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A number of human and animal in vitro or in vivo studies have investigated the relationship between
dietary choline and betaine and cancer risk, suggesting that choline and betaine consumption may be
protective for cancer. There are also a few epidemiologic studies exploring this relationship, however,
with inconsistent conclusions. The PubMed and Embase were searched, from their inception to March
2016, to identify relevant studies and we brought 11 articles into this meta-analysis eventually. The

. pooled relative risks (RRs) of cancer for the highest versus the lowest range were 0.82 (95% Cl, 0.70

© 10 0.97) for choline consumption only, 0.86 (95%Cl, 0.76 to 0.97) for betaine consumption only and

- 0.60(95%Cl, 0.40 to 0.90) for choline plus betaine consumption, respectively. Significant protective
effect of dietary choline and betaine for cancer was observed when stratified by study design, location,
cancer type, publication year, sex and quality score of study. An increment of 100 mg/day of choline
plus betaine intake helped reduce cancerincidence by 11% (0.89, 95% Cl, 0.87 to 0.92) through a dose-
response analysis. To conclude, choline and betaine consumption lowers cancer incidence in this meta-
analysis, but further studies are warranted to verify the results.

Cancer is a major cause of death on a global scale. According to the GLOBOCAN estimates, new cancer cases and
deaths are approximately 14.1 million and 8.2 million in 2012 worldwide'. To slow and even reverse the global
trend of increasing in cancer ultimately, preventive measures could provide the merely possible approach®

In the process of cancer prevention, dietary factors have long been regarded as a quite crucial role, among
which choline and betaine (choline’s metabolites in the liver and kidney) are likely to be essential and protective
nutrients. Choline can be obtained from diet or produced by denovo synthesis in tissues whereas betaine can only
be got from diet. Choline has a wide variety of functions, such as maintaining the structural integrity of cells,
affecting signaling and transport across membranes and serving as a basic component of the neurotransmitter
acetylcholine. Moreover, both choline and betaine participate in one-carbon metabolism, as major methyl-group
donors®. Evidence from some humans and animals studies has demonstrated that choline insufficiency alters the
structure of DNA and histones, resulting in DNA strand breaks*>.

So far, there have been a number of epidemiologic studies exploring whether dietary consumption of choline
and betaine is associated with the risk of cancer but the results are conflicting. Also, to our knowledge, no article
has been found to attempt to make a summary of the results. Hence, it will be of interest to evaluate whether the
consumption of choline and betaine is one of the dietary factors that are related with cancer incidence, on the
basis of present epidemiologic evidence. To pool the results of relevant reports on the association and evaluate
the dose-response relationship between choline and betaine consumption and the risk of cancer as well, we con-
ducted this quantitative meta-analysis.
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Figure 1. The process diagram of article search and selection in the meta-analysis.

Results

Literature search. Figure 1 tells the detailed procedures of how we searched and selected relevant articles.
In brief, we retrieved 861 articles from Pubmed and 825 articles from Embase, 1,686 articles in total, of which
271 articles were excluded due to duplication. Nineteen articles were left for further evaluation of the full text
after screening the titles or abstracts of the remaining articles. We further eliminated 8 articles owing to reasons
as listed below: no odds ratio (OR)/relative risk (RR) or 95% confidence interval (CI) reported (n = 3); data on
the same population (n = 3); conference abstract lacking enough details for quality assessment (n=2). Finally,
we included 11 articles®'¢ in accordance with the inclusion criteria without additional articles from the reference
review. Among these articles, one paper by Ibiebele ef al.” reported two outcomes of esophageal cancer on the
basis of its two subtypes: esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC);
the article by Zhang et al.'® reported data from a two-stage case-control; another entry by Cho et al.'® provided
information on males and females separately. Thus, our meta-analysis included 14 comparisons.

Study characteristics and quality assessment. Characteristics extracted from the included 11 articles
were displayed in Table 1. Of these articles published between 2007 and 2015, 6 were case-control studies and 5
were cohort studies. In aggregate, we documented 14,488 cases among 513,390 participants, of which the number
varied from 738 to 159,957. Seven studies were carried out in the USA, three studies in China and only one
study in Australia. The range of the age of all participants was from 18 to 98 years if not considering the article by
Ying et al.® in which there was no age restrictions. Four studies included both males and females, five studies
included only females, one study included only males and one study provided information on males and females
separately. In these studies, the role of choline and betaine was investigated in colorectal cancer, breast cancer,
esophageal cancer, lung cancer, nasopharyngeal carcinoma, epithelial ovarian cancer and renal cell cancer. To esti-
mate dietary choline and betaine intake, all studies used the Food Frequency Questionnaire (FFQ). Categories of
choline and betaine consumption were divided into fourths or fifths. All studies provided adjusted risk estimates.

Supplemental Tables 1 and 2 summarized quality scores of case-control studies and cohort studies, respec-
tively. The quality scores of all studies ranged from 6 to 9. The median score of case-control studies was 6.5 and
that of cohort studies was 9. Three case-control studies and all cohort studies were of high quality.

Choline consumption and cancer risk. All 14 comparisons from 11 articles included reported the rela-
tionship between dietary consumption of choline and cancer risk. Overall, for the highest versus the lowest cho-
line consumption, the pooled RR was 0.82 (95%CI, 0.69 to 0.96; Fig. 2) with significant heterogeneity among the
14 comparisons (P < 0.001, I?’=80.2%). According to the Begg’s funnel plot (Fig. 3) and Egger’s test (P=0.030),
the publication bias existed.

Betaine consumption and cancerrisk. The 11 articles with 14 comparisons also reported the relationship
between dietary consumption of betaine and cancer risk. For the highest versus the lowest betaine consumption,
the pooled RR was 0.86 (95%CI, 0.76 to 0.97; Fig. 4) with significant heterogeneity among the 14 comparisons
(P<0.001, P=65.8%). Additionally, no evidence of publication bias was observed from the Begg’s funnel plot
(Fig. 5) and Egger’s test (P=0.319).

Choline plus betaine consumption and cancer risk.  Only 5 comparisons from 4 articles® 1! presented
results of dietary consumption of choline and betaine combined and cancer risk. For the highest versus the lowest
choline plus betaine consumption, the pooled RR was 0.60 (95%CI, 0.40 to 0.90; Fig. 6) with significant heteroge-
neity among the 5 comparisons (P < 0.001, I?=82.0%). Publication bias was neither investigated graphically (Begg’s
funnel plot) nor by testing (Egger’s test) because the small number of studies limits the usefulness of these methods.

Dose-response analysis. Only 3 comparisons from 2 case-controls”!? were eligible for exploring the
dose-response relationship between dietary consumption of choline plus betaine and cancer risk. The summary
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Table 1. Characteristics of studies on choline and betaine consumption and cancer risk. Abbreviations:
EAC, esophageal adenocarcinoma; ESCC, esophageal squamous cell carcinoma; FFQ, food frequency
questionnaire; HB, hospital-based; HPFS, The Health Professionals Follow-up Study; PB, population-based;
MB, mixed based (including both hospital-based and population-based); NASID, Non-steroidal Anti-
inflammatory Drugs; NHS, The Nurses’ Health Study; NHSII, The Nurses’ Health Study II; NR, no record;
PMH, postmenopausal hormone; USDA, US Department of Agriculture.

RR for an increment of 100 mg/day of choline plus betaine consumption was 0.89 (95% CI, 0.87 to 0.92) without
heterogeneity (P=0.965, ?=0%).
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Figure 2. Forest plot of highest versus lowest categories of choline consumption on cancer risk. RR, relative
risk; CI, confidence interval; EAC, esophageal adenocarcinoma; ESCC, esophageal squamous cell carcinoma;
L, stage one; II stage two; HPFS, The Health Professionals Follow-up Study; NHS, The Nurses’ Health Study.
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Figure 3. Begg’s funnel plot for publication bias test of the relationship between choline consumption and

cancer risk.
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Figure 4. Forest plot of highest versus lowest categories of betaine consumption on cancer risk. RR, relative
risk; CI, confidence interval; EAC, esophageal adenocarcinoma; ESCC, esophageal squamous cell carcinoma;
I, stage one; II stage two; HPFS, The Health Professionals Follow-up Study; NHS, The Nurses’ Health Study.

Stratified analysis. For the purpose of exploring the sources of heterogeneity among the primary results,
we conducted stratified analyses for choline consumption only, betaine consumption only as well as choline
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Figure 5. Begg’s funnel plot for publication bias test of the relationship between betaine consumption and

cancer risk.
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Figure 6. Forest plot of highest versus lowest categories of choline plus betaine consumption on cancer
risk. RR, relative risk; CI, confidence interval; I, stage one; II stage two.

plus betaine consumption, respectively (Table 2). Significant effect of protection for cancer was revealed in
hospital-based case-control studies: 0.52 (95%CI, 0.30 to 0.90) for choline consumption only, 0.60 (95%CI, 0.49
to 0.75) for betaine consumption only and 0.43 (95%CI, 0.33 to 0.55) for choline plus betaine consumption. When
stratifying by the location, the RRs were 0.45 (95% CI, 0.36 to 0.55) for choline consumption only, 0.61 (95% CI,
0.44 to 0.85) for betaine consumption only and 0.52 (95% CI, 0.34 to 0.80) for choline plus betaine consumption,
all producing significant reduction in cancer risk in China. In the subgroup analysis of cancer type, it was found
significantly protective effect for breast cancer only in dietary consumption of choline and betaine combined (RR
0.42, 95%CI, 0.30 to 0.59). The risk for developing cancer was significantly lower in female only (RR 0.78, 95%CI,
0.61 to 0.99) for choline consumption only as well as male and female (RR 0.78, 95%CI, 0.62 to 1.00) for betaine
consumption only. Besides, the protective effect for cancer was also observed in these subgroups (publication year
after 2010; quality score > 7 stars).

Meta-regression analysis. As shown in Supplemental Table 3, the meta-regression indicated that location
(P<0.001) and publication year (P=0.008) but not the study design were significant sources of heterogeneity
in the relationship of choline consumption only and the risk of developing cancer. The estimated between-study
variance (T2) was decreased from 0.069 to 0.004 (location) and 0.054 (publication year). Moreover, the location
alone could explain 94.20% and the publication year could alone explain 21.74% of the T2 Hence, for the relation-
ship of the consumption of choline only and cancer risk, the location was the main source of the heterogeneity.
As the same time, for the relationship of betaine consumption only and cancer risk, meta-regression indicated
that study design (P=0.045), location (P=0.016) and publication year (P=0.006) were all significant sources of
heterogeneity. The T2 was reduced from 0.031 to 0.009 (study design), 0.018 (location) and 0 (publication year).
Besides, the study design alone could explain 70.97%, the location alone could explain 41.94% and the publication
year could alone explain 100% of the T2 Thus, the heterogeneity across the comparisons about the relationship
of betaine consumption only and cancer risk was almost entirely from publication year. On account of only 5
comparisons from 4 articles included in the relationship between consumption of choline and betaine combined
and cancer risk, we did not run the meta-regression.
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Quality score

<7 stars 4 1.03(0.84-1.26) | 561 | 0.132 | 465 4 0'817(106?9‘ 864 | 0034 | 653 0 _ - | = _

>7 stars 10 0.73(0.58-0.91) | 59.27 | <0.001 | 84.8 10 0'83(909';3‘ 2555 | 0.002 | 64.8 5 0'68(906310_ 2223 | <0.001 | 820

Table 2. Stratified analyses of dietary choline and betaine consumption and cancer risk.

Sensitivity analysis. We also analyzed the sensitivity, attempting to explain the heterogeneity, examine
whether varying in the criteria of inclusion had influence over the overall results and confirm the robustness
of our results by omitting 1 comparison at every turn and recalculating the pooled relative risks for the remain-
ing. Inclusion of another 3 articles'’-" that reported the hazard ratio (HR) with the corresponding 95% CI
yielded similar results: a RR of 0.86 (95% CI, 0.74 to 0.99) with substantial evidence of heterogeneity (P < 0.001,
I?=280.0%) for choline consumption only and a RR of 0.87 (95% CI, 0.77 to 0.97) with substantial evidence
of heterogeneity (P=0.001, I>=61.9%) for betaine consumption only. Under the circumstance of omitting any
single comparison, the overall results did not materially alter, with ranges of the pooled RRs from 0.79 (95%CI,
0.67 to 0.94) to 0.87 (95%ClI, 0.75 to 1.00) for choline consumption only (Supplemental Figure 1) and from 0.84
(95%CI, 0.74 t0 0.95) to 0.89 (95%ClI, 0.79 to 1.00) for betaine consumption only (Supplemental Figure 2). For
consumption of choline plus betaine (Supplemental Figure 3), the range was from 0.52 (95%ClI, 0.34 to 0.80)
to 0.65 (95%CI, 0.42 to 1.02) and exclusion of any one of the 3 comparisons from articles by Zeng et al.® and
Zhang et al.'® influenced the overall risk estimates. The pooled RRs for the remainders were 0.65 (95%CI, 0.42
to 1.02), 0.65 (95%ClI, 0.42 to 1.02) and 0.65 (95%CI, 0.42 to 1.01), respectively, with no heterogeneity changing.

Discussion

Findings from our meta-analysis manifested that high choline and betaine consumption contributed to cancer
prevention. Moreover, the dose-response analysis further demonstrated the protective effect from choline and
betaine consumption towards cancer occurrence: an increase in choline plus betaine consumption of 100 mg/day
significantly lowered the chance of developing cancer by 11%.
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Homocysteine depends on a one-carbon unit to produce methionine and then generate S-adenosylmethionine
(SAM), the universal methyl donor, which contributes to methylation actions, such as histone and DNA meth-
ylation?. Just like 5-methyl tetrahydrofolate, choline can offer the one-carbon unit when oxidized to betaine.
Therefore, in case that this pathway of one-carbon metabolism gets disrupted, it will exert an influence over the
process of DNA synthesis and repair, as well as the genetic expression regulation by means of methylation, and
consequently promotes carcinogenesis. Moreover, choline metabolism and folate metabolism are closely con-
nected, interacting at the point of the conversion from homocysteine to methionine® A few studies on animals
and humans have shown that dietary choline and folate are supplementary to each other if either of them gets in
a state of deprivation?!"%. In other words, diets of choline deficiency also result in the deficiency of tissue folate?,
which plays a vital role in DNA synthesis and one-carbon metabolism when converted into the aforementioned
5-methyl tetrahydrofolate. Furthermore, in animals studies, choline deficiency causes cancer via inducing dys-
function in mitochondria and excessive production of reactive oxygen species (ROS)?*?*, which has long been
considered to be one of mechanisms in promoting cancer?*?’. In addition, Ghoshal et al. have reported that in
experimental animals, a 0.8% supplemented dietary consumption of choline aids in the action of cancer preven-
tion in complete®.

The significant protective effect of choline and betaine consumption against cancer was weaker in cohort
studies in the subgroup analysis of study design. The discrepant results could be explained by the retrospective
nature of case-control studies which were more inclined to have greater recall and selection biases and in which,
cancer cases were more likely to change their eating habits and dietary patterns because of information of choline
and betaine consumption was gathered in their post-cancer diagnosis life. Besides, we found results from the
subgroup analysis of the location which studies conducted in suggest that people settling in China were greatly
protected from the risk of developing cancer (a 55% compared with 18% risk reduction in for choline consump-
tion only, a 39% compared with 14% risk reduction for betaine consumption only and a 48% compared with 40%
risk reduction for choline plus betaine consumption) and we could not find the analogous results in studies con-
ducted in non-China. These inconsistent findings may have been attributed to differences in the compositions of
the diets, diverse eating habits, dissimilar susceptibility to cancer of Chinese and non-Chinese as well as, to some
degree, differences stemming from levels of scientific researches in different regions. Additionally, in the separate
analysis of cancer type, dietary choline and betaine separately did not show the protective effect for breast cancer
while consumption of choline plus betaine could reduce the risk of cancer incidence by 58%. Such results may
be due to not enough studies on the relationship between dietary choline and betaine consumption and cancer
risk to be summarized to obtain more reliable results. Different results also appeared when stratified by publica-
tion year and quality score of the study. The former could be explained by differences from qualities of scientific
researches in different eras, and as to the latter, the relationship may have been attenuated by poor methodological
quality of studies.

To our knowledge, meta-analysis is a crucial method for revealing trends that might not be evident in a single
study. One of strengths of this meta-analysis is that the number of total subjects (513,390) was substantial, which
significantly increased the statistical power. Moreover, a significant dose-response relation was observed between
choline plus betaine intake and cancer risk, further strengthening the relationship. We also conducted sensitivity
analyses and the combined estimates were robust except the one for choline plus betaine consumption and cancer
risk. The reason for this phenomenon may be interpreted by the very inconsistent ranges of exposure in the stud-
ies by Zeng et al.®, Zhang et al.'®, Lu et al.'* and Kotsopoulos et al.>.

Several limitations exist in our meta-analysis, though. First, in observational studies, the possibility that resid-
ual confounders may account for the protective effect of choline and betaine could not be ruled out. Nevertheless,
all studies except the one by Xu et al.® included in this meta-analysis have adjusted for a wide spectrum of poten-
tial confounders, like age, gender, total energy intake, folate consumption, smoking, alcohol drinking and so
on. Second, the distribution of the highest and lowest choline and betaine consumption is not uniform among
studies, which may conduce to the heterogeneity in the pooled analysis and conclusions limited. Third, this pres-
ent meta-analysis contains a small number of observational studies and only 2 case-control studies containing
3 comparisons did not fail to meet the applied conditions of the dose-response meta-analysis. Therefore, more
observational studies with standardized choline and betaine consumption collection strategies are needed to
answer the two questions more completely. Fourth, a problem with dietary assessments in case-control studies is
that dietary patterns and habits may have changed after the diagnosis of cancer because of symptoms related to
the cancer. Fifth, many studies only provided the results without showing detailed calculation methods or the raw
data (e.g., the number of case and non-case or person-year at different ranges of consumption) and we contacted
the corresponding authors for the data, but unfortunately, we failed to get any reply. So the investigators of all the
published studies are encouraged to share their raw data. Sixth, substantial heterogeneity was explored among
the comparisons in our meta-analysis, which could be mostly explained by study design, location and publication
year according to the meta-regression analysis. Finally, publication bias appeared when examining the relation-
ship between consumption of choline only and cancer risk and the tendency of small studies with null results not
being published could be the fairly reasonable explanation.

Cancer is a large burden worldwide. The relationship between dietary choline and betaine consumption and
the risk of cancer remains controversial. The results of this meta-analysis indicate that a 100 mg/d increment in
consumption of choline plus betaine decreases cancer occurrence by 11%, which means that the above mentioned
approximately 14.1 million new cancer cases in 2012 worldwide could fall to about 12.5 million. Besides, choline
must be consumed through the diet to play its role of maintaining health of humans, though choline can also be
synthetised by the liver?. Dietary sources of choline are mainly eggs, beef, pork, liver, soybean, and wheat germ”,
while we can obtain betaine mainly from wheat bran, wheat germ, and spinach®'. However, if the reccommended
dietary adequate intake (550 mg/day for men and 425 mg/day for women) for choline®? is took as a standard, there
are only a minority of people meeting it. Some studies have reported that 20-25% of Americans are not up to that
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‘standard’ For exmaple, in the Framingham Heart Study®’, the Atherosclerosis Risk In Communities study**3
and the Nurse’s Health Study?®. the amount of dietary choline consumption is <203 mg/d, < 217 mg/d and
<293 mg/d, respectively. Choline and betaine intake may be increased by well-described dietary changes such as
appropriate increases in consumption of the aforementioned foods.

To conclude, our meta-analysis manifests that choline and betaine consumption possesses the ability to lower
cancer risk. However, these results should be considered with caution on account of the considerable heteroge-
neity, the potential biases and confounding factors. Further studies well designed as large prospective studies and
placebo-controlled intervention trials on choline and betaine supplementation are warranted to ascertain the
results and establish the potential dose-response relationship. For better and comprehensive understanding of the
relationship between dietary consumption of choline and betaine and cancer risk, future studies are expected to
use standardized collection strategy for choline and betaine consumption. Furthermore, it also requires further
studies to elucidate the underlying mechanisms responsible for the relationship.

Methods

Data sources and searches. We retrieved epidemiologic studies examining the relationship between die-
tary choline and betaine intake and cancer risk from two databases (PubMed and EMBASE), from their inception
to March 2016, using the following key words: (dietary OR consumption OR intake OR food) AND (choline OR
betaine) AND (cancer OR tumor OR carcinoma OR neoplasm). The search was limited to no language restric-
tion. In addition, the references of identified publications were scrutinised for further potentially relevant articles.
This present meta-analysis was designed, performed and reported on the basis of the epidemiology guidelines for
meta-analysis of observational studies®.

Study selection criteria. Published articles were included if they were in accordance with the inclusive
criteria: 1) the study design was case-control or cohort; 2) the exposure of interest was dietary consumption of
choline or betaine or choline plus betaine; 3) the outcome was cancer occurrence; 4) reported the relative risk
(RR) or odds ratio (OR) with its 95%ClI for the relationship between the consumption of choline or betaine or
choline plus betaine and cancer risk adjusted at least for age. In case that more than one published paper reported
data based on the same population, we selected the most recent or most informative one. Two of the authors
independently identified and reviewed each relevant article, and discrepancies in study eligibility were discussed
until an agreement of opinions was reached.

Data extraction and quality assessment. The relevant information was extracted by 2 of the authors
independently. The extracted information for each study was as follows: the last name of the first author, year of
publication, type of cancer, design of the study, the location of the study conducted in, age, gender, sample sizes,
the assessment and comparison method for the consumption of choline and betaine, RRs or ORs and the cor-
responding 95% ClIs (the highest versus the lowest consumption of choline only or betaine only or choline plus
betaine) from the most fully adjusted model and adjustment for confounders in a multivariate analysis.

In order to evaluate the quality of the study, a 9-star system based on the Newcastle-Ottawa Scale’® which
contains 3 aspects (the selection of study populations, the comparability of the populations and ascertainment
of exposure or the outcomes of interest for case-control or cohort studies) was adopted to judge on the study.
Additionally, if a study with data analysis using the residual method® could achieve an additional star. In other
words, the maximum score was 10 stars and when a study was assessed with >7 stars, it would be regarded as a
high-quality study.

Statistical analysis. Adopting random effect models, which takes into account both within-study and
between-study variations*, we estimated the pooled RRs with 95% ClIs by summarizing the risk estimates of
each study. Heterogeneity among studies was evaluated using the Cochran’s Q test and I (inconsistency index)
statistic*!. A value of I? greater than 50% indicates severe heterogeneity and the value less than 25% suggesting
no significant heterogeneity*>. Based on the location, study design, cancer type, publication year, sex and quality
score of study, we carried out stratified analyses to explore possible heterogeneity and test the robustness of the
relationship. In the meta-regression model, we examined the variables of study design, location, and publica-
tion year to explore the possible heterogeneity. Furthermore, by omitting one comparison at every turn, we also
undertook sensitivity analyses to assess the effect of a single comparison over the overall risk estimates.

For the dose-response analysis, the method of generalised least square for trend estimation put forward by
Greenland and Longnecker® and Orsini et al.** was adopted to estimate the trend from the correlated log RR
estimates across categories of choline plus betaine intake. It is necessary for the method that the studies provided
data of distribution of cases and non-cases or person-years and the RR or OR with its 95% CI known for at least
3 quantitative exposure categories as well as the median or mean values of choline plus betaine in each category.
When studies merely provided the consumption data by ranges, we considered the average of the lower and upper
bound as estimation of the midpoint of each category. Supposing that the two ends of the categories were both
open ended, we regarded the length of the open interval to be the same as that of the closest interval for the high-
est category and set the lower boundary to zero for the lowest.

We also adopted Begg’s funnel plots and Egger’s linear regression test*> to evaluate whether publication
bias existed. All the statistical analyses involved were performed with STATA software (version 13.1; StataCorp,
College Station, Texas, USA). P values were two-sided and P < 0.05 was considered statistically significant.
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