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Background & aims: Evidences suggest possible link between betaine and choline, methyl group donors,
and cancer progression. We examined the association between choline and betaine levels and cancer
incidence and survival in a meta-analysis of observational studies.

Methods: We identified observational studies examining the association between choline and/or betaine

I(eywords: levels from diet or blood and cancer incidence and survival by searching the PubMed and Web of Science
gh:’lf“e databases for studies published up to Jan, 2018. After applying the selection criteria, 28 observational
etaine

studies (9 case-control, 1 cross-sectional, and 18 cohort studies) were included. Relative risks (RRs) and
95% confidence intervals (CIs) were extracted, and combined RRs were calculated using random-effects
models.
Results: Choline levels were not associated with cancer incidence in a meta-analysis of cohort studies.
Betaine levels reduced the risk of cancer incidence in a meta-analysis of cohort studies; combined
relative risks (RRs) (95% Cls) comparing the top with the bottom categories were 0.93 (0.87—0.99). When
we analyzed separately according to exposure assessment method, combined RRs (95% CIs) comparing
the top with the bottom categories of betaine levels were 0.87 (95% CI: 0.78—0.95) for dietary betaine
and 0.88 (95% CI: 0.77—0.99) for blood levels of betaine. There were no significant associations with
cancer survivorship of choline or betaine levels.
Conclusions: We concluded that high betaine levels were associated with lower risk of the cancer inci-
dence, especially for colorectal cancer.

© 2018 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
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1. Introduction

Choline, which is essential for integrity of cell membrane
structure, signaling functions of cells, and synthesis of neuro-
transmitters, is available as free choline, phosphocholine, glycer-
ophosphocholine, sphingomyelin, or phosphatidylcholine [1].
Furthermore, choline is a precursor of betaine and acetylcholine,
which is an important neurotransmitter in the processes of mem-
ory storage, muscle control, and various other functions [1]. Along
with folate and other B vitamins, choline and betaine take part in
one-carbon metabolism, which constitutes a network of integrated
biochemical pathways transferring one-carbon (methyl) groups [2].
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Betaine and folate are methyl-group donor for homocysteine that is
converted to methionine with assistance from betaine homocys-
teine methyltransferase (BHMT) and methionine synthase (MTH).
Methionine transfers a methyl-group to S-adenosylmethionine
(SAM) which donates methyl group to DNA and RNA [3]. DNA
methylation, which is a genetic alteration of gene function that
occurs without changes to the sequence of DNA, is an important
determinant in the development of cancerous cells, and has been
implicated in gene expression, conservation of DNA integrity and
firmness, chromatin alteration, and mutation [4].

Epidemiological evidence regarding the role of dietary choline
and betaine in cancer development and progression has accumu-
lated in last ten years following the advent of a food composition
database for choline and betaine in 2003 [5,6]. Given the lack of
comprehensive systematic reviews of the role of choline and
betaine in cancer development, we investigated the associations
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between choline or betaine and cancer incidence and survival by
performing a meta-analysis of observational epidemiological
studies.

2. Materials and methods

We followed the Meta-analysis Of Observational Studies in
Epidemiology guidelines [7].

2.1. Search strategy

Searching the PubMed and Web of Science databases for studies
published up to January 22, 2018, epidemiological studies investi-
gating the association between choline and/or betaine and cancer
were identified. A single author (J Youn) performed the systematic
search and another author (JE Lee) checked the extracted studies.
We used the following search terms: “choline or betaine or one-
carbon metabolite or one-carbon metabolism” and “intake or diet
or serum or plasma or circulating” and “cancer or carcinoma or
neoplasia or adenoma” in PubMed; and “choline or betaine” and
“intake or diet or serum or plasma or circulating” and “cancer or
carcinoma or neoplasia or adenoma” in Web of Science. We used a
filter function of PubMed and limited the search to “Human” in
species and “English” in languages. For Web of Science, we refined
the searches to “Articles” in document types and “English” in lan-
guages. We also checked the reference lists from all retrieved
journals in order to include additional relevant studies.

2.2. Inclusion criteria

Studies were included in our meta-analysis if they met the
following criteria: 1) the exposure of interest was choline and/or
betaine, which was assessed using dietary or biochemical analyses;
2) the endpoint of interest was cancer incidence or mortality; 3)
relative risk (RR) estimates and 95% confidence intervals (Cls) were
provided for the associations between choline and/or betaine levels
and incidence and/or mortality of any cancer; 4) the study was
designed as an observational study; and 5) the study was published
in English.

2.3. Data extraction

We extracted the following information from each study: the first
author's full last name and initial of the first name; publication year;
country of the study population; study design; study period; sex of
study population; outcomes (cancer types or deaths); the number of
cases and controls for case-control studies, and the incidence and
total person-years for cohort studies; estimate parameters (RRs,
odds ratio or hazard ratio); 95% Cls; ranges and/or medians of each
category; type of exposure assessment (dietary or biochemical); and
covariates adjusted in multivariate models. The quality of each study
was assessed using selected items of “strengthening the reporting of
observational studies in epidemiology” [8]. For case-control and
cross-sectional studies, we assessed adjustment for confounding
factors, the sources and methods of case ascertainment, control se-
lection, recall bias, and assessment of exposures, outcomes and
covariates. For cohort studies, we assessed whether important con-
founding factors were adjusted for, how loss to follow-up was
addressed, and how endpoint was measured.

2.4. Statistical analysis
The combined RRs and 95% ClIs for the top choline or betaine

categories, as compared with the bottom categories, were calcu-
lated using the random effects model [9]. Weight was given to

individual studies depending on the inverse proportion of vari-
ances. Heterogeneity among studies was examined using the I?
statistic, where I*> = 100% x (Q — df)/Q, where Q is Cochran's
heterogeneity statistic and df is the degrees of freedom [10,11]. A
sensitivity analysis was performed to identify the influence of the
RRs by excluding studies has heterogeneous results, such as Chi-
nese studies. Furthermore, a subgroup analysis and meta-
regression analysis [12,13] using the natural logarithm of the RR
from each study were conducted to evaluate whether the asso-
ciations between choline or betaine and cancer differed according
to the type of exposure assessment, sex, geographic region
(Australia, Europe, and the US and China and Singapore), or study
design (case-control and cohort). When reported [14—22], or
when investigators provided estimates by folate levels
[17,19,20,23—-25], whether the association between choline or
betaine and cancer differed according to folate intake (low and
high) was investigated.

To assess the dose-response association between choline or
betaine levels and cancer incidence, we estimated the RR per
50 mg/d increase for choline or betaine intake and the RR per
5 umol/L increase for circulating choline or betaine levels by
regressing the log RRs using generalized least squares [26]. Authors
were contacted, or our previous studies were reviewed, to obtain
information regarding the number of cases or person-years ac-
cording to categories, or the median of each category, which are
required for a dose-response analysis [19,23—25,27—31]. We used
the median of each category in the dose-response analysis. We
assumed that the level had the same amplitude as the neighboring
categories if the bottom or top category was open-ended. We
examined the publication bias using a funnel plot and Egger's test
[32]. p < 0.10 was considered indicative of departure from no
publication bias. Statistical analyses were performed with the
STATA 15 statistical software (Stata corp. College Station, TX, USA).
Two-sided p-values of <0.05 were considered statistically
significant.

3. Results
3.1. Publication identification

A total of 1,526 papers were extracted from PubMed and Web of
Science, of which 1,495 were excluded for the following reasons:
1,343 did not examine the association between choline and/or
betaine and cancer; 131 were reviews; two were books; eight were
case reports; and eleven were editorial commentaries. Of the 31
articles that were retrieved, four case-control studies included the
same population [33—36]. We included one [33] out of four for both
cancer incidence and survival analyses for the following reasons:
the study included [33] was published after the publications of two
studies [34,35]; and used conventional logistic models whereas the
other study reported betaine and specific types of choline in
pathway based-hierarchical regression models [36]. There were
three studies [14,37,38] which included partly overlapped pop-
ulations from the first and second stage case-control studies. Out of
these three studies, we included the estimates from the first stage
case-control study in the prior published study [14] and the second
stage case-control study in the more recent study [37]. When we
conducted the dose-response and meta-regression analysis by
folate levels, we included the first and second stage case-control
studies in the previous study [14], where the estimates by folate
levels were available. The other study [38] was excluded because
the serum choline and betaine levels were measured after ascer-
taining the cases, that is, the study did not demonstrated cancer
prevention. In summary, a total of 4 studies were excluded out of 31
articles. One additional study was identified from the references of
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the retrieved papers. As a result, nine case-control studies
[14—-16,22,27,33,37,39,40], one cross-sectional study [41], and 16
cohort studies [17—21,23—25,28—31,42—45] were included for
cancer incidence. Four prospective studies [30,33,46,47] were
included for the analysis of cancer survival in the present meta-
analysis. As a result, a total of 28 observational studies were
included. A flowchart of the study inclusion process is shown in
Fig. 1.

3.2. Study characteristics and quality assessment

Supplementary Tables S1 and S2 show the characteristics of the
case-control, cross-sectional, and cohort studies that investigated
cancer incidence. A total of 11,444 cases and 18,645 controls were
included from nine case-control studies and one cross-sectional
study (Supplementary Table S1), and 18,349 cancer incidences
from 16 cohort studies (Supplementary Table S2). For cancer inci-
dence (case-control, cross-sectional, and cohort studies), five
studies were conducted in Europe, two in Australia, 11 in the US,
and six in China and one in Singapore; 26 studies had examined
colorectal adenoma (n = 2), or cancers of the breasts (n = 5), col-
orectum (n = 6), ovaries (n = 2), prostate (n = 3), esophagus (n=1),
lungs (n = 1), pancreas (n = 1), nasopharynx (n = 1), endometrium
(n = 1), liver (n = 2), or renal cells (n = 1). Among the studies
included for cancer incidence, the majority assessed choline and
betaine intake using a food frequency questionnaire (FFQ), and one
cross-sectional study [41], and seven nested case-control studies
[18,19,21,31,42,44,45], assessed circulating levels of choline and/or
betaine. The ranges of choline and betaine levels varied across
studies. High intake of choline and low intake of betaine were
observed in Western populations, as compared with Asian
populations.

For cancer survival, four survival studies were included that
reported 1,499 deaths among 7,170 cancer patients (Supplementary
Table S3). One study was conducted in Mexico, one in Australia, and
two in the US. Overall mortality was reported in survival studies
investigating breast (n = 1) and ovarian (n = 1) cancer, and disease-
specific mortality was reported in three studies of breast (n = 1),
stomach (n = 1), and prostate (n = 1) cancer. All survivorship
studies assessed FFQ-based choline and betaine intakes.

Among 20 studies that assessed dietary intake of choline and
betaine, nine included both dietary and supplementary intake of
choline and betaine [15,20,24,25,27,29,30,33,46], and eleven
assessed dietary intake from food only [14,16,17,22,23,
28,37,39,40,43,47|.When we examined the quality of study, the
quality of each cohort study including nested case-control study
was overall good. All the studies adjusted for major confounding
factors and reported the follow-up rate in their publications or used
linkage to national data. For case-control and cross-sectional
studies, all the studies described case ascertainment and control
selection and adjusted for potential confounding factors, but there
could be the possibility of selection or recall bias.

3.3. Associations of choline and betaine levels with cancer
prevalence/incidence/survival

In a meta-analysis of case-control and prospective cohort
studies, combined RRs (95% Cls) comparing the top with the bottom
categories were 0.90 (0.76—1.04) for choline levels (Fig. 2), and 0.87
(0.81—-0.94) for betaine levels (Fig. 3). When we examined the as-
sociations among case-control studies only, combined RRs (95% Cls)
comparing the top with the bottom categories were 0.73
(0.55—0.91) for choline levels and 0.80 (0.70—0.91) for betaine
levels. However, the associations became weaker when only
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Fig. 1. Flow chart of publication selection for the meta-analysis of the association between choline and betaine levels and cancer.
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Relative

Author Year Sex Outcome Risk (95% Cl)
Case-control/Cross-sectional study :
Xu X 2009 W  Breast cancer —_—— 0.85(0.61, 1.18)
Zhang CX 2013 W  Breast cancer - | 0.35 (0.22, 0.54)
Du YF 2016 W  Breast cancer - : 0.50 (0.35, 0.70)
Lu MS 2015 C Colorectal cancer —_—— 0.54 (0.37, 0.80)
de Vogel S 2011 C Low risk Distal colorectal adenoma :--0— 1.11 (0.92, 1.33)
de Vogel S 2011 C High risk Distal colorectal adenoma — 0.80 (0.59, 1.09)
Ibiebele TL 2011 C Esophageal adenocarcinoma :——0— 1.25(0.91, 1.72)
Ibiebele TL 2011 C Esophageal squamous cell carcinoma T 1.39 (0.88, 2.30)
Zhou RF 2017 C Liver cancer - 1 0.34 (0.24, 0.49)
Ying J 2013 C Lung cancer —50-- 0.92 (0.78, 1.07)
Zeng FF 2013 C Nasopharyngeal carcinoma —— 1 0.42 (0.29, 0.61)
Webb PM 2011 W  Ovarian cancer —0:-— 0.89 (0.71, 1.10)
Subtotal (I-squared = 89.3%, p = 0.000) ] 0.73 (0.55, 0.91)

1
Cohort/Nested case-control study :
Cho E 2007 W  Breast cancer —— 0.88 (0.72, 1.07)
Cho E 2010 W  Breast cancer | - 1.10 (0.99, 1.22)
Lee JE 2010 M  Colorectal cancer - 0.97 (0.79, 1.20)
Nitter M 2014 C Colorectal cancer —0—;— 0.77 (0.60, 0.99)
Bae S 2014 W  Colorectal cancer ‘I——O— 1.22 (0.88, 1.70)
Myte R 2016 C Colorectal cancer —r 0.90 (0.69, 1.20)
Guertin KA 2017 M Colorectal cancer : 3.38 (2.37, 4.80)
Cho E 2007 W  Distal colorectal adenoma 1 — 1.45(1.27, 1.67)
Kotsopoulos J 2010 W  Epithelial ovarian cancer —_ 0.98 (0.73, 1.31)
Liu JJ 2013 W  Endometrial cancer —:0— 1.02 (0.81, 1.29)
Butler LM 2013 M Hepatocellular carcinoma —_— 0.35 (0.16, 0.78)
Huang JY 2016 C Pancreatic cancer —0—: 0.67 (0.48, 0.93)
Richman EL 2012 M Lethal prostate cancer 1 —_—— 1.70 (1.18, 2.45)
Johansson M 2009 M  Prostate cancer : —_— 1.48 (1.07, 2.04)
Cho E 2013 C Renal cell cancer —_— 0.87 (0.63, 1.21)
Subtotal (I-squared = 82.6%, p = 0.000) |<> 1.02 (0.87, 1.18)

1
Overall (I-squared = 90.1%, p = 0.000) <'|> 0.90 (0.76, 1.04)

!

I I I I I
.05 5 1 1.5 3 5

Fig. 2. Forest plot for top versus bottom categories of choline levels in relation to cancer incidence by study design. M, W, and C represent men, women, and combined sex,
respectively. The black circles indicate the study specific relative risk (RR)s and the horizontal lines indicate the 95% Cls. The gray squares represent the study specific weights, which
are inverse of the variance. The dash line indicates the overall combined RR and the diamonds indicate the combined RRs and the 95% Cls for the combined RRs. p for difference

between case-control/cross-sectional study and cohort/nested case-control study was 0.01.

prospective cohort studies were included: combined RRs (95% Cls)
were 1.02 (0.87—1.18) for choline levels and 0.93 (0.87—0.99) for
betaine levels. A high degree of heterogeneity was observed in a
meta-analysis of case-control or cohort studies for the association
between choline levels and cancer risk. Similarly, a meta-analysis of
case-control studies showed significant heterogeneity for betaine.
Because we observed that the estimates from Asian population
studies tended to be lower than those from Australia, Europe, and
the US population studies, we conducted the sensitivity analysis.
When Chinese studies were excluded, the heterogeneity among
case-control studies was reduced, as compared with the analysis
where all studies were included (I> for heterogeneity after
exclusion = 27.8 for choline and I? = 53.3 for betaine).

We conducted a dose-response analysis of choline or betaine
intake and risk of cancer by including 16 studies for choline
[14—-17,20,22—-25,27—-30,33,39,43] or betaine [14—17,20,22—25,27,
29,30,33,39,43| and circulating levels of choline or betaine by
including 5 studies [18,19,42,44,45] for choline and 6 studies

[18,19,21,42,44,45] for betaine. The combined RRs (95% Cls) for a
50 mg/d increment in choline intake were 0.94 (0.90—0.97) in a
meta-analysis of case-control studies, and 1.00 (0.99—1.02) in a
meta-analysis of cohort studies. For a 50 mg/d increment in betaine
intake, the combined RRs (95% Cls) were 0.96 (0.94—0.99) in a
meta-analysis of case-control studies, and 0.99 (0.98—1.01) in a
meta-analysis of cohort studies. The combined RR (95% CI) for a
5 pmol/L increment in circulating choline levels was 1.04
(0.88—1.24), and the combined RR (95% CI) for a 5 umol/L increment
in circulating betaine levels was 0.99 (0.98—1.01) in a meta-
analysis.

When we examined the associations between choline or betaine
and cancer according to cancer location, choline levels were posi-
tively associated with the risk of prostate cancer, but inversely
associated with the risk of liver cancer (Fig. 4). Betaine levels were
inversely associated with colorectal adenoma and colorectal cancer
(Fig. 5). When the analysis was limited to cohort studies, the
combined RR (95% CI) for prostate cancer comparing the top with
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Author Year Sex Outcome

Case-control/Cross-sectional study

Relative
Risk (95% Cl)

Xu X 2009 W  Breast cancer —i—k— 0.96 (0.73, 1.25)
Zhang CX 2013 W  Breast cancer —_— | 0.60 (0.39, 0.92)
Du YF 2016 W  Breast cancer —=—+— 1.00 (0.72, 1.39)
Lu MS 2015 C Colorectal cancer ————t 0.92 (0.65, 1.29)
de Vogel S 2011 C Low risk Distal colorectal adenoma —_—— 0.86 (0.72, 1.03)
de Vogel S 2011 C High risk Distal colorectal adenoma ———t 0.74 (0.54, 1.02)
Ibiebele TL 2011 C Esophageal adenocarcinoma —+:—— 0.79 (0.58, 1.07)
Ibiebele TL 2011 C Esophageal squamous cell carcinoma T na 1.30 (0.83, 1.99)
Zhou RF 2017 C Liver cancer ——— 0.67 (0.48, 0.93)
Ying J 2013 C Lung cancer —— : 0.71 (0.61, 0.84)
Zeng FF 2013 C Nasopharyngeal carcinoma —e 1 0.50 (0.35, 0.72)
Webb PM 2011 W Ovarian cancer :—+— 1.09 (0.88, 1.36)
Subtotal (I-squared = 60.3%, p = 0.004) L 0.80 (0.70, 0.91)

1
Cohort/Nested case-control study :
Cho E 2007 W  Breast cancer —{—+— 0.99 (0.79, 1.22)
Cho E 2010 W  Breast cancer |—— 0.98 (0.89, 1.09)
Lee JE 2010 M Colorectal cancer —'—0—— 0.94 (0.77, 1.16)
Nitter M 2014 C Colorectal cancer ——t— 0.85 (0.66, 1.09)
Bae S 2014 W  Colorectal cancer —+—:— 0.68 (0.47, 0.99)
Myte R 2016 C Colorectal cancer ——r 0.76 (0.59, 0.99)
Guertin KA 2017 M Colorectal cancer . —— 1.12 (0.81, 1.55)
Cho E 2007 W  Distal colorectal adenoma —_—— 0.90 (0.78, 1.04)
Kotsopoulos J 2010 W  Epithelial ovarian cancer D 0.98 (0.74, 1.31)
Butler LM 2013 M Hepatocellular carcinoma : g 1.37 (0.78, 2.41)
Huang JY 2016 C Pancreatic cancer ——— 0.80 (0.56, 1.14)
Richman EL 2012 M Lethal prostate cancer ++— 1.02 (0.78, 1.33)
Johansson M 2009 M Prostate cancer 1 } - 1.36 (0.98, 1.88)
de Vogel S 2014 M Prostate cancer ++— 0.98 (0.83, 1.16)
Cho E 2013 C Renal cell cancer L 1.01 (0.62, 1.65)
Subtotal (I-squared = 10.8%, p = 0.333) K> 0.93 (0.87, 0.99)

1
Overall (I-squared = 56.1%, p = 0.000) o 0.87 (0.81, 0.94)

:

I I I I I I
.05 5 1 1.5 2 25

Fig. 3. Forest plot for top versus bottom categories of betaine levels in relation to cancer incidence by study design. M, W, and C represent men, women, and combined sex,
respectively. The black circles indicate the study specific relative risk (RR)s and the horizontal lines indicate the 95% Cls. The gray squares represent the study specific weights, which
are inverse of the variance. The dash line indicates the overall combined RR and the diamonds indicate the combined RRs and the 95% Cls for the combined RRs. p for difference

between case-control/cross-sectional study and cohort/nested case-control study was 0.02.

the bottom category of choline levels was 1.56 (1.18—1.95) and the
combined RR (95% CI) for colorectal cancer comparing the top with
the bottom category of betaine levels was 0.85 (0.73—0.97).

For cancer survival, there were no associations between betaine
or choline levels and overall or disease-specific deaths (Table 1).

3.4. Subgroup analysis

Subgroup analyses were performed to determine whether the
associations between choline or betaine levels and cancer inci-
dence differed according to study design (Figs. 2 and 3), folate
levels, type of exposure assessment, sex, or geographic region
(Table 2). There was no significant difference due to type of expo-
sure assessment, or sex. According to folate levels, although the
difference was not statistically significant, the associations were
stronger when folate levels were low. According to study design,
the combined estimate of case-control showed a stronger associa-
tion than that of cohort studies (p for difference = 0.01 for choline;

p for difference = 0.02 for betaine). When the analysis was limited
to Chinese and Singapore studies, the combined RRs (95% ClIs)
comparing the top with the bottom categories were 0.44
(0.35—0.52) for choline levels and 0.74 (0.58—0.90) for betaine
levels (p for difference between studies from Australia, Europe and
the US and Chinese and Singapore studies < 0.001 for choline; p for
difference = 0.05 for betaine). Since five of the Chinese studies were
case-control studies and one Chinese and one Singapore studies
were cohort studies, we examined whether this difference came
from difference by study design by comparing the combined esti-
mates of Western and Asian studies in cohort studies only; for
choline, the combined RRs (95% CIs) were 1.09 (0.95—1.24) in a
meta-analysis of studies from Australia, Europe and the US, and
0.53 (0.22—0.84) in a meta-analysis of Chinese and Singapore
studies (p for difference = 0.01). For betaine, the combined RRs
(95% Cls) were 0.94 (0.87—1.00) in a meta-analysis of studies from
Australia, Europe and the US, and 0.95 (0.46—1.45) in a meta-
analysis of Chinese and Singapore studies (p for
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Relative
Author Year Sex Outcome Risk (95% Cl)
Breast cancer |
Xu X 2009 W  Breast cancer —— 0.85(0.61, 1.18)
Zhang CX 2013 W  Breast cancer - 1 0.35(0.22, 0.54)
Du YF 2016 W  Breast cancer —— 0.50 (0.35, 0.70)
Cho E 2007 W  Breast cancer —- 0.88 (0.72, 1.07)
Cho E 2010 W  Breast cancer 1.10 (0.99, 1.22)
Subtotal (I-squared = 94.2%, p = 0.000) ¢ 0.74 (0.42, 1.05)
Colorectal cancer !
Lu MS 2015 C Colorectal cancer —— | 0.54 (0.37, 0.80)
Lee JE 2010 M  Colorectal cancer —— 0.97 (0.79, 1.20)
Nitter M 2014 C Colorectal cancer ——] 0.77 (0.60, 0.99)
Bae S 2014 W  Colorectal cancer —— 1.22 (0.88, 1.70)
Myte R 2016 C Colorectal cancer —— 0.90 (0.69, 1.20)
Guertin KA 2017 M Colorectal cancer * 3.38 (2.37, 4.80)
Subtotal (I-squared = 83.2%, p = 0.000) <> 0.97 (0.69, 1.25)
Colorectal adenoma !
de Vogel S 2011 C Low risk Distal colorectal adenoma . 1.11 (0.92, 1.33)
de Vogel S 2011 C High risk Distal colorectal adenoma —— 0.80 (0.59, 1.09)
Cho E 2007 W Distal colorectal adenoma 1 — 1.45(1.27, 1.67)
Subtotal (I-squared = 87.7%, p = 0.000) - 1.13 (0.77, 1.48)
1
Esophagus carcinoma 1
Ibiebele TL 2011 C Esophageal adenocarcinoma I-—O— 1.25(0.91, 1.72)
Ibiebele TL 2011 C Esophageal squamous cell carcinoma I——O— 1.39 (0.88, 2.30)
Subtotal (I-squared = 0.0%, p = 0.737) |'<> 1.28 (0.93, 1.64)
Liver cancer !
Zhou RF 2017 C Liver cancer - 1 0.34 (0.24, 0.49)
Butler LM 2013 M Hepatocellular carcinoma —— | 0.35(0.16, 0.78)
Subtotal (I-squared = 0.0%, p = 0.953) < I 0.34 (0.23, 0.46)
1
Lung cancer .
Ying J 2013 C Lung cancer - 0.92 (0.78, 1.07)
Subtotal (I-squared =.%, p =.) ¢ 0.92 (0.77, 1.07)
Nasopharyngeal carcinoma !
Zeng FF 2013 C Nasopharyngeal carcinoma —— | 0.42 (0.29, 0.61)
Subtotal (I-squared =.%, p =.) L 1 0.42 (0.26, 0.58)
1
Ovarian cancer 1
Webb PM 2011 W  Ovarian cancer —- 0.89 (0.71, 1.10)
Kotsopoulos J 2010 W  Epithelial ovarian cancer —— 0.98 (0.73, 1.31)
Subtotal (I-squared = 0.0%, p = 0.614) ? 0.92 (0.76, 1.08)
Endometrial cancer !
Liu JJ 2013 W  Endometrial cancer L o 1.02 (0.81, 1.29)
Subtotal (I-squared =.%, p =.) <] 1.02 (0.78, 1.26)
1
Pancreatic cancer 1
Huang JY 2016 C Pancreatic cancer —— 0.67 (0.48, 0.93)
Subtotal (I-squared =.%, p =.) = 0.67 (0.45, 0.90)
Prostate cancer !
Richman EL 2012 M  Lethal prostate cancer ! —_—— 1.70 (1.18, 2.45)
Johansson M 2009 M Prostate cancer || —— 1.48 (1.07, 2.04)
Subtotal (I-squared = 0.0%, p = 0.589) ] — 1.56 (1.18, 1.95)
1
Renal cell cancer 1
Cho E 2013 C Renal cell cancer — 0.87 (0.63, 1.21)
Subtotal (I-squared =.%, p =.) 0.87 (0.58, 1.16)
Overall (I-squared = 90.1%, p = 0.000) 0.90 (0.76, 1.04)
]
| | | | | |
05 5 1 1.5 3 4.85

Fig. 4. Forest plot for top versus bottom categories of choline levels in relation to cancer incidence by cancer sites. M, W, and C represent men, women, and combined sex,
respectively. The black circles indicate the study specific relative risk (RR)s and the horizontal lines indicate the 95% Cls. The gray squares represent the study specific weights, which
are inverse of the variance. The dash line indicates the overall combined RR and the diamonds indicate the combined RRs and the 95% Cls for the combined RRs.

difference = 0.88). Folate levels, type of exposure assessment, sex
did not modify the associations for either choline or betaine levels
in a meta-analysis of cohort studies.

3.5. Publication bias
When we examined publication bias, there was a suggestion of

publication bias for choline for case-control studies, but not for
cohort studies; p values by Egger's test were 0.05 for choline and

0.59 for betaine in a meta-analysis of case-control studies; p values
for publication bias were 0.63 for choline and 0.89 for betaine in a
meta-analysis of cohort studies.

4. Discussion
Our meta-analysis indicated that there is insufficient evidence

for a preventive role of choline against cancer development, but
betaine reduced the cancer risk. In a meta-analysis of case-control
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Author Year Sex Outcome

Breast cancer

Xu X 2009 W  Breast cancer
Zhang CX 2013 W  Breast cancer
Du YF 2016 W  Breast cancer
Cho E 2007 W  Breast cancer
Cho E 2010 W  Breast cancer

Subtotal (I-squared =44.9%, p = 0.123)

Colorectal cancer

Lu MS 2015 C Colorectal cancer
Lee JE 2010 M Colorectal cancer
Nitter M 2014 C Colorectal cancer
Bae S 2014 W  Colorectal cancer
Myte R 2016 C Colorectal cancer

Guertin KA 2017 M Colorectal cancer
Subtotal (I-squared = 8.5%, p = 0.362)

Colorectal adenoma

de Vogel S 2011 C Low risk Distal colorectal adenoma
de Vogel S 2011 C High risk Distal colorectal adenoma
Cho E 2007 W  Distal colorectal adenoma

Subtotal (I-squared = 0.0%, p = 0.516)

Esophagus carcinoma

Ibiebele TL 2011 C Esophageal adenocarcinoma

Ibiebele TL 2011 C Esophageal squamous cell carcinoma
Subtotal (I-squared = 60.3%, p = 0.112)

Liver cancer

Zhou RF 2017 C Liver cancer

Butler LM 2013 M Hepatocellular carcinoma
Subtotal (I-squared = 62.0%, p = 0.105)

Lung cancer
Ying J 2013 C Lung cancer
Subtotal (I-squared =.%, p=.)

Nasopharyngeal carcinoma
Zeng FF 2013 C Nasopharyngeal carcinoma
Subtotal (l-squared =.%,p=".)

Ovarian cancer

Webb PM 2011 W  Ovarian cancer
Kotsopoulos J 2010 W  Epithelial ovarian cancer
Subtotal (I-squared = 0.0%, p = 0.563)

Pancreatic cancer
Huang JY 2016 C Pancreatic cancer
Subtotal (I-squared =.%, p=".)

Prostate cancer

Richman EL 2012 M Lethal prostate cancer
Johansson M 2009 M Prostate cancer

de Vogel S 2014 M Prostate cancer
Subtotal (l-squared = 17.2%, p = 0.299)

Renal cell cancer
Cho E 2013 C Renal cell cancer
Subtotal (l-squared =.%,p=".)

Overall (I-squared = 56.1%, p = 0.000)

Relative
Risk (95% Cl)

—_—— 0.96 (0.73, 1.25)
—_—L 0.60 (0.39, 0.92)
B — 1.00 (0.72, 1.39)
e 0.99 (0.79, 1.22)
| e 0.98 (0.89, 1.09)
<P 0.92 (0.79, 1.05)

|

|
—— 0.92 (0.65, 1.29)
— 0.94 (0.77, 1.16)
—_—— 0.85 (0.66, 1.09)
—_—— 0.68 (0.47, 0.99)

0.76 (0.59, 0.99)
1.12 (0.81, 1.55)
0.85 (0.75, 0.96)

0.86 (0.72, 1.03)
0.74 (0.54, 1.02)
0.90 (0.78, 1.04)
0.86 (0.77, 0.95)

0.79 (0.58, 1.07)
1.30 (0.83, 1.99)

—-—
<:>— 0.97 (0.49, 1.45)
|
: o
:v>

0.67 (0.48, 0.93)
1.37 (0.78, 2.41)

— 1 0.91(0.26, 1.55)
1
|
—_, 0.71 (0.61, 0.84)
= | 0.71 (0.60, 0.82)
|
—_—— | 0.50 (0.35, 0.72)
-_ ! 0.50 (0.31, 0.69)
|
|
i S — 1.09 (0.88, 1.36)
——— 0.98 (0.74, 1.31)
_l— 1.04 (0.86, 1.23)
|
—_— 0.80 (0.56, 1.14)
<:? 0.80 (0.51, 1.09)
|
D —— 1.02 (0.78, 1.33)
| ¢ 1.36 (0.98, 1.88)
P 0.98 (0.83, 1.16)

’? 1.04 (0.88, 1.20)
|
|

.01 (0.62, 1.65)
.01(0.49, 1.52)

< 0.87 (0.81, 0.94)

A
|

Fig. 5. Forest plot for top versus bottom categories of betaine levels in relation to cancer incidence by cancer sites. M, W, and C represent men, women, and combined sex,
respectively. The black circles indicate the study specific relative risk (RR)s and the horizontal lines indicate the 95% Cls. The gray squares represent the study specific weights, which
are inverse of the variance. The dash line indicates the overall combined RR and the diamonds indicate the combined RRs and the 95% CIs for the combined RRs.

Table 1
Combined RRs and 95% Cls comparing the top with the bottom categories for the studies, inverse correlations were observed for choline and betaine
association between choline or betaine intake and cancer survival. in relation to cancer risk; however, a signiﬁcant inverse association
Number of Combined Pheterogencity was observed for betaine, but not for choline in relation to cancer
studies RR (95% CI) risk in cohort studies. When we examined the association in rela-
Choline tion to specific cancer sites, the inverse association of betaine was
All-cause deaths 2[33,46] 0.96 (0.78-1.14)  0.66 more pronounced for colorectal neoplasia. The heterogeneity
Disease-specific deaths 3 [30,3347] ~ 098(0.52-143) 021 across choline studies was more apparent than a meta-analysis of
Be/t\?l'f‘czuse deaths 2 [3346] 086(042-130) 001 betaine studies, particularly in a meta-analysis of cancer-specific

Disease-specific deaths 31[30,33,47] 0.81 (0.55—1.08) 0.29

results. No significant associations were identified between

Abbreviations: RRs, relative risks; 95% Cls, 95% confidence intervals.

choline or betaine levels and mortality in survival studies.
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Table 2
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Combined RRs (95% Cls) comparing the top with the bottom categories of choline and betaine levels for cancer incidence according to study design, folate levels, exposure

assessment method, sex, and geographic region of study.

Choline Betaine
No. of studies RR (95% CI) Pdifference ~ NO. of studies RR (95% CI) Pdifference
Folate levels
Low 11 [14-20,22—-25] 0.70 (0.51—-0.90) 11 [14,15,17-25] 0.81 (0.68—0.93)
High 11 [14—-20,22-25] 0.82 (0.59-1.05) 0.68 11 [14,15,17-25] 0.90 (0.82—0.99) 0.50
Exposure assessment
FFQ 18 [14—-17,20,22—-25, 0.86 (0.70—1.02) 17 [14—-17,20,22—25,27,29,30, 0.87 (0.78—0.95)
27-30,33,37,39,40,43] 33,37,39,40,43]
Blood 7 [18,19,31,41,42,44,45] 1.02 (0.75-1.28) 0.17 8[18,19,21,31,41,42,44,45] 0.88 (0.77-0.99) 0.72
Sex
Men 8[15,23,24,30,31,42,43,45] 1.03 (0.68—1.37) 9[15,21,23,24,30,31,42,43,45] 1.00 (0.89—-1.10)
Women 13 [14,15,17,19,24,25, 0.88 (0.69—-1.07) 0.17 12 [14,15,17,19,24,25,27,29,33,37,43]  0.92 (0.84—0.99) 0.25
27-29,33,37,43]
Geographic region
Australia, Europe and the US 18 [17-20,23-25,27-31, 1.04 (0.94-1.15) 18 [17-21,23-25,27,29-31, 0.91 (0.84—-0.97)
33,39—41,44,45] 33,39-41,44,45]
China and Singapore 7 [14-16,22,37,42,43] 0.44 (0.35-0.52)  <0.001 7 [14—16,22,37,42,43] 0.74 (0.58—0.90)  0.05

RR, relative risk; 95% CI, 95% confidence interval; FFQ, food frequency questionnaire.

When the analysis was limited to Asian studies only
[14—16,22,37,42,43], both choline and betaine levels were inversely
associated with cancer development. Therefore, it is possible that
the role of choline and betaine intake in cancer development is
dependent on other nutritional conditions of populations, although
this requires further analysis. In addition, as five of the Asian
studies out of seven were case-control studies, further prospective
studies, where selection or recall bias is less likely compared with
case-control studies, are warranted.

Choline/betaine is a precursor of universal methyl group donor,
SAM, and therefore may affect changes in DNA methylation [48].
Disturbance in DNA methylation is attributed to cancer develop-
ment [49]. The reason why betaine, but not choline, showed the
reduction in cancer risk in our study was not clear. Because of
various functions of choline including methyl group donor, cell
membrane signal transduction as well as cell membrane compo-
nent, neurotransmitter, and hepatic secretor of very low-density
lipoprotein (VLDL) [1], choline may not be specific enough to
serve as a cancer preventive component. Although it is possible that
betaine could prevent cancer development, we still cannot rule out
the possibility of confounding factors related to plant-based food
intake, because the major food sources of betaine are vegetables
and whole grains including wheat bran, wheat germ, spinach,
pretzel and wheat bread [5].

Folate and choline are competitively involved in donating
methyl groups to homocysteine for DNA methylation via SAM [50].
An animal study of folate and choline demonstrated that the he-
patic concentration of choline, and the de novo synthesis of choline,
were reduced under folate deficient conditions [51]. Furthermore, a
randomized clinical trial suggested that choline acted as a methyl
donor upon depletion of folate [50]. The Framingham Offspring
Study reported that, when folate intake was low (<250 pg/d),
choline and betaine intake was inversely associated with the
plasma concentration of total homocysteine, although there was no
association when folate intake was high (>400 pg/d) [52]. Due to
the potential interaction between choline or betaine and folate
levels, the present study explored whether the association with
cancer risk varied according to folate levels. Since a few previous
studies were published by authors of this study, we were able to
extract and re-analyze the original datasets and stratify according
to folate levels [17,20,23—25]. However, we did not find significant
difference, although we found that levels of choline and betaine
were more inversely related to cancer when folate levels were low.

Previous meta-analysis included 11 studies published and
concluded a lower cancer incidence with choline and betaine

intake based on combined estimate of case-control and cohort
studies [53]. In that meta-analysis of both case-control and cohort
studies, the combined estimates were 0.82 (95% CI, 0.70 to 0.97) for
choline and 0.86 (95% CI, 0.76 to 0.97) for betaine comparing the
highest versus the lowest intake. We added six more studies
including three studies [27,28,30] that were not included in a
previous meta-analysis and three studied recently published
[22,37,43]. We did not observe the inverse association for choline
intakes in cohort studies. Although we observed an inverse asso-
ciation in a meta-analysis of case-control studies, potential bias,
including recall or selection bias in case-control studies, might have
precluded the conclusion that choline intake is beneficial for cancer
prevention. Notably, a more apparent inverse association with
choline and betaine levels was observed in a meta-analysis of Asian
studies only, as compared with Western studies only; however,
since five of the seven Asian studies were case-control studies, the
evidence was insufficient to draw a definitive conclusion. As this
meta-analysis included studies that were predominantly derived
from Europe and the US, further studies on other populations are
required. Our meta-analysis demonstrated that studies investi-
gating the associations between choline or betaine levels and
cancer risk and survival were heterogeneous, which suggested that
other factors, such as other nutritional conditions and socioeco-
nomic status, might have influenced the observed associations.
Furthermore, the inclusion of different cancer types may have
produced the heterogeneity.

5. Conclusions

In conclusion, the present meta-analysis suggested no associa-
tion for choline, but inverse association for betaine levels with
cancer incidence. For cancer survivorship, we did not find any as-
sociations, but it warrants further studies. We cannot rule out the
possibility that the benefit of choline or betaine could differ ac-
cording to other factors, including socioeconomic status or the
intake of other nutrients. To better elucidate the role of choline and
betaine in the development and progression of cancer, further
prospective studies of diverse populations are needed.
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