studies was low, with an I? of 0.01% (Cochran’s Q
= 27.03). The estimated between-study variance was neg-
ligible with T of 0.000003. The 95% prediction interval
ranged from 0.69 to 0.80, indicating a consistent associa-
tion across studies.

Random-effects models using data from 32 estimates
across 29 studies [6, 33—-36, 40, 43, 44, 47-49, 55, 58,
61, 62, 64-67, 70, 71, 73, 76-79, 81, 82, 86] revealed
an overall HR of 0.68 (95% CI 0.64—0.72). As shown
in Fig. 3, there was a significant association between
higher 25(OH)D levels and improved OS (P < 0.00001).
Between-study heterogeneity was low as indicated by an
I? value of 7.6% (Cochran’s Q = 48.39; t* = 0.0021). The
95% prediction interval ranged from 0.61 to 0.76. In the
subgroup analysis of metastatic CRC patients across 5
studies [33, 43, 44, 58, 73] (Supplementary Figure S1), the
pooled HR for OS was 0.61 (95% CI 0.44—0.83; P = 0.002;
Cochran’s Q = 14.07; I? = 74%; t* = 0.0903). However, the
95% prediction interval ranged from 0.31 to 1.18, indicat-
ing that although the overall association was statistically
significant, the effect may vary across settings or popula-
tions. In the subgroup analysis of stage III CRC patients
across 3 studies with 4 estimates [47, 61, 86] (Supplemen-
tary Figure S2), the pooled HR for OS was 0.54 (95% CI
0.43-0.67; P < 0.00001; Cochran’s Q = 3.16; I* = 0%; 1° =
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0.0000007). The 95% prediction interval ranged from 0.43
to 0.67, suggesting that although the pooled association
was statistically significant, the magnitude of effect may
vary across different clinical settings.

To assess the robustness of our findings and the impact
of differences in 25(OH)D categorization across stud-
ies, sensitivity analyses were conducted. Restricting the
analysis to studies with comparable vitamin D thresholds
(=2 50 nmol/L or = 20 ng/mL vs. <30 nmol/L or < 12 ng/
mL) showed consistent results for CRC-specific survival
(5 studies [48, 62, 77-79]; HR 0.76; 95% CI 0.66—0.88;
P = 0.0001; Cochran’s Q = 0.27; I> = 0%; > = 0.00000),
as presented in Supplementary Figure S3. Similarly, the
association remained unchanged in the sensitivity anal-
ysis for OS (5 studies [48, 62, 77-79]; HR 0.71; 95% CI
0.64—0.80; P < 0.0001; Cochran’s Q = 4.32; I* = 0%; 1° =
0.00000646) (Supplementary Figure S4). Excluding stud-
ies rated as low quality did not substantially change the
pooled estimates for CRC-specific survival (19 studies
with 21 estimates [6, 3436, 40, 48, 53, 56, 60, 62—64, 66,
67,71,77-79, 81]; HR 0.74; 95% CI 0.68-0.80; P < 0.0001;
Cochran’s Q = 21.92; I* = 0%; 1> = 0.00000449) or for OS
(28 studies with 31 estimates [6, 33—36, 40, 43, 44, 47-49,
55, 58, 61, 62, 64—67, 70, 71, 76-79, 81, 82, 86]; HR 0.69;
95% CI 0.65-0.73; P = 0.0001; Cochran’s Q = 46.43; I” =
1%; 1* = 0.00027), as shown in Supplementary Figures
S$5-S6, supporting the robustness of the main findings.

In the subgroup analyses stratified by timing of 25(OH)
D measurement, the association between higher cir-
culating 25(OH)D levels and improved survival out-
comes remained consistent. For CRC-specific survival,
the pooled HR was 0.81 (95% CI 0.70-0.94, I* = 0%) in
pre-diagnostic studies [6, 34, 53, 60, 66, 71, 74, 78, 79]
(Supplementary Figure S7) and 0.73 (95% CI 0.66—0.82;
I = 0%) in post-diagnostic studies [35, 36, 40, 48, 56,
64, 67, 77] (Supplementary Figure S8). Similarly, for OS,
the pooled HR was 0.65 (95% CI 0.56-0.76; 1> = 25.4%)
in pre-diagnostic studies [6, 34, 47, 66, 71, 78, 79] (Sup-
plementary Figure S9) and 0.67 (95% CI 0.61-0.73; I* =
32.9%) in post-diagnostic studies [33, 35, 36, 40, 43, 44,
48, 49, 55, 58, 61, 64, 65, 67, 70, 73, 76, 77, 82, 86] (Sup-
plementary Figure S10).

Association of circulating 25(0OH)D levels with recurrence-
free survival, time to CRC recurrence and disease-free
survival

We analysed the relationship between circulating 25(OH)
D levels (high vs. low) and RFS using data from three
studies [47, 48, 77]. The forest plot in Fig. 4 demonstrates
an HR of 0.81 (95% CI 0.69—-0.95), indicating a statisti-
cally significant association between higher 25(OH)D
levels and prolonged RES (P = 0.010). The heterogene-
ity among the included studies was 18% (Cochran’s Q
= 2.76), and the estimated between-study variance was
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Table 3 Association of VDR SNPs with prognostic outcomes in CRC patients
VDR SNPs Outcomes Main findings Ref
rs7975232 (0N Apal homozygous mutant genotypes (HR 1.6; 95% Cl 1.3-2.0; P < 0.001) [16]
(Apal) DFS Apal mutant alleles (HR 1.56; 95% CI 1.0-2.3; P=0.031) [72]
(0N Apal wild-type alleles (P=0.021) [80]
oS Apal-AA genotype compared to C allele carriers (HR 1.97; 95% Cl 1.04-3.73; P = 0.036) [17]
CSS Apal-CC genotype (HR 0.28; 95% CI 0.13-0.60; P = 0.001); AA genotype (HR 0.43; 95% Cl 0.24-0.79; P = 0.005) [40]
rs1544410 Css No significant association (P = 0.42) [34]
(Bsml) 05 No significant association (P = 0.644) (6]
0OS/ DFS No significant association (P > 0.05) [50]
[N Bsml wild-type alleles (P =0.033) [80]
ColonC-SS Bsml-BB genotype compared to bb carriers (HR 1.50; 95% Cl 1.06-2.12; P = 0.045) [39]
12228570 CsS No significant association (P = 0.90) [34]
(Foki) 0S Fokl homozygous mutant genotypes (HR 1.4; 95% CI 1.1-1.8; P = 0.005) el
0S/ CSS No significant association [37]
ColonC-SS No significant association (P = 0.079) [39]
0S/ DFS No significant association (P = 0.100) [50]
1s731236 oS Taql-GG genotype carriers compared to AA or AG carriers of mCRC patients (HR 0.62; 95% Cl 0.39-0.99; P = [18]
(Taql) 0.046)
(0N Tagl homozygous mutant genotypes (HR 1.3;95% Cl 1.0-1.6; P = 0.029) [16]
0OS/ CSS No significant association [37]
0S/ DFS No significant association (P > 0.05) [50]
rs11568820 0S/ CSS/ DFS/ No significant association 771
(Cdx2) RFS
0S/ CSS No significant association [37]
0OS/ CSS No significant association (P > 0.05) [81]
(&) Cdx2-GG genotype (HR 0.54; 95% Cl 0.36-0.79; P = 0.001) [40]
Other VDR Grade 3-4 rs12717991 (OR 0.36; 95% C1 0.16-0.82; P = 0.015) [51]
SNPs neutropenia rs11168287 (OR 3.12; 95% Cl 1.02-9.56; P = 0.046)
rs11574026 (OR 2.36;95% Cl 1.06-5.23; P = 0.035)
Grade 3-4 Gl 1511574077 (OR 4.46; 95% Cl 1.43-13.96; P =0.010) [51]
toxicity 154760648 (OR 2.09;95% Cl 1.13-3.84; P=0.018)
rs2853564 (OR 0.38;95% Cl 0.18-0.78; P = 0.008)
oS rs7299460 (HR 0.61; 95% Cl 0.43-0.88; P = 0.0075) in discovery cohort [54]
157299460 (HR 0.57; 95% Cl 0.33-0.99; P = 0.0477) in replication cohort
PFS rs7299460 (No significant association, P > 0.05) [54]
(0N rs7299460 CC genotype compared to the CT/TT genotypes (HR 1.53; 95% ClI 1.15-2.03) [68]

Abbreviations: ColonC-SS colon cancer-specific survival, CSS colorectal cancer-specific survival, DFS disease-free survival, G/ gastrointestinal, mCRC metastatic
colorectal cancer, OS overall survival, PFS progression-free survival, RFS recurrence-free survival, SNP single nucleotide polymorphism, VDR vitamin D receptor

small (1? = 0.0038). The 95% prediction interval ranged
from 0.66 to 0.99. The pooled analysis of four studies
[44, 65, 70, 86] showed a significant association of higher
25(OH)D levels with longer TTR as shown in Fig. 5. The
overall HR was 0.67 (95% CI 0.52-0.85; P = 0.001). The
heterogeneity among studies was negligible, with an I* of
0% (Cochran’s Q = 3.96; T = 0.000003). The 95% predic-
tion interval ranged from 0.52 to 0.85 for TTR. As shown
in Fig. 6, the association of 25(OH)D levels with DES
was also significant with the pooled HR of 0.71 (95% CI
0.61-0.83; P < 0.00001) in five studies [47, 48, 77, 85, 86].
There was a substantial heterogeneity with an I? value of
36.8% (Cochran’s Q = 6.02; T = 0.0106). The 95% predic-
tion interval ranged from 0.55 to 0.92, indicating that the
association remained consistent across studies.

Analysis of publication bias

The median risk of bias score was 7 (interquartile range
6—8). There were 28 studies with high quality, 26 studies
with fair quality, and 7 studies having high risk of bias. A
frequent source of bias was the lack of representativeness
of the exposed cohort, as many studies relied on selec-
tive populations, limiting generalizability. This bias may
affect the pooled estimates in the systematic review by
introducing heterogeneity, reducing precision, or inflat-
ing the observed associations. Publication bias was evalu-
ated by visual inspection of a contour-enhanced funnel
plot of the association between circulating 25(OH)D
levels and CRC survival because more than 20 studies
were available for this primary outcome (Fig. 7). The plot
demonstrated studies distributed relatively symmetrically
around the pooled effect estimate. Egger’s regression did
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Study log(HR) SE Weight (%) Estimate [95% Cl]
Boakye 2021 -0.274 0.146 7 n—-—; 0.76 [0.57, 1.01]
Cooney 2013 0.01 0.276 2 —_— 1.01[0.59, 1.73]
Fedirko 2012 -0.371 0.158 59 —a— 0.69 [0.51, 0.94]
Gibbs 2020 -0.285 0131 87 I—I—l 0.75[0.58, 0.97]
Gwenzi 2023 -0.274 0.117 10.8 ——: 0.76 [0.60, 0.96]
Heath 2020 -0.511 0.255 23 l—-—l 0.60 [0.36, 0.99]
Kim 2023 -0.412 0.359 12 J 0.66 [0.33, 1.34]
Lawler 2023 -0.186 0.364 11 ; ; 0.83[0.41, 1.70]
Maalmi 2017 -0.24 0.141 75 — e 0.79 [0.60, 1.04]
Ng 2008 -0.494 0.343 13 —_— 0.61[0.31,1.20]
Robsahm 2019 -1.715 0.889 02 - 0.18[0.03, 1.03]
Tretli 2012 -1.609 0.845 02 -t :: 0.20 [0.04, 1.05]
Vaughan-Shaw cohort 1 2020  -0.342 0.131 8.7 —a— 0.71 [0.55, 0.92]
Vaughan-Shaw cohort 2 2020  -0.478 0.221 3.1 — 0.62 [0.40, 0.96]
Weinstein 2018 -0.041 0.228 29 b—-——c 0.96 [0.61, 1.50]
Weinstein 2022 0.392 0.308 1.6 " 1.48[0.81, 2.70]
Yuan 2020 -0.562 0.267 21 l—-—! 0.57 [0.34, 0.96]
Zgaga 2014 -0.386 0.15 6.6 —a— 0.68 [0.51,0.91]
Zhang SOCCS 2024 -0.799 0.181 46 ——— i 0.45 [0.32, 0.64]
Zhang UKBB 2024 -0.186 0.112 1.8 — 0.83 [0.67, 1.03)
Zhou 2021 -0.163 0.13 8.8 —a— 0.85[0.66, 1.10]
Zhu 2019 -0.01 0.291 18 —_— 0.99 [0.56, 1.75]
Random-Effeats Model Favors High Exposure = Favors Low Exposureo'74 1064, 0.5}
I T T T l
0.25 05 1 2 4

Hazard Ratio

Fig. 2 A forest plot showing the association between high versus low circulating 25(OH)D levels and colorectal cancer-specific survival

Study

Estimate [95% CI]

log(HR) SE Weight (%)}
Abrahamsson 2018 -2.681 1.111 0.1 0.07 [0.01, 0.60]
Bao Primary cohort 2020 _0614 0.246 1.4 [ — 0.54 [0.33, 0.88]
Bao Validation cohort 2020 -1.514 0515 03 0.22 [0.08, 0.60]
Boakye 2021 -0.416 0.119 55 . 0.66 [0.52, 0.83]
Cooney 2013 0058 0.257 13 e 1.06 [0.64, 1.75]
Dolin 2023 -1.221 0.509 0.3 t J 0.29[0.11, 0.80]
Facciorusso 2016 -1.05 0.264 1.3 —_——— 0.35 [0.21, 0.59]
Fedirko 2012 -0.4 0.144 39 —.— 0.67 [0.51, 0.89]
Fuchs 2017 -0.508 0.19 23 R 0.55 [0.38, 0.80]
Gibbs 2020 -0.308 0.113 6 —a— 0.73[0.59, 0.92]
Gwenzi 2023 -0.342 0.09 88 ! 0.71 [0.60, 0.85]
Kim 2023 -0.724 o221 1.8 —— 0.48[031,0.75]
Lawler 2023 -0.494 0.256 1.3 —_— 0.61[0.37,1.01)
Maalmi 2017 -0.231 0.118 56 — 0.79 [0.63, 1.00]
Markotic 2019 =0.151 0.143 4 i 0.86 [0.65, 1.14]
Morelli 2022 -0.707 0.236 1.5 —_—— 0.49[0.31,0.786]
Ng 2008 ~0.654 03 1 —_— 0.52 [0.29, 0.94]
Ng 2011 -0.062 0.137 a3 — 0.94 [0.72, 1.23]
Tretli 2012 0916 0.707 0.2 0.40 [0.10, 1.60]
Vaughan=Shaw Cohort 1 2020 -0.371 0.103 i —a— 0.69 [0.56, 0.85]
Vaughan-Shaw Cohort 2 2020 _p.462 0.18 286 —t 0.63 [0.44, 0.90]
Wang 2023 -0.562 0.177 27 —— 0.57 [0.40, 0.81]
Wesa 2015 -0.494 0.242 15 —_——y 0.61[0.38, 0.98]
Wesselink 2020 -0.33 0.238 1.5 —_— 0.72 [0.45, 1.15]
Wesselink 2021 -0.242 0318 0.9 —_—— 3 0.39 [0.21, 0.73]
Yang 2017 -0.921 0.805 0.1 - | 0.40 [0.08, 1.93]
Yuan 2018 -0.416 0.114 5.9 —— 0.66 [0.53, 0.83]
Yuan 2020 -0.329 0.194 2.2 —— 072[049, 1.05]
Zgaga 2014 -0.357 0.123 52 —a— 0.70 [0.55, 0.89]
Zhang SOCCS 2024 -0.511 0.135 4.4 —.— i 0.80 [0.46, 0.78]
Zhang UKBB 2024 -0.329 0.092 85 —a— 0.72 [0.60, 0.86]
Zhou 2021 -0.223 0.107 6.6 —— 0.80 [0.65, 0.99]

Random-Effects Model

Favors High Exposure
I I

Favors Low Exposure
T 1

0.1 025

T
05

Hazard Ratio

2 4

0.68 [0.64,0.72]

Fig. 3 A forest plot showing the association between high versus low circulating 25(OH)D levels and overall survival in colorectal cancer patients
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Study Estimate [95% CI]
log(HR) SE Weight (%)
Fuchs 2017 -0.431 0.18 19.1 ———y 0.65 [0.46, 0.92)
Gwenzi 2023 -0.236 0.109 44 —— 0.79 [0.64, 0.98]
Maalmi 2017 -0.077 0.122 36.9 [ 0.93[0.73, 1.18]
Random-Effects Model R o 0.81 [0.69, 0.95]
Favors High Exposure Favors Low Exposure
[ T T 1
0.25 05 i 2
Hazard Ratio

Fig.4 Aforest plot showing the association between high versus low circulating 25(OH)D levels and recurrence-free survival in colorectal cancer patients

Study Estimate [95% Cl]
log(HR) SE Weight (%}
Facciorusso 2016 -0.994 0.393 10.6 - | 0.37[0.17, 0.80]
Wang 2023 -0.342 0.162 62.8 r—l—1 0.71[0.52, 0.97]
Wesselink 2020 -0.174 0.279 21.1 |—l—1 0.84 [0.49, 1.45]
Wesselink 2021 -0.916 0.546 55 4—-% 0.40[0.14, 1.17]
Random-Effects Model i 0.67 [0.52, 0.85]
Favors High Exposure Favors Low Exposure
I T i 1
0.25 0.5 1 2
Hazard Ratio

Fig. 5 A forest plot showing the association between high versus low circulating 25(0OH)D levels and time to recurrence in colorectal cancer patients
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Study Estimate [95% Cl]
log(HR) SE Weight (%)
Fuchs 2017 -0.478 0.171 15 ] 0.62[0.44, 0.87]
Gwenzi 2023 -0.371 0.088 32.3 . 0.69 [0.58, 0.82]
Kim 2021 -0.574 0.247 8.3 —_— 0.56 [0.35, 0.91]
Maalmi 2017 -0.113 0.109 26.5 ——— 0.89[0.72, 1.11]
Wang 2023 -0.386 0.151 17.9 —— 0.68 [0.51, 0.91]
Random-Effects Model - 0.71[0.61, 0.83]
Favors High Exposure : Favors Low Exposure
I T T 1
0.25 05 1 2

Hazard Ratio

Fig. 6 A forest plot showing the association between high versus low circulating 25(OH)D levels and disease-free survival in colorectal cancer patients
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Fig.7 Afunnel plotassessing potential publication bias in the meta-analysis of the association between circulating 25(OH)D levels and colorectal cancer-
specific survival
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not indicate significant small-study effects (z=-1.29;
P=0.196). The trim-and-fill analysis imputed two poten-
tially missing studies; however, after adjustment, the
pooled effect estimate was minimally changed from HR
0.74 (95% CI 0.69-0.80) to HR 0.75 (95% CI 0.69-0.81),
remaining highly statistically significant (P<0.0001).
Overall, these findings suggest that small-study effects
are unlikely to have significantly influenced the results.

Certainty of evidence

According to the GRADE assessment, the certainty of
evidence was rated as low for CRC-specific survival. The
certainty was rated as very low for OS. As the evidence
was derived from observational studies, the initial cer-
tainty was rated as low and was further downgraded due
to concerns regarding publication bias, while no serious
limitations were identified in the domains of risk of bias,
inconsistency, indirectness, or imprecision. For DFS,
TTR, and REFS, the certainty was rated as very low due to
imprecision related to the limited number of studies and
additional concerns regarding publication bias. Detailed
GRADE assessments are provided in Supplementary
Table S4.

Ongoing clinical trials evaluating vitamin D or vitamin D
receptor polymorphisms

To contextualize our findings in terms of biomarker and
clinical relevance, we summarized ongoing active clini-
cal trials investigating the prognostic and therapeutic
roles of circulating 25(OH)D levels or VDR polymor-
phisms in the CRC population (Supplementary Table S7).
These studies primarily focus on vitamin D supplemen-
tation, the integration of vitamin D with chemotherapy
regimens, and its potential effects on modulating clinical
outcomes. Remarkably, while trials are investigating cir-
culating 25(OH)D as a modifiable biomarker, only one
currently incorporates genetic analysis of VDR.

Discussion

This systematic review and meta-analysis highlights
the relationship between circulating 25(OH)D levels
and CRC outcomes, as well as the potential prognostic
implications of VDR gene polymorphisms. CRC patients
across all stages from diverse geographical and ethnic
backgrounds were included, reflecting substantial vari-
ability in study populations and follow-up durations.

Our findings indicate that higher circulating 25(OH)D
levels were significantly associated with better prognos-
tic outcomes, including improved CRC-specific survival
and OS. CRC patients with higher or sufficient circulat-
ing 25(OH)D levels had a 26% lower risk of death from
CRC and a 32% lower risk of overall death. In addition,
higher 25(OH)D levels in CRC patients were associated
with a 19% lower risk of recurrence or death as measured
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by RES, a 39% longer TTR, and a 26% lower risk of expe-
riencing disease or death. Our results add to the growing
body of evidence on the association between circulat-
ing 25(OH)D levels and CRC outcomes. Compared to
prior meta-analyses, this study includes a larger dataset
with 20 studies for CRC-specific survival and 29 studies
for OS. For instance, Maalmi et al. [87] across 5 studies
and Maalmi et al. [88] across 11 studies reported com-
parable HRs for CRC-specific survival (0.65 and 0.67,
respectively) and OS (0.71 and 0.68, respectively). Simi-
larly, compared to Wu et al. [89] and Li et al. [90], our
findings align closely but expand upon previous work by
including additional studies. Likewise, our pooled esti-
mates are consistent with a previous report including 11
studies that supported circulating 25(OH)D as a potential
prognostic indicator in CRC [91]. Previously, one meta-
analysis suggested an increased risk of mortality and pro-
gression in stage III CRC patients with low circulating
25(0OH)D levels before surgery [7]. In contrast, a previous
general population-based study observed no significant
relationship between 25(OH)D and CRC mortality [92].
By synthesizing more recent evidence, our analysis pro-
vides comprehensive up-to-date insights into the poten-
tial prognostic role of vitamin D.

VDR SNPs may contribute to clinical outcomes in
CRC, given their role in regulating genes associated with
cell differentiation, inflammation, and apoptosis [93].
Existing meta-analyses have reported the impact of VDR
SNPs on the risk of CRC with varying findings [24, 94,
95]. A recent meta-analysis of gastrointestinal cancers,
including colorectal, gastric, and esophageal malignan-
cies, demonstrated significant associations between VDR
SNPs and increased cancer risk, particularly with the
BsmlI polymorphism [15]. Similarly, another meta-analy-
sis reported that high circulating vitamin D levels were
significantly associated with a lower cancer risk [96].
This effect may be modified by specific VDR genotypes,
with an inverse association observed mainly in carriers
of the Tagl Tt/tt variants. Nonetheless, to date, the evi-
dence is not sufficient to ascertain the role of VDR poly-
morphisms in prognosis, particularly survival outcomes
in the CRC population. In contrast to the quantitative
findings for circulating 25(OH)D in the present study, the
available evidence on VDR polymorphisms remains lim-
ited and exploratory.

In our systematic review, the variability in reported
associations between VDR polymorphisms and CRC sur-
vival outcomes across studies highlights the challenges
in drawing definitive conclusions. As described, varying
results have been observed for Apal, Bsml, Fokl, Taql,
and Cdx2 polymorphisms, with some studies reporting
significant associations with survival outcomes while
others reporting no association. For example, BsmI wild-
type alleles were associated with worse OS in one study
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[80], whereas no association was observed in others [16,
50]. Similarly, while Messaritakis et al. [16] identified Fokl
homozygous mutant genotypes as potential predictors
of lower survival, other studies found no association [37,
50]. These discrepancies might arise from differences in
population genetics, environmental factors, and statisti-
cal adjustments for confounders. In our study, alleles and
genotypes were not directly comparable across studies
due to variations in genetic background and methodol-
ogy, precluding a robust meta-analysis. Thus, the findings
related to VDR polymorphisms should be interpreted
with caution and considered hypothesis-generating
rather than confirmatory. While data heterogeneity limits
quantitative synthesis of VDR polymorphisms, the narra-
tive synthesis highlights potential genotype-specific ther-
apeutic considerations in this population. However, these
possibilities remain preliminary and require further vali-
dation. The current findings predominantly reflect data
from studies conducted in European populations, which
may limit the applicability of these results to other eth-
nic groups. VDR polymorphism frequencies are known
to vary across populations, with significant differences
reported among European, Asian, and African cohorts
[97, 98]. Future research should prioritize investigating
VDR polymorphisms and CRC prognostic outcomes in
more diverse populations to better understand the role of
genetic and environmental interactions in CRC progno-
sis. Larger prospective studies with standardized meth-
odologies that account for potential confounders and
interactions are warranted [99].

Our study has several strengths. It provides a compre-
hensive analysis of circulating 25(OH)D levels and VDR
polymorphisms in CRC prognosis, with a large sample
size, ensuring robust statistical power. The inclusion
of multiple survival outcomes (CRC-specific survival,
OS, and RFS) provides an informative understanding
of vitamin D’s potential prognostic role. The moderate
heterogeneity observed among outcomes underscores
the importance of rigorous study quality assessment,
which enhances the reliability of our pooled estimates.
However, there are some limitations. First, the observa-
tional nature of the included studies limits causal infer-
ence, as potential residual confounders might not have
been fully ruled out. It is difficult to conclude that sur-
vival outcomes are causally related to 25(OH)D concen-
trations. In particular, the possibility of reverse causality
should be considered, as patients with more advanced or
aggressive CRC may experience poorer nutritional sta-
tus, systemic inflammation, and cancer-related cachexia,
leading to lower circulating 25(OH)D levels. Moreover,
systemic inflammation may itself suppress circulating
25(0OH)D concentrations, potentially contributing to
inflammation-induced depression of vitamin D levels
independent of nutritional status. Although many studies
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adjusted for major prognostic factors such as age, sex,
and tumor stage, adjustment for other confounders, such
as body mass index, systemic inflammatory markers, and
detailed treatment characteristics, was less consistent.
Second, substantial variability in 25(OH)D measurement
methods and study designs may introduce bias and limit
stratified analyses. This includes differences in assay tech-
niques (e.g., radioimmunoassay vs. mass spectrometry-
based assay), the timing of blood collection, potential
seasonal variation, and follow-up durations. Further-
more, heterogeneous definitions of “high” and “low”
25(OH)D levels, including study-specific quantiles, and
variation in baseline patient characteristics across the
included cohorts may contribute to between-study het-
erogeneity. Although subgroup analyses were conducted
based on pre-diagnostic and post-diagnostic measure-
ments, the post-diagnostic category may still encompass
heterogeneous clinical contexts, including peri-operative
and during treatment periods, which may reflect distinct
biological mechanisms and treatment-related influences
on 25(OH)D levels. The inability to further stratify these
time points due to inconsistent reporting across studies
may limit the interpretability of the findings. Although
the highest-versus-lowest comparison was used to har-
monize exposure across studies, heterogeneity due to
differences in vitamin D cut-off values and categoriza-
tion methods (quartiles, tertiles, or predefined clinical
thresholds) may limit the comparability of pooled esti-
mates and should be considered when interpreting the
findings. By restricting analyses to studies with harmo-
nized clinical thresholds in sensitivity analyses, the com-
parability of exposure definitions was improved, partially
addressing this limitation; however, residual heterogene-
ity cannot be fully excluded. Moreover, further stratified
analyses by treatment modality were not feasible because
most studies included mixed-treatment populations and
did not report treatment-specific HRs. Third, inconsis-
tent reporting of VDR polymorphism analyses, particu-
larly regarding haplotypes, as well as differences in the
genetic models applied (dominant or recessive) may limit
the interpretation and comparability of genetic findings.
Moreover, inconsistencies in the selection of covariates
for adjustment and the limited evaluation of potential
gene-environment interactions may further challenge
the interpretation. Additionally, a formal dose-response
meta-analysis was not performed because circulat-
ing 25(OH)D levels were categorized heterogeneously
across studies, with varying cut-off values and inconsis-
tent reference categories, thereby precluding appropriate
modeling of a dose-response relationship. Furthermore,
although a structured and systematic search strategy
was applied, EMBASE and Web of Science were not
included due to access limitations in this systematic
review. Therefore, relevant studies indexed exclusively



Thet et al. BMC Cancer (2026) 26:687

in these databases may have been missed, and the search
may not be considered fully comprehensive. Lastly, most
studies were conducted in European and North Ameri-
can populations, with limited representation from Asia
and Africa, which may limit the generalizability of our
results. Heterogeneity in genetic profiles across popula-
tions may further influence both vitamin D metabolism
and VDR polymorphism distributions, potentially affect-
ing the observed associations. The underrepresentation
of non-European populations in the included studies
restricts the ability to assess the consistency of observed
associations across diverse ethnic groups. Future large-
scale studies should address these gaps by including more
diverse cohorts.

The positive association between circulating 25(OH)D
and CRC survival outcomes observed in our study may
suggest potential prognostic relevance as an observa-
tional biomarker, primarily for hypothesis generation at
this stage. While the findings suggest a possible role for
vitamin D status in prognostic assessment, more evi-
dence is necessary to support its clinical utility. While
regular monitoring of 25(OH)D levels in this popula-
tion may offer additional context for prognostic evalua-
tion, this interpretation remains speculative and should
be interpreted with caution. Further prospective inter-
ventional studies are warranted before drawing prac-
tice-guiding implications. The heterogeneous findings
regarding VDR polymorphisms underscore the need
for future comprehensive genomic studies. The combi-
nation of genomic data with clinical and biochemical
parameters may help refine prognostic stratification in
future research settings. Understanding the relationship
between circulating 25(OH)D and VDR genetic variants
may offer biological and prognostic insights, especially in
populations at high risk of CRC.

Conclusion

This systematic review and meta-analysis highlights that
higher circulating 25(OH)D levels are associated with
better survival outcomes. While the prognostic impact
of VDR polymorphisms remains inconclusive, current
evidence suggests that certain VDR variants may be
associated with variation in CRC outcomes. From epi-
demiologic and biological perspectives, integrated mul-
tidimensional approaches that combine serum 25(OH)
D assessment with clinical genotyping are needed to
better characterize their potential prognostic relevance.
Prospective studies combining both biochemical and
genomic biomarkers are warranted to clarify their role
in risk and outcome assessment. Most importantly, a
deeper understanding of the interplay between vitamin
D status, VDR genetic variants, and CRC progression
may provide biological insights into disease mechanisms.
At present, these observations should be considered
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hypothesis-generating rather than indicative of direct
practice-oriented implications. Further validation in
large, well-designed prospective and interventional
studies is required before routine clinical applications,
including monitoring for prognostic purposes, can be
considered.
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