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ARTICLE INFO SUMMARY
Artic{e history: Background: Colorectal cancer (CRC) exhibits a linear progression from normal colonic epithelium, ad-
Received 10 June 2019 enoma initiation, carcinoma transformation and even to metastasis. Diet changes might influence

Accepted 7 November 2019 carcinogenesis and prognosis. We aimed to determine the effects of vitamin D and calcium on colorectal

adenoma incidence, malignancy development and prognosis.
K?ywoirds: Methods: Systematic literature searches (PubMed, Embase, and Cochrane Library databases) and hand
\C/'tlafmn D searches were performed by September 30, 2019. A random-effects model was adopted to pool relative
Czlglruer?tal adenoma ratios (RRs) for colorectal tumour incidence or hazard ratios (HRs) for CRC mortality. Stratified analyses
Colorectal cancer were performed by gender, tumour location, calcium intake level and ethnic group.
Risk Results: Total 854,195 cases from 166 studies were included. The colorectal adenoma incidence was
Mortality inversely correlated with the circulating 25-hydroxyvitamin D [25(OH)D] level (RR: 0.80, 95% CI: 0.71
—0.89), vitamin D intake (RR: 0.87, 95% CI: 0.82—0.92) and calcium intake (RR: 0.86, 95% CI: 0.81—0.91).
The CRC incidence was decreased by circulating 25(0OH)D (RR: 0.67, 95% CI: 0.59—0.77), vitamin D intake
(RR: 0.85, 95% CI: 0.78—0.93) and calcium intake (RR: 0.75, 95% CI: 0.70—0.79). High-level circulating
25(0OH)D triggered better overall survival (HR: 0.67, 95% CI: 0.57—0.79) and CRC-specific survival (HR:
0.63, 95% CI: 0.53—0.74). Stratified analyses showed that vitamin D and calcium significantly suppressed
colorectal tumour incidence among women. Left-sided CRC risk was reversely related to circulating
25(0OH)D (RR: 0.60, 95% CI: 0.41—0.88) and vitamin D intake (RR: 0.73, 95% CI: 0.57—0.93). Circulating
25(0OH)D decreased colorectal adenoma (RR: 0.63, 95% CI: 0.48—0.82) and CRC (RR: 0.69, 95% CI: 0.56
—0.86) risk in populations with higher calcium intake. European and American populations benefited
more from vitamin D intake against colorectal tumour. A significant dose—response relationship was
observed between intake of vitamin D or calcium and colorectal tumour incidence.
Conclusions: Vitamin D and calcium play additively chemopreventive roles in colorectal adenoma inci-
dence, malignant transformation and progression, especially for women and left-sided CRC patients.

© 2019 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.

1. Introduction million new CRC cases. However, the mortality has ranked the
second with 881,000 deaths [1]. As we know, CRC exhibits a linear
Colorectal cancer (CRC) incidence ranked the third among all progression from normal colonic epithelium to adenoma initiation

types of malignancies worldwide in 2018, with an estimated 1.8 and malignant transformation to carcinoma and even to metastasis
[2]. Although early stages of CRC and some pre-cancerous lesions,
_ including hyperplastic polyps (HPs), sessile serrated polyps (SSPs)
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CRC in all stages, including initiation and progression, is of social
and clinical significance.

Recently, the 2018 WCRF/AICR Continuous Update Project
Report argued that diet and lifestyle alteration might interact with
genetic, epigenetic and modifiable hormonal factors. Additionally,
such molecular and metabolic alterations could enhance life quality
of cancer patients during and after treatment, reduce the risk of
recurrence and metastasis, and decrease overall and cancer-specific
mortality [3]. Therefore, screening for and validating nutrient ele-
ments that prevent colon adenoma and CRC are considered as an
important adjuvant strategy to decrease CRC incidence and mor-
tality rates.

As important nutrients for the human body, vitamin D and
calcium have been considered candidate chemopreventive factors
for cancer and attracted considerable attention from oncologists.
Vitamin D is mainly produced in the skin with exposure to ultra-
violet B (UV—B) radiation from the sun; it can also be acquired from
dietary sources and supplements. Combined with vitamin
D—binding protein (VDBP) in blood vessels, pro-vitamin cholecal-
ciferol (vitamin D3) moves from the skin to the liver, where it is
metabolized to 25-hydroxyvitam’2in D [25(OH)D], the major form
used in the clinical assessment of vitamin D status [4]. Interestingly,
many studies have tried to clarify the relationship between vitamin
D status and incidence of or mortality from colorectal adenoma or
CRC, but varying findings have led to uncertainty regarding the
effect of vitamin D on colorectal adenoma and CRC risk. For
example, McCullough et al. reported that higher circulating 25(OH)
D was significantly associated with lower CRC incidence in women
[5]. However, Manson et al. found that vitamin D supplementation
did not significantly lower the risk of invasive cancer compared
with placebo [6].

In addition to maintaining healthy bones, calcium is thought to
play a major role in the regulation of cell proliferation, differenti-
ation and carcinogenesis by combining with secondary bile acids
and ionized fatty acids [7]. However, there is still some controversy
about the associations between calcium intake and colorectal
tumour initiation and development. Zhang et al. reported that
calcium intake could decrease the risk of colorectal cancer in 2016
[8]. However, Jenab et al. demonstrated that the role of calcium in
the prevention of CRC was extremely dependent on the individual's
level of vitamin D [9]. Surprisingly, Crockett et al. observed that
calcium and combined supplementation with calcium and vitamin
D might be related to an increased risk of SSP [10].

Thus far, the roles of vitamin D and calcium in CRC initiation and
progression remain largely unclear. Besides these paradoxical re-
sults, the roles of vitamin D and calcium in the overall progression
of CRC have still not been assessed because of the limitations of the
available data and the restrictions of single research projects. In this
study, we performed a systematic review and dose—response
meta-analysis to clarify the effects of vitamin D and calcium on
the tumour development process from colorectal adenoma initia-
tion to cancer and progression.

2. Methods
2.1. Literature search and eligibility criteria

Systematic literature searches in PubMed, Embase, Cochrane
Library database and hand searches were performed by September
30, 2019. The keywords were below: (‘colon cancer’ or ‘colon car-
cinoma’ or ‘colon tumour’ or ‘colon neoplasm’ or ‘rectal cancer’ or
‘rectal carcinoma’ or ‘rectal tumour’ or ‘rectal neoplasm’ or ‘colo-
rectal cancer’ or ‘colorectal carcinoma’ or ‘colorectal tumour’ or
‘colorectal neoplasm’ or ‘CRC’ or ‘colon adenoma’ or ‘rectal ade-
noma’ or ‘colorectal adenoma’), (‘vitamin D’ or ‘25(0OH)D’ or ‘25-

hydroxyvitamin D’ or ‘calcifediol’ or ‘calcium’ or ‘Ca**") and (‘risk’
or ‘incidence’ or ‘recurrence’ or ‘prognosis’ or ‘motality’ or ‘sur-
vival’). Manual review and validation were conducted subsequently
in the titles, abstracts, full texts and references for additional
available studies after eliminating potential duplicates.

Besides, the eligibility criteria for included studies were as fol-
lowed: (1) the study of interest was vitamin D or calcium intake
(dietary, supplemental, and total) or the serum or plasma 25(0OH)D;
(2) the outcome of interest was incidence, recurrence or morality of
colorectal adenoma or CRC; (3) RR or HR estimates with 95% Cls for
the highest versus lowest categories of vitamin D or calcium intake
or circulating 25(OH)D levels were available or calculable; (4)
studies based on observational design (cohort or nested
case—control studies) or randomized controlled trial (RCT) were all
included; (5) for overlapping data, only studies most relevant to our
issue were included (6) for subgroup analysis, data with vague
definitions were excluded.

2.2. Data extraction

The data were collected independently by two reviewers
following a standardized data extraction procedure, and any dis-
crepancies were settled by consensus or by a third reviewer. The
following information about each study was extracted: first or
corresponding author; publication; year of publication; title; study
design; country in which the study was conducted; and population
characteristics, such as sample size and sex. Additionally, we
extracted data on circulating 25(OH)D concentration, total/dietary/
supplemental vitamin D or calcium intake, and the corresponding
ORs for colorectal tumour incidence risk or HRs for CRC mortality
with 95% Cls. In addition, some information that was unavailable
online was obtained from the corresponding authors of relevant
studies. The methodological and reporting quality of observational
studies were validated by the Newcastle—Ottawa Scale and ranked
in order (scores of 8—9 points indicate high quality; 5 to 7 points
indicate medium quality; fewer than 5 points indicate low quality)
[11]. Besides, risk of bias assessment for RCTs was assessed by the
Cochrane Collaboration's tool through following evaluation issues
consisting of random sequence generation, allocation concealment,
blinding of personnel and participants, blinding of outcome as-
sessments, incomplete outcome data, selective reporting and other
bias. A low risk of bias was judged if all issues were at low risk,
while a high risk of bias was validated if one or more evaluation
issues tended to be at high risk [12].

2.3. Statistical analysis

All analyses were conducted using STATA software (version
15.0; Stata Corporation, College Station, Texas, USA). Pooled RRs or
HRs and their corresponding 95% Cls were calculated by means of a
random-effects model by comparing the highest and the lowest
categories of circulating 25(0H)D concentration and total/dietary/
supplemental vitamin D or calcium intake, which were displayed in
forest plots. The statistical heterogeneity among these studies was
assessed by the I% index, with significant heterogeneity defined as I?
> 50% [13]. Then, the analysis was stratified by gender, anatomic
location, level of calcium intake and ethnic group to explore po-
tential sources of heterogeneity. Publication bias was assessed
statistically by Begg's tests and graphically by funnel plots, with the
existence of publication bias assumed for a p-value < 0.05. Addi-
tionally, potential dose—response relationships between total
vitamin D intake or total calcium intake and the risk of colorectal
adenoma or CRC were evaluated by generalized least squares
(GLST) for the trend estimation of the summarized data [14]. In
addition, restricted cubic splines with four knots at fixed
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mn RR (95% Cl)  Weight (%)
Platz et al 2000 [Ref 111] L04 (0.66, 1,66) 4.22
Peters et ul 2001 [Ref 162] .43 (0.23, 0.81) 2.57
Levine et al 2001 [Ref 144] 0.74 (0.51, 1.09) 554
Grau et al 2003 [Ref 161] 0.91 (.68, 1.21) .70
Peters et al 2004 |Ref 66] .87 (.75, L.O01)} 12.35
Jacobs et al 2007 [Ref 146] 0,74 (0.46, 1.17) 414
Miller et al 2007 [Ref 45] .51 (0.27, 0.95) 247
Fedicko et al 2010 [Ref 30] 159 (0.41, 0.54) 507
Takahashi et al 2010 [Ref 63 1.25 (0,85, 1.84) 542
Adams et al 2011 {Adenomas) [Ref 59] 0,71 (.38, 130} 168
Adams et al 2001 (Hyperplastic polyps) [Ref 59| LAT (0.55, 2.51) L&t
Ashktorab et al 2011 |Ref 57] (.60 (030, 1.40) L1
Hong ef a1 2012 [Ref 62] 11,38 (0,18, 0,50) 192
Yamaji et al 2012 [Ref 23] .64 (045, 0.92) 509
Jacobs et al 2013 [Ref 22] .95 (0,71, 1.24) 7.96
Abgner ef al 2014 [Rel 93] .61 (0.39, 0.95) FhE]
Choi et al 2015 [Ref 61] 0,49 (0,19, 1.2T) L4
Baron ot al 2015 [Ref 19] 0,98 (0.79, 1.21} 10.11
Ahmad et ol 2016 |Ref 106] AT (0,14, 1.67) 0.75
Barry et al 2017 [Ref 158] 1.89 (.54, 1.49) 365
Gibbs et al 2018 [Ref 29] .86 (0.59, 1.27) 547
Bryce et al 2018 |Ref 25] 0,95 (0.43, 2.08) 174
Owverall (F=33.5%, p=(.064) L 3 80 (071, 0.59) 100,00
| L
B 0 [ HU K]

1}] RR (95% ClI)  Weight (%)
Kampman ct al 1994 (Women) [Ref 51] 068 (.41, 1.13) La7
Kampman et al 1994 (Men) [Ref 51] 129 (1L87, 1.93) 171
Almendingen ot al 2001 [Ref 70| 200 {040, 11.50) LA L]
Peters et al 2001 [Ref 162] 083 (0.48, 1.42) 94
Martines et al 2002 [Hel 49] LA (.71, 1.47) 04
Boyapati et al 2003 [Ref 48] 0.69 (041, 1.18) .98
Lieberman et ol 2003 [Rel 136] 061 (1,39, 0.97) 1.32
Hartman et al 2005 [Ref 152] 084 {1162, 1.13) 2.95
Oh et al 2007 |Ref 36] 0.79 {0.63, 0.99) 50
Hubner et al 2008 [Ref 73] 0.%6 (0.72, 1.27) 328
He et al 2018 (Serrated polys) [Ref 24] 0.92 (.86, .98) 317
He et al 2008 (Adenomas) |Hef 24] .55 (0.80, 0.90) M
He et al 2018 (Both) [Ref 24] 085 (0.76, 0.96) 1513
Orverall (P=15.1%, p=0.292) ’ KT (0,82, 0.92) Tk
: T 1

C 0.5 1015
D RR (95% C1)  Weight (%)
Kampman ¢t al 1994 {Women) [Ref 51] 0.97 (1L.68, 1.38) 9.55
Kampman et al 1994 (Men) [Ref 51| L5 (074, 1.49) 92.73
Bontron et al 19%6 [Ref 46] 165 (0.41, 1.08) .50
Almendingen et al 2000 |Ref T .40 (0,10, 2,20} 59
Levine et al 2001 [Ref 144] 11 (067, 1.55) 742
Martinez ef al 2002 [Ref 49] .78 (.54, 1.13) 5.8
Morimoto et al 2002 { Adenomas) [Ref 137] L34 {0.70, 2.20) 4.4
Morimoto et al 2002 {Hyperplastic palyps) [Ref 137] 1.60) (.80, 2.90) 324
Morimoto or al 2002 {Both) [Ref 137] 0,50 (.20, 1.20} LT2
Hartman et al 2008 [Ref 152] 1L93 (0,69, 1.25) 1.7
Kesse ef ol 2005 [Ref 81| .15 (0.8, 1.49) 1533
Jacobs et al 2007 [Ref 146] 100 (0.68, 1.47) 825
Hubmier et ul 2008 [Ref 73| .85 (0.64, 1.14) 1332
Overall (I=12.7%, p=0.317) . 0.96 (086, 1.09) 10000
D 0.5 L 1S
m RR (95% CI) Weight (%)
Whelan et al 1999 [Ref 157] 0L.85 (0,39, 1.86) 4.43
Martinez et al 2002 [Ref 45] 105 (0.56, 1.98) 6.54
Hartman et al 2008 [Ref 152] 0.80 {0.63, 1.00) 29.61
Algner et al 2014 [Ref 93] .69 (0.41, 1.16) 2.21
Calderwood et al 2019 [Ref 172] 1.04 {093, 1.17) 50.21
Overall (1°=32.2%, p=0.207) ’ 0.92 (0.78, 1.09) 100.00
| | |
[&] Lo L5

Fig. 1. Forest plots of association between (A) circulating 25(0OH)D, (B) total vitamin D intake, (C) dietary vitamin D intake and (D) supplemental vitamin D intake and colorectal
adenoma risk.
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percentiles (5, 35, 65 and 95%) of the distribution were utilized to
construct the non-linear dose—response curve. For closed intervals
of categories, the midpoint dose was used to compute the arith-
metic mean of the upper and lower bounds of the quantiles. For
open-ended categories, the lowest limits were defined as zero, and
the top quantiles were estimated as 1.5 times the lower limit of the
respective interval [15].

3. Results
3.1. Study characteristics

As shown in Supplementary Figure S1, a total of 166 studies
were available and included in the current analysis after removing
repeated and irrelevant articles as determined by reviewing the
title, abstract and full text of  each article
[6-9,16—30,31-60,61-90,91-120,121-150,151—177]. Among these
studies, there were 70 studies for circulating 25(OH)D, 68 for
vitamin D intake, and 93 for calcium intake. Additionally, 58 studies
investigated the risk of colorectal adenoma, whereas 86 and 27
studies investigated the incidence and prognosis of CRC, respec-
tively. Otherwise there were 148 observational studies and 18 RCTs
(Supplementary Table S1). The quality of the observational studies
was generally moderate to good (see Supplementary Figure S2) and
all RCTs were deemed as at low risk of bias.

3.2. Association between vitamin D or calcium and the risk of
colorectal adenoma incidence

As we know, 25(OH)D is the primary circulating form of vitamin
D, and its blood concentration reflects dietary sources and vitamin
D supplementation; this measure is felt to be the best indicator of
vitamin D status. Therefore, we performed a meta-analysis to
investigate the relationship between circulating 25(OH)D and
colorectal adenoma. The results revealed that a high level of
circulating 25(OH)D had a significantly protective effect on the risk
of colorectal adenoma incidence (RR: 0.80, 95% CI: 0.71—-0.89;
Fig. 1A). Furthermore, as shown in Table 1, the analysis was strati-
fied by gender, level of calcium intake and ethnic group due to the
relatively high heterogeneity (I = 33.5%, p = 0.064). Interestingly,
we found that there was a significant negative association between
circulating 25(OH)D and colorectal adenoma risk among women
(RR: 0.63, 95% CI: 0.45—0.89) but not among men (RR: 0.89, 95% CI:
0.68—1.16). However, the protective effect of circulating 25(OH)D
against colorectal adenoma was more dramatically observed in the
group with high calcium intake (RR: 0.63, 95% Cl: 0.48—0.82)
compared to the group with low calcium intake (RR: 0.73, 95% CI:
0.54—0.99). In addition, colorectal adenoma incidence was
inversely associated with 25(OH)D level in European and American
populations (RR: 0.82, 95% CI: 0.75—0.91) but not in Asian pop-
ulations (RR: 0.67, 95% CI: 0.40—1.14). These results indicate that
high circulating 25(0OH)D could decrease colorectal adenoma inci-
dence, especially in European and American women with high
calcium intakes.

Although a protective role of circulating 25(OH)D against colo-
rectal adenoma is observed, it must still be verified whether
vitamin D intake functions similarly. Surprisingly, significant as-
sociations were observed between colorectal adenoma incidence
and total intake of vitamin D (RR: 0.87, 95% CI: 0.83—0.92, Fig. 1B)
but not dietary intake of vitamin D (RR: 0.96, 95% CI: 0.86—1.09,
Fig. 1C) or supplemental intake of vitamin D (RR: 0.92, 95% CI:
0.78—1.09, Fig. 1D). Unfortunately, the number of the studies on
vitamin D intake was insufficient for stratification into subgroups
based on population characteristics.

The results above demonstrate that high levels of calcium intake
help circulating 25(OH)D reduce the risk of colorectal adenoma.
Therefore, we analyzed the relationship between colorectal ade-
noma incidence and calcium intake. Intriguingly, total calcium
intake (RR: 0.88, 95% CI: 0.83—0.93, Fig. 2A), dietary calcium intake
(RR: 0.78, 95% CI: 0.71—0.85, Fig. 2B), and supplemental calcium
intake (RR: 0.85, 95% CI: 0.80—0.90, Fig. 2C) were all negatively
correlated with the risk of colorectal adenoma incidence. Moreover,
stratification by ethnic group showed that higher total calcium
intake was significantly associated with lower colorectal adenoma
risk in Asian populations (RR: 0.54, 95% CI: 0.31-0.92) and Euro-
pean and American populations (RR: 0.88, 95% CI: 0.84—0.94).
Similar results were found in the subgroup analysis of dietary
intake of calcium (Asian population RR: 0.65, 95% CI: 0.48—0.90;
European and American populations RR: 0.78, 95% CI: 0.71—0.86)
(Supplementary Table S2).

3.3. Association between vitamin D or calcium and the risk of CRC

Colorectal adenoma is considered a precancerous lesion of CRC
(2) whose incidence is inhibited by circulating 25(0OH)D. We want
to know whether circulating 25(OH)D could also play a protective
role in CRC incidence. As expected, there was a strong negative
association between circulating 25(OH)D and CRC risk (RR: 0.68,
95% ClI: 0.60—0.78, Fig. 3A). As shown in Table 2, a stratified analysis
showed that high levels of circulating 25(OH)D tend o decrease CRC
risk (RR: 0.57, 95% CI: 0.43—0.75) in women, but this effect was not
found in men (RR: 0.91, 95% CI: 0.75—1.11). Moreover, the protective
effect of circulating 25(OH)D for CRC was found for left-sided
colorectal cancer (distal colon and rectum) (RR: 0.60, 95% CI:
0.41-0.88) but not for right-sided colon cancer (proximal colon)
(RR: 0.69, 95% CI: 0.45—1.05). Interestingly, high-circulating 25(0OH)
D displayed a protective effect against CRC only with high levels of
calcium intake (RR: 0.69, 95% CI: 0.56—0.86). Additionally, higher-
circulating 25(OH)D was significantly related to a lower incidence
of CRC only in European and American populations (RR: 0.67, 95%
CI: 0.58—0.76).

There were significant negative relationships between CRC
incidence risk and total intake of vitamin D (RR: 0.81, 95% CI:
0.74—0.89, Fig. 3B), dietary intake of vitamin D (RR: 0.88, 95% ClI:
0.81—-0.95, Fig. 3C) and supplemental intake of vitamin D (RR: 0.87,
95% CI: 0.77—0.99, Fig. 3D). Interestingly, stratification analysis by
gender and tumour location showed that total intake of vitamin D
had a significant protective effect against colorectal cancer among

Table 1

Subgroup analysis for the association between circulating 25(OH)D and colorectal adenoma incidence.
Subgroups No. of studies RR 95% Cl I? P value
Women 8 0.63 0.45 to 0.89 51.1% 0.046
Men 7 0.89 0.68 to 1.16 43.7% 0.099
Calcium intake (low) 6 0.73 0.54 to 0.99 61.6% 0.023
Calcium intake (high) 6 0.63 0.48 to 0.82 53.1% 0.059
Asian populations 4 0.67 0.40 to 1.14 73.7% 0.010
European and American populations 17 0.82 0.75 to 0.91 14.1% 0.285
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A D RR (95% CI)  Weight (%)
Kampman et al 1994 (Women) [Ref 51] L.17 (.81, 1.69) 219
Kampman et al 1994 (Men) [Ref 51 113 (.76, 1.66) L7
Peters et al 2001 [Ref 162] 086 (0,42, 1.75) .64
Martinez et al 2002 [Ref 49] 0.62 (0.42, 0.90) .06
Boyapati et al 2003 [Ref 48] 0.64 (0,35, 1.15) 0.91
Licherman et al 2003 [Ref 136] 0.51 (031, 0.83) 1.29
Peters et al 2004 (Colon adenomas) [Ref 38] 0.87 (0,73, 1.02) 7.20
Peters et al 2004 (Rectal adenomas) [Ref 38] 101 {0.73, 1.39) .76
Hartman et al 2005 [Ref 152] 0.86 (.62, 1.18) .76
Wark et al 2006 [Ref 76] 0.71 (.51, 0.97) .77
Oh et al 2007 [Ref 36] 0.88 (0,74, 1.04) 7.05
Miller et al 2007 |Ref 45] 085 (1L53, 1.37) 1.38
Dai et al 2007 (Adenomas) [Ref 155] .98 (0,68, 1.40) 2.27
Dai et al 2007 (Hyperplastic polyps) [Ref 155] 101 (0,57, 1.79) 0.98
Hubner et al 2008 [Ref 73] 100 (0,75, 1.35) in
Zhu et al 2014 [Ref 39] 0.77 {162, 0.96) 506
Cao et al 2015 [Ref 21 0.80 {066, 0.98) 5.82
Seol et al 2015 [Rel 156] 0.49 {0.24, 0.97) 0.67
Zhu et al 2016 [Ref 56] 0.74 (0,56, 0.98) 348
Zhao et al 2017 [Ref 103] 0.61 (0.26, 1.43) 0.45
Uim et al 2017 [Ref 27| 0.94 (.69, 1.30) 1.84
Mujtaba et al 2018 [Ref 83] 0.98 {0.74, 1.31) 337
He et al 2018 {Serrated Polyps) [Ref 24] 1.00 {0.93, 1.07) 14.12
He et al 2018 (Adeoomas) [Ref 24 0.90 {085, 0.96) 14.87
He et al 2018 (Both) |Ref 24) 0.85 (175, 0.96) 9.87
Overall (F=33.1%, p=0.057) ¢ 0.8 (0,83, 0.93) 100,00

| | |

B 0.5 1.0 1.5

1 OR (95% CI)  Weight (%)
Kampman et al 1994 (Women) [Ref 51] 1.21 (L84, 1.74) 4.21
Kampman et al 1994 (Men) [Ref 51] 101 {0.70, 1.46) 4.16
Boutron et al 1996 [Ref 46] 0.71 (0.45, 1.13) 2.99
Martinez et al 1996 [Ref 26] 0.70 (0,30, 1.30) 137
Martinez et al 1997 [Ref 16] 0.32 (0L11, 0.96) .66
Hyman et al 1998 [Ref 77| 1163 (0,39, 1.02) .50
Levine et al 2001 [Ref 144] 0.85 (1.58, 1.25) 3n
Martinez et al 2002 [Rel 162] 0.56 (0,39, 0.80) 4.29
Morimato et al 2002 {Adenomas) | Ref 49] 120 {070, 2.00) 2.43
Morimoto et al 2002 {Hyperplastic polyps) |[Ref 49] .60 (0,30, 1.10) L7
Maorimote et al 2002 {Both) [Ref 49] 050 (0,20, 1.30) 0.88
Hartman et al 2005 [Ref 152] 0.91 (.67, 1.23) 531
Kesse et al 2005 |Ref §1] 0.80 (0,62, 1.03) 6,47
Miller et al 2007 [Ref 45] 0.55 (0.30, 1.01) 1.91
Dai et al 2007 [Ref 155] L.12 (0.76, 1.65) 386
Hubner et al 2008 [Ref 73| 0.90 (0,67, 1.21) 5.48
Fu et al 2012 {Adenomas) |[Ref 105] .74 (0,60, 0.90) 7.93
Fu et al 2002 (Hyperplastic polyps) [Ref 105] 0.73 {0.56, 0.96) 608
Fu et al 2012 (Both) [Ref 105] 0.70 (11,50, 0.99) 4.59
Yamaji et al 2012 |Ref 23] 0.67 (0.47, 0.95) 441
Baron et al 2015 [Refl 19] 0.95 (0L75, 1.19) 7.0
Seol et al 2015 [Ref 156] (60 {130, 1.18) 155
Um et al 2017 |Ref 27] .86 (0.62, 1.20) 4.79
1} port et al 2008 (ad [Refl 108] 0.57 (L.43, 0.75) 587
Davenport et al 2008 (Hyperplastic polyps) [Refl 108] 0.66 (.44, 0.99) 362
Davenport et al 2018 (Sessile serrated polyps) [Ref 108] 0.57 (0.28, 1.06) 1.63
Overall (F=32.2%, p=0.060) * 0.78 (0.71, 0.85) 100.00
C 0.5 L0 LS
1] RR (95% CI)  Weight (%)
Hyman et al 1998 [Ref 77) 0.99 (0.63, L.55) 1.48
Hofstad et al 1998 [Ref 94] 0.71 (0.50, 100y 144
Whelan et al 1999 [Ref 157] 051 (.27, 0.96) 076
Baron et al 1999 [Ref 43] 0.85 (0.75, 1.98) 12.4
Claire Bonithon-Kopp et al 2000 [Ref 34] 0.66 (0.38, 117} 0.96
Martinez et al 2002 [Ref 49] 0.94 (0.67, 1.33) 149
Grau et al 2003 [Ref 161] 0.79 (0.60, 1.04) 374
Peters et al 2004 {Colon adenomas) [Ref 38] 070 (0.52, 0.94) 327
Peters et al 2004 {Rectal adenomas) [Ref 3] .85 (0.52, 1.40) 1.23
Wallace et al 2004 (Tubular adenomas) [Ref 90] 0.89 (0.77, 1.03) 10.92
Wallace et al 2004 (Hyperplastic polyps) |Ref 90] 0.82 (0.67, LOO) 6.55
Hartman et al 2005 [Ref 152] 0.83 (0.65, 1.05) 479
Grauw et al 2005 [Ref 102] 0.81 (0.67, 0.99) 6.84
Grau et al 2007 [Ref 102] 0.63 (0.46, 0.87) 185
Chu et al 2011 |Ref 69] a4 (.24, 0.79) 86
Um et al 2017 [Ref 27] 0.99 (0.77, 1.27) 4.44
Barry et al 2019 (CPPS Study) [Ref 31] .86 (0.73, 1.00) 9,69
Barry etal 2019 (VOPPS Study) [Ref 31) 0.89 (0.77, 1.03) 10.92
Calder wood et al 2019 [Ref 172] 0.95 (0.84, L.0O8) 13.46
Overall (F=13,0%, p=0.296) ¢ 0,85 (.80, 0.90) 100.00
0.5 L0 1.5

Fig. 2. Forest plots of association between (A) total calcium intake (B) dietary calcium intake and (C) supplemental calcium intake and colorectal adenoma risk.
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Fig. 3. Forest plots of association between (A) circulating 25(0OH)D, (B) total vitamin D intake, (C) dietary vitamin D intake and (D) supplemental vitamin D intake and CRC risk.

Table 2

Subgroup analysis for the association between circulating 25(0OH)D and CRC incidence.
Subgroups No. of studies RR 95% Cl 2 P value
Women 11 0.57 0.43 to 0.75 70.6% 0.000
Men 10 0.91 0.75 to 1.11 28.8% 0.179
Right-sided CRC (proximal colon) 4 0.69 0.45 to 1.05 18.3% 0.299
Left-sided CRC (distal colon and rectum) 4 0.60 0.41 to 0.88 0.0% 0.781
Calcium intake (low) 2 0.79 0.59 to 1.05 27.1% 0.241
Calcium intake (high) 2 0.69 0.56 to 0.86 0.0% 0.387
Asian populations 3 0.84 0.58 to 1.22 39.8% 0.190
European and American populations 26 0.67 0.58 to 0.76 55.7% 0.000

women (RR: 0.81, 95% CI: 0.72—0.92) and for left-sided colorectal
cancer (RR: 0.62, 95% CI: 0.40—0.96; Table 3). Similarly, higher di-
etary intakes of vitamin D were also significantly associated with
lower CRC risk among women (RR: 0.85, 95% Cl: 0.74—0.98;
Table 3).

To investigate whether calcium intake can prevent CRC as well
as colorectal adenoma, we systemically analysed the association
between CRC risk and calcium intake. The results revealed a sig-
nificant protective effect against CRC for total calcium intake (RR:
0.75, 95% CI: 0.71-0.79, Fig. 4A), dietary calcium intake (RR: 0.78,
95% Cl: 0.73—0.84, Fig. 4B), and supplemental calcium intake (RR:
0.82, 95% CI: 0.78—0.86, Fig. 4C). Furthermore, we validated the
association between each calcium intake mode and CRC incidence
risk by gender, tumour location and ethnic group, which showed
that all three types of calcium intake modes could decrease CRC risk

except total calcium intake for right-sided CRC (Supplementary
Table S3). Taken together, the results suggest that vitamin D and
calcium could significantly repress malignant transformation of
CRC, even though the protective effect of vitamin D was more
frequently observed for women with left-sided CRC and high cal-
cium intakes.

3.4. Association between vitamin D or calcium and mortality

The results above have demonstrated that vitamin D and cal-
cium play protective roles against both colorectal adenoma and
CRC. However, their roles in CRC prognosis remain unclear.
Compared with lower-circulating 25(OH)D, patients with higher
circulating 25(OH)D exhibited more favourable clinical outcomes
with higher overall survival (HR: 0.69, 95% CI: 0.61—0.78, Fig. 5A)
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Table 3
Subgroup analysis for the association between vitamin D intake and CRC incidence.
Type of vitamin D intake Subgroups No. of studies RR 95% CL 2 P value
Total vitamin D intake Women 9 0.81 0.72 to 0.92 9.6% 0.354
Men 4 0.80 0.63 to 1.02 66.6% 0.029
Right-sided CRC (proximal colon) 2 0.71 0.47 to 1.08 0.0% 0.948
Left-sided CRC (distal colon and rectum) 2 0.62 0.40 to 0.96 0.0% 0.472
Dietary vitamin D intake Women 15 0.85 0.74 to 0.98 41.6% 0.034
Men 9 0.94 0.82 to 1.06 0.0% 0.815
Right-sided CRC (proximal colon) 4 0.71 0.49 to 1.04 36.8% 0.191
Left-sided CRC (distal colon and rectum) 4 0.95 0.77 to 1.16 7.1% 0.374

and CRC-specific survival (HR: 0.64, 95% CI. 0.56—0.73, Fig. 5B).
However, no significant association was found between calcium
intake and overall survival (Fig. 5C) or CRC-specific survival
(Fig. 5D).

3.5. Dose—response analysis between vitamin D or calcium intake
and colorectal adenoma or CRC risk

Two studies were available for a dose—response analysis of the
association between total vitamin D intake and the incidence of
colorectal adenoma, and 8 studies were available for CRC risk.
Additionally, 4 studies were included to calculate the
dose—response relationship between total calcium intake and the
risk of colorectal adenoma, and 15 studies were included for CRC
incidence. As shown in Fig. 5 (E—H), the best—fit curves showed
that each 200-1U/d increase in total vitamin D intake was associated
with a 10% (RR: 0.90; 95% CI, 0.85—0.95) decrease in the risk of
colorectal adenoma and a 5% (RR: 0.95; 95% CI, 0.92—0.98) decrease
in the risk of CRC. Each 400-mg/d increase in total calcium intake
was associated with a 2% (RR: 0.98; 95% CI, 0.96—0.99) decrease in
the risk of colorectal adenoma and a 5% (RR: 0.95; 95% (I,
0.94—0.96) decrease in the risk of CRC.

3.6. Publication bias

No publication bias was observed for the included studies based
on the analysis of funnel plots and Begg's test (Figure S4).

4. Discussion

Although an increased number of studies have tried to elucidate
the roles of vitamin D and calcium in CRC, discrepancies about their
effect on CRC tumourigenesis and prognosis remain. In the present
study, we clarified the roles of vitamin D and calcium in the whole
CRC development process, including colorectal adenoma, CRC and
prognosis through a comprehensive and systematic analysis. As
shown in Fig. 6, high levels of circulating 25(0OH)D, vitamin D intake
and calcium intake could decrease colorectal adenoma incidence risk,
and CRC risk was suppressed by high levels of circulating 25(0OH)D,
vitamin D intake and calcium intake; however, only high circulating
25(0OH)D benefitted both overall and CRC-specific survival.

Considering the whole sequence of CRC development, including
the initiation of adenoma, malignant transformation and prognosis
in the late stage, allowed for a more intuitive and systematic un-
derstanding of the effects of vitamin D and calcium on overall CRC
progression. In our study, circulating 25(OH)D and total vitamin D
intake have a significantly protective effect on the risk of colorectal
adenoma. Nevertheless, neither dietary intake of vitamin D nor
supplemental intake of vitamin D was significantly associated with
the incidence of colorectal adenoma. This discrepancy might result
from multiple factors, for example, the limited number of articles
on dietary or supplemental vitamin D intake; differences in the
dose of supplemental vitamin D, absorption rate of dietary intake of

vitamin D, and metabolism of vitamin D; and other confounding
factors, such as age, physical activity and sun exposure. In our
opinion, supplementation with vitamin D, including through di-
etary intake, should be based on circulating 25(OH)D in order to
prevent colorectal adenoma. More importantly, calcium and
vitamin D displayed an additively protective effect in addition to
their preventive effects against colorectal adenoma itself.

In addition to many epidemiological studies, previous biological
experiments both in vitro and in vivo have demonstrated potential
preventive effects and explored the molecular mechanisms of the
anticancer effects of vitamin D and calcium, which are consistent
with our current results. In Smad3~/~ mice with inactivated TGF-p
signalling pathways, increased dietary vitamin D intake signifi-
cantly suppressed p-P38 MAPK activity and decreased the accu-
mulation of colonic inflammatory cells by increasing circulating
25(0H)D, which ultimately reduced the incidence of colon carci-
noma [178]. Additionally, vitamin D facilitated the differentiation of
colon carcinoma cells via the promotion of the expression of
adhesion proteins, such as E-cadherin, and the inhibition of the
Wnt/B-catenin signalling pathway [179]. Similarly, extracellular
Ca®* interacting with calcium sensing receptors (CaSR) could also
regulate cells differentiation and malignant progression by induc-
tion of E-cadherin and suppression of B-catenin [180]. Additionally,
calcium may reduce plasma inflammatory factors, such as IL-6 and
IL-1B, and prevent oxidative DNA damage in patients with colo-
rectal adenoma [181]. In the current study, we found that both
vitamin D and calcium decrease CRC incidence risk. More inter-
estingly, the protective effects of vitamin D were only found for left-
sided cancers among European and American women, which
reminded us of the interaction between oestrogen and vitamin D in
protecting against colorectal adenoma and CRC. Coincidentally,
Harmon et al. reported that increased concentrations of plasma 25-
hydroxyvitamin D were related to treatment with oestrogen-
containing drugs, another report showed that postmenopausal
hormone replacement therapy triggered upregulation of the
vitamin D receptor (VDR) pathway and downregulation of immune
and inflammatory pathways, reducing the incidence of colon can-
cer [182]. Additionally, Boyapati et al. reported that vitamin D ho-
meostasis may be modulated by VDR polymorphisms, which plays
a significant role in colorectal adenoma risk. For example, partici-
pants with at least one b allele (Bsml genotype) were at much lower
risk of colorectal adenoma [48]. Furthermore, Beckett et al.
demonstrated that in women, the presence of ancestral alleles for
Bsml (“b”) significantly reduced the risk of AP [183].

However, our stratification analysis indicated that calcium was
negatively correlated with CRC incidence in all subgroups, which
demonstrated a strong protective effect of calcium against CRC. As
with colorectal adenoma, there was an additively protective effect
of calcium and vitamin D against CRC. Interactions between vitamin
D and calcium in modulating cell growth and differentiation have
been identified. It has been reported that 1,25(0OH);D3 could
upregulate the expression of CaSR and facilitate CaSR-mediated
anti-proliferative effects [184]. Additionally, intracellular calcium
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Fig. 4. Forest plots of association between (A) total calcium intake (B) dietary calcium intake and (C) supplemental calcium intake and CRC risk.
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Fig. 5. Forest plots of association between circulating 25(OH)D and overall mortality (A) or CRC-specific mortality (B). Forest plots of association between total calcium intake and
overall mortality (C) or CRC-specific mortality (D). Dose—response relationships between total vitamin D intake (E) or total calcium intake (F) and colorectal adenoma risk for cohort
studies. Dose—response relationships between total vitamin D intake (G) or total calcium intake (H) and CRC risk for cohort studies.

suppresses the vitamin D catabolizing enzyme CYP24, which trig-
gers a steady-state of concentration of circulating vitamin D [185].
Although vitamin D could benefit clinical outcomes and prolong
the lives of CRC patients, no relationship between calcium intake
and CRC survival was observed in our study, which may result from
the limited number of relevant studies.

In conclusion, we incorporated data from previous RCT studies
into our analysis and clarified a potentially beneficial role of
vitamin D and calcium in the entire CRC progression process,
including colorectal adenoma incidence, malignant transformation
and prognosis, especially an additively protective effect in women
and left-sided CRC patients. Some unpublished pooling projects,
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Fig. 6. Summary of our study for the roles of vitamin D and calcium in the whole CRC development process including colorectal adenoma, CRC and prognosis. The high level of
circulating 25(0OH)D, vitamin D intake and calcium intake could decrease colorectal adenoma incidence risk, and CRC risk was suppressed by the high level circulating 25(0OH)D,
vitamin D intake and calcium intake, however, only the high level circulating 25(0OH)D could benefit both overall survival and CRC-specific survival.

such as the JANUS Serum Bank and the New York University
Women's Health Study, were missed in the present study because
their data sets are unavailable. Additional randomized controlled
trials with larger populations and longer follow-up periods are
required due to the variance in the assessments of previous studies.
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