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Abstract
BACKGROUND 
Personalized nutrition and protective diets and lifestyles represent a key cancer 
research priority. The association between consumption of specific dietary 
components and colorectal cancer (CRC) incidence has been evaluated by a 
number of population-based studies, which have identified certain food items as 
having protective potential, though the findings have been inconsistent. Herein 
we present a systematic review and meta-analysis on the potential protective role 
of five common phytochemically rich dietary components (nuts, cruciferous 
vegetables, citrus fruits, garlic and tomatoes) in reducing CRC risk.

AIM 
To investigate the independent impact of increased intake of specific dietary 
constituents on CRC risk in the general population.

METHODS 
Medline and Embase were systematically searched, from time of database 
inception to January 31, 2020, for observational studies reporting CRC incidence 
relative to intake of one or more of nuts, cruciferous vegetables, citrus fruits, garlic 
and/or tomatoes in the general population. Data were extracted by two 
independent reviewers and analyzed in accordance with the Meta-analysis of 
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Observational Studies in Epidemiology (MOOSE) and Preferred Reporting Items 
for Systematic Review and Meta-analysis (PRISMA) reporting guidelines and 
according to predefined inclusion/exclusion criteria. Effect sizes of studies were 
pooled using a random-effects model.

RESULTS 
Forty-six studies were identified. CRC risk was significantly reduced in patients 
with higher vs lower consumption of cruciferous vegetables [odds ratio (OR) = 
0.90; 95% confidence interval (CI): 0.85-0.95; P < 0.005], citrus fruits (OR = 0.90; 
95%CI: 0.84-0.96; P < 0.005), garlic (OR = 0.83; 95%CI: 0.76-0.91; P < 0.005) and 
tomatoes (OR = 0.89; 95%CI: 0.84-0.95; P < 0.005). Subgroup analysis showed that 
this association sustained when looking at case-control studies alone, for all of 
these four food items, but no significant difference was found in analysis of cohort 
studies alone. Nut consumption exhibited a similar trend, but overall results were 
not significant (OR = 0.72; 95%CI: 0.50-1.03; P < 0.07; I2 = 90.70%). Putative anticar-
cinogenic mechanisms are proposed using gene-set enrichment analysis of 
gene/protein perturbations caused by active compounds within each food item.

CONCLUSION 
Increased cruciferous vegetable, garlic, citrus fruit and tomato consumption are 
all inversely associated with CRC risk. These findings highlight the potential for 
developing precision nutrition strategies for CRC prevention.

Key Words: Colorectal cancer; Disease prevention; Diet; Risk; Nutrigenomics; Meta-
analysis

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Personalized nutrition and protective diets and lifestyles represent a key 
cancer research priority. Herein we present a systematic review and meta-analysis on 
the potential protective role of five common phytochemically rich dietary components 
(nuts, cruciferous vegetables, citrus fruits, garlic and tomatoes) in reducing colorectal 
cancer (CRC) risk. Results show that increased dietary consumption of cruciferous 
vegetables, citrus fruits, garlic and tomatoes is associated with reduced CRC risk. 
Active components of these may interact with certain genes to exert this anticarci-
nogenic effect, highlighting the potential for developing precision nutrition strategies 
for CRC prevention.

Citation: Borgas P, Gonzalez G, Veselkov K, Mirnezami R. Phytochemically rich dietary 
components and the risk of colorectal cancer: A systematic review and meta-analysis of 
observational studies. World J Clin Oncol 2021; 12(6): 482-499
URL: https://www.wjgnet.com/2218-4333/full/v12/i6/482.htm
DOI: https://dx.doi.org/10.5306/wjco.v12.i6.482

INTRODUCTION
Colorectal cancer (CRC) imposes a major public health burden and is the third most 
commonly diagnosed cancer worldwide[1]. Incidence varies globally between 
ethnicities and geographical locations[2] with an increase noted amongst migrants 
moving from low- to high-risk countries[3]. Likewise, socioeconomic disparities 
correlate with CRC incidence with higher rates occurring in more deprived regions[4,
5]. Large-scale epidemiological studies have served to highlight the impact of 
potentially modifiable factors such as diet, obesity, physical activity and smoking on 
CRC incidence[6,7].

Diet is an essential component of health and is known to play a key role in the 
development of a vast array of diseases, including cancers of the digestive system[3]. 
CRC is strongly associated with inflammation and oxidative stress, both of which are 
believed to be highly influenced by diet[8-10]. For many decades, considerable 
research efforts have been directed towards the identification of food groups which 
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increase CRC risk, and broadly these have concluded that diets rich in red- and 
processed-meat, alcohol, saturated fat, refined grains and sugars, increase the risk of 
developing CRC[11-15]. Likewise, it is believed that a diet rich in fiber, fruits and 
vegetables can exert a protective effect[12-14].

The Third Expert Report from the World Cancer Research Fund (2018) has 
emphasized the importance of protective dietary and lifestyle pattern in creating a 
metabolic state which is more favorable in preventing cancer as a whole through 
genetic and epigenetic alterations in carcinogenesis, rather than focusing on specific 
nutrients or food components alone[14]. However, in order to build a holistic 
protective lifestyle, it remains important to understand which specific foods have the 
potential to reduce the risk of certain cancers, so as to establish the determinants of 
external and endogenous challenges contributing to or preventing cancer carcino-
genesis. Additionally, in light of the recently published National Institute of Health 
(NIH) strategic plan, and the call for research into ‘precision nutrition’ as a potential 
“holistic approach to developing comprehensive and dynamic nutritional recommend-
ations relevant to both individual and population health”[16], it is vital to explore 
ways in which specific foods have the potential to beneficially modify cancer incidence 
and outcomes.

Observational studies have investigated the relationship between CRC incidence 
and the consumption of certain food items. This study investigated nuts, cruciferous 
vegetables, citrus fruits, garlic and tomatoes, because these remain amongst those 
foods with most epidemiological data available. Additionally, Veselkov et al[17] have 
previously uncovered compounds with anticancer properties within these foods by 
analyzing the genomic effects of the said compounds which may help explain the 
underlying cause for any protective associations found through observational studies. 
Thus, food items were included for analysis in circumstances where a substantial 
number of studies provided comparative outcome data based on consumption levels 
and fulfilled all inclusion and no exclusion criteria, as outlined in the methods. 
Although previous meta-analyses have sought to evaluate the impact of some of these 
food items[18-23], results have been contradictory and inconclusive. Furthermore, to 
date there has been no comprehensive meta-analysis, including more recent multina-
tional cohort studies, which unifies all five of these food items, assessing all available 
and recent evidence. To meet this need, we conducted a systematic review of the 
literature with pooled analysis of data from all eligible observational studies exploring 
the effect of increased consumption of nuts, cruciferous vegetables, citrus fruits, garlic 
and tomatoes on CRC risk in the general population. Furthermore, putative anticarci-
nogenic mechanisms are highlighted through gene-set enrichment analysis (GSEA).

MATERIALS AND METHODS
Search strategy and study selection
This systematic review and meta-analysis was conducted according to Meta-analysis 
of Observational Studies in Epidemiology guidelines (MOOSE)[24] and Preferred 
Reporting Items for Systematic Review and Meta-analyses (PRISMA)[25] guidelines. 
Two reviewers (Borgas P and Mirnezami R) independently conducted a systematic 
literature search of Medline and Embase, from time of database inception to January 
31, 2020. A detailed summary of the search terms used is provided in the Supple-
mentary material, Appendix 1. There were no restrictions to language or study 
population. Duplicates between databases were removed. Food items were included 
for analysis in circumstances where a substantial amount of studies provided 
comparative outcome data based on consumption levels and fulfilled all inclusion and 
no exclusion criteria as outlined below.

Inclusion criteria comprised: (1) Observational studies (i.e., case-control or cohort); 
(2) The exposure variable being at least one of the following five dietary components; 
nuts (including peanuts and peanut butter), cruciferous vegetables (including studies 
reporting data on individual types of cruciferous vegetables as well as grouped data 
for several types of Cruciferae), citrus fruits, garlic, tomatoes; (3) Colorectal adenocar-
cinoma incidence being the outcome (studies investigating benign adenomas or polyps 
were excluded); (4) Provision of adjusted odds ratios (ORs) or relative risks (RRs) with 
95% confidence intervals (CIs); (5) Participants aged ≥ 18 without prevalent cancers at 
baseline; and (6) Newcastle-Ottawa scale (NOS) > 5 indicating sufficient study quality
[26]. A sensitivity analysis was performed to assess the robustness of results with 
respect to the NOS selection criterion.

https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
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Further exclusion criteria comprised: (1) Grouping of the above listed food items 
with other foods (e.g., nuts often with legumes, cruciferous vegetables often with other 
vegetables); (2) Where multiple publications from the same study population were 
found, only the study with the largest case cohort and/or most relevant/recent 
information was included for analysis; and (3) Non-human research.

Additional criteria such as number of cases, method of outcome assessment and, for 
case-control studies, method cases and controls selected for, were considered and 
selected for as part of each studies’ individual quality assessment using NOS.

Two authors (Borgas P and Mirnezami R) screened the titles of all identified articles 
independently, to exclude those that were not relevant to the question at hand, did not 
meet all inclusion criteria or met at least one exclusion criteria. Abstracts and full texts 
of potentially relevant remaining articles were then screened for eligibility according 
to the same principles. Full text articles which met all criteria outlined above were 
retrieved. Discrepancies were resolved by discussion between the two reviewers 
(Borgas P and Mirnezami R). Reference lists of all identified articles, and other related 
review articles, systematic reviews and meta-analyses were hand-searched for 
additional articles

Data extraction
Two authors (Borgas P and Mirnezami R) independently extracted the following 
information: name of first author, year of publication, study design, characteristics of 
study population (age range or mean age, sex, country, specific details on patient 
demographic), dietary exposure, dietary assessment instrument used, outcomes 
(including cancer site), comparison, OR or RR (95%CI), adjusted variables, NOS. For 
case-control studies the following additional information was extracted: number of 
cases and number of controls. For cohort studies the following additional information 
was extracted: number of participants at baseline, number of CRC cases, person years, 
length of follow-up (Supplementary Tables 1 and 2). These variables were judged to be 
most relevant to the outcome studied. Where multiple estimates for the association of 
the same outcome were used, the one with the highest number of adjusted variables 
was extracted.

Quality assessment
The NOS was used to grade the quality and assess confounding of each included 
study by two independent investigators (Borgas P and Mirnezami R)[26]. Studies 
scoring less than 6 were excluded in analysis. Disagreements were resolved by 
discussion.

Statistical analysis
Meta-analyses were conducted in Stata software, version 16.1 (StataCorp LLC). A 
random-effects model was employed, and the inverse variance method with restricted 
maximum likelihood was applied to assess the association of intake of each dietary 
component with the risk of CRC. Between-study heterogeneity was assessed using I2, 
in order to define the percentage of variability in effect size estimates which were the 
result of differences between studies. An I2 > 50% suggests high heterogeneity. 
Subgroup analyses were performed, stratifying by study design to account for the 
increased risk of biases related to the retrospective assessment of diet in case-control 
studies compared to cohort studies.

For all studies, we selected the effect- sizes computed by comparing the highest vs 
lowest dietary exposure category and adjusted for confounding variables. For studies 
reporting gender-specific results only, we included effect size for male and female 
participants separately and these are therefore displayed as separate studies in the 
accompanying forest plots, despite originating from the same publication. For studies 
presenting gender-specific as well as merged male and female data, we included the 
merged data only. We followed the same procedure for studies reporting data on all 
CRC types vs site-specific CRC. Given that the absolute risk of CRC is low in human, 
the ORs should approximate the RRs; therefore, we reported all results as ORs for 
simplicity. Supplementary Table 3 demonstrates the number of studies reporting sub-
type specific data based on sex and/or site of cancer for each food item, confirming a 
relative lack in sufficient numbers of studies reporting such specified data to be able to 
perform separate analyses for sex and CRC subsite.

Bias analysis
We evaluated the presence of bias in the form of small-study effects using contour-
enhanced funnel plots and Egger regression asymmetry testing. For funnel plots, we 

https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
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used contour lines representing 1%, 5% and 10% significance. We assessed publication 
bias by visually inspecting the funnel plots, with publication bias being suspected 
when smaller studies were absent from the non-significant regions. Egger’s test was 
used to obtain a statistical measure of funnel plot asymmetry with the null hypothesis 
being that the funnel plot is symmetric (i.e., there is no evidence of small-study effects). 
In this case, a P value > 0.05 implies no evidence of small-study effects.

GSEA
We investigated potential anticarcinogenic mechanisms of food items by building a 
profile of genomic perturbations caused by each food item and identifying biological 
pathways affected by these perturbations. We built food profiles of genomic perturb-
ations by averaging genomic perturbations caused by predicted anticarcinogenic 
compounds within each food as previously proposed by Veselkov et al[17]. Pathway 
analytics were performed using Gene Set Enrichment Analysis v4.0.3, and PANTHER
[27]. An extended description of this methodology is provided in Supplementary 
material, Appendix 2.

RESULTS
Our initial search strategy identified 534, 236, 466, 113 and 370 records on cruciferous 
vegetables, citrus fruits, garlic, tomatoes and nuts, respectively. Based on our 
predefined inclusion/exclusion criteria 33, 12, 10, 11 and 7 records, respectively, have 
been included in this systematic review and meta-analysis. Figure 1 summarizes the 
study selection process for each dietary component.

Sensitivity analysis
For each of the 5 food items, there was no significant discrepancy between pooled ORs 
of analyses including all studies, before exclusion based on NOS, compared to 
analyses after excluding studies with NOS ≤ 5 (Supplementary Table 4). This confirms 
robustness of the NOS ≤ 5 exclusion criteria used in study selection. All other 
parameters used in study selection were not arbitrary but rather based on the research 
question at hand, and thus do not require sensitivity analysis.

Meta-analysis
Pooled ORs for each of the five food items are presented in Table 1. Overall analysis of 
case-control and cohort studies combined showed that higher dietary intake of 
cruciferous vegetables, citrus fruits, garlic and tomatoes were all significantly 
associated with reduced incidence of CRC. Cohort studies on nut consumption 
showed the same trend.

Cruciferous vegetable intake was associated with a 10% reduction in CRC risk, with 
low heterogeneity and no evidence of small-study effect (61 studies, 33 publications
[28-60]; OR = 0.90; 95%CI: 0.85-0.95; P = 0.00; I2 = 31.02%, Egger P = 0.57) (Figure 2). 
Dietary intake of citrus fruits was also associated with a 10% risk reduction in CRC 
incidence, with low heterogeneity and no evidence of small-study effect (20 studies, 12 
publications[33,35,42,48,50,52,53,55,56,61-63]; OR = 0.90; 95%CI: 0.84-0.96; P = 0.00; I2 = 
21.65%, Egger P = 0.46) (Figure 3). Higher garlic intake was associated with a 17% 
reduction in risk of CRC with low heterogeneity and no evidence of small-study effect 
(14 studies, 10 publications[33,42,48,58,60,61,64-67]; OR = 0.83; 95%CI: 0.76-0.91; P = 
0.00; I2 = 32.64%, Egger P = 0.11) (Figure 4). Higher dietary tomato intake was 
associated with an 11% reduction in CRC risk, with low heterogeneity (16 studies, 11 
publications[33,34,42-44,48,51,54,63,68,69]; OR = 0.89; 95%CI: 0.84-0.95; P = 0.00; I2 = 
0%, Egger P = 0.02) (Figure 5). However, the P value acquired with Egger’s regression 
indicates that we could not discard the presence of small-study effects.

The association of increased dietary intake of all four food items with reduced CRC 
risk, is maintained in subgroup analysis of case-control studies alone, however cohort 
studies alone show an association which does not reach significance for all four 
aforementioned food items (Table 1).

Overall analysis of both case-control and cohort studies investigating higher dietary 
nut consumption demonstrated no statistically significant association with reduced 
risk of CRC, and significant heterogeneity was observed between studies (9 studies, 7 
publications[28,40,49,70-73]; OR = 0.72; 95%CI: 0.50-1.03; P = 0.07; I2 = 91.85%, Egger P 
= 0.21) (Figure 6). However, subgroup analysis of cohort and case-control studies 
separately showed a significant association between nut consumption and reduced 
CRC risk for cohort studies with low heterogeneity (4 studies, 3 publications[49,71,73]; 

https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
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Table 1 Association between dietary components and colorectal cancer risk

Dietary component Number of studies 
(number of publications)1

Pooled OR 
(95%CI) P value Heterogeneity [I2 (%)] Egger P value

All 61 (33) 0.90 (0.85-0.95) 0.00 31.02

Case-control 38 (21) 0.85 (0.78-0.93) 0.00 41.94

Cruciferous 
vegetables

Cohort 23 (12) 0.94 (0.89-1.00) 0.07 0.00

0.58

All 20 (12) 0.90 (0.84-0.96) 0.00 21.65

Case-control 9 (7) 0.94 (0.85-1.04) 0.00 42.81

Citrus fruits

Cohort 11 (5) 0.86 (0.77-0.95) 0.26 0.00

0.46

All 14 (10) 0.83 (0.76-0.91) 0.00 32.64

Case-control 8 (6) 0.92 (0.72-1.18) 0.00 47.80

Garlic

Cohort 6 (4) 0.81 (0.72-0.90) 0.51 35.38

0.12

All 16 (11) 0.89 (0.84-0.95) 0.00 0.00

Case-control 13 (9) 0.97 (0.84-0.95) 0.00 0.00

Tomatoes

Cohort 3 (2) 0.87 (0.8-0.93) 0.68 0.00

0.02

All 9 (7) 0.72 (0.50-1.03) 0.07 91.85

Case-control 5 (4) 0.74 (0.39-1.43) 0.38 94.35

Nuts

Cohort 4 (3) 0.74 (0.58-0.94) 0.01 35.48

0.22

1Where studies reported gender-specific or cancer site-specific results only rather than combining these into one result, we included effect size for male and 
female participants separately and likewise site-specific cancer data separately, and these are therefore displayed as 2 separate studies in the accompanying 
forest plots, despite originating from the same publication. CI: Confidence interval; OR: Odds ratio.

OR = 0.74; 95%CI: 0.58-0.94; P = 0.01; I2 = 35.48%). Case-control studies showed no 
significant association with high heterogeneity (5 studies, 4 publications[28,40,70,72]; 
OR 0.74; 95%CI: 0.39-1.43; P = 0.38; I2 = 94.35%).

Bias analysis
Funnel plots of citrus fruits and cruciferous vegetables show a clear symmetrical distri-
bution of studies, with both large and small-sized studies in the significant and non-
significant regions. Symmetrical distribution is not evident in funnel plots generated 
for garlic, nuts and tomato. The P values for Egger’s test can be found in Table 1. As 
expected, tests of symmetry for cruciferous vegetable and citrus fruit studies 
demonstrated robust P values (0.58 and 0.46, respectively); garlic and nuts studies had 
more modest but still non-significant P values (0.12 and 0.22 respectively); the P value 
for tomato studies was 0.02. Funnel plots of all food items can be found in Supple-
mentary Figures 1-5. These analyses suggest that there is no evidence of small study 
effects (publication bias) in studies evaluating cruciferous vegetables, citrus fruits, 
garlic, and nuts; whereas this possibility cannot be discarded for studies exploring 
tomato intake in relation to CRC incidence.

GSEA
A list of the genes and proteins most affected by active compounds within each food 
item (Supplementary Tables 5 and 6) was subjected to pathway analytics using gene-
set enrichment analysis (see Methods and Supplementary material, Appendix 2). The 
most affected genes and pathways are presented in Figure 7. The node colour repre-
sents shared biological pathway functionality or entity category (food compounds, 
food genomic perturbation profile). Among the top perturbed pathways were cell 
cycle, apoptosis, p53 signalling, and the MAPK signalling pathway, as well as other 
colorectal-cancer-specific pathways. Supplementary Table 6 contains a full list of 
perturbed genes/pathways for each food item.

https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
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Figure 1 Flow Diagram summarizing systematic literature search strategy and outcomes.

DISCUSSION
Dietary chemoprevention is emerging as a potentially cost effective and innovative 
way to prevent and treat cancer and has been highlighted as a key research priority by 
the NIH. The importance of this in implementing a holistic protective lifestyle is also 
highlighted in the Third Expert Report from the WCRF (World Cancer Research Fund)
[14,16]. The findings of this meta-analysis indicate that higher dietary intake of the 
phytochemically rich cruciferous vegetables, citrus fruits, garlic and tomatoes is 
associated with a significant reduction in the risk of CRC, suggesting that promoting 
increased consumption of these foods should be considered as part of a holistic CRC 
protective diet. Meta-analysis of cohort studies investigating increased nut 
consumption showed the same significant association. Compared to existing 
systematic reviews and meta-analyses which have only explored the effect of single 
dietary components on CRC or have largely focused on dietary components associated 
with increased CRC risk[18-23], this is the first study to investigate the protective 
potential of these five highly investigated dietary components on CRC incidence. 
Additionally, to the authors’ knowledge, data on increased dietary intake of tomatoes 
and citrus fruits and CRC risk have not previously been subjected to meta-analytical 
evaluation.

Combined analysis of case-control and cohort studies showed significant results 
overall, however sub-group analyses revealed that the results are significant for case-
control but not cohort studies. Although the Third Expert Report published by the 
WCRF has highlighted the importance of focusing evidence on cohort studies, there 
are a number of factors which make the evidence from cohort studies more difficult to 
interpret and subject to bias. Case-control studies remain a stronger source of evidence 
for diseases with long latency periods including CRC for which the incidence increases 
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Figure 2 Forest plot showing the association between dietary cruciferous vegetable consumption and colorectal cancer risk. Squares and 
horizontal lines represent study-specific odds ratios (ORs) and 95% confidence intervals (CIs). The size of each square indicates the weighting of the study in the 
overall analysis depending on population size. Diamonds represent pooled ORs of all studies of that food item and 95%CI of the overall population. Vertical line 
indicates OR 1.0. CI: Confidence interval.

with age in both men and women. Thus, evidence from cohort studies is stronger if 
patients are closer to this age group and with longer follow-up period. However, 
many of the studies included patients as young as approximately 30 or 45 years old[49,
50,53,55,59,66,71] and the average years of follow up of all cohort studies in this 
analysis was 9.4 years with certain studies having follow-up periods as short as 3-6 
years[49,54,58,65,66]. Only 3 out of a total of 16 identified cohort studies followed 
patients up for 10 or more years[50,71,73]. This could lead to significant amounts of 
bias which is likely to be a major contributing factor as to why the association 
observed was not significant when analyzing cohort studies alone. For this reason, 
emphasis in this meta-analysis was not set solely on cohort studies alone but case-
control studies were also viewed as highly informative and valuable in analysis 
despite the potential for biases related to retrospective assessment of diet in case-
control studies. Hence, and in view of both types of epidemiological studies having the 
potential for different types of bias, it was thought to be most accurate to place most 
emphasis on the overall results in combination rather than focusing on the results of 
the sub-type analysis alone.

Despite an overall protective correlation having been observed for these foods, 
variability between outcomes of individual studies is evident, which may be attrib-
utable to a number of factors. Firstly, there is much variation in highest vs lower intake 
comparisons between studies with some not providing numerical data on intake 
servings, making a continuous dose-response analysis not feasible. Additionally, 
differences in geographical location may also explain variability in results between 
individual studies as cultural differences in dietary and lifestyle patterns as a whole 
may influence any protective effects observed. Although only studies which provided 
adjusted OR and RR data were included in analysis, there was a degree of variance in 
stratified analysis between studies and the extent to which confounders and other 
lifestyle factors were adjusted for between studies was inconsistent.

Significant divergences of individual studies from the mean may be attributable to 
study design and quality. For example, Levi et al[61], investigating citrus fruits and 
garlic, included much younger patients (from 27 years) compared to the majority of 
remaining studies which had an approximate age range between 50-80 years. Others, 
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Figure 3 Forest plot showing the association between dietary citrus fruit consumption and colorectal cancer risk. Squares and horizontal lines 
represent study-specific odds ratios (ORs) and 95% confidence intervals (CIs). The size of each square indicates the weighting of the study in the overall analysis 
depending on population size. Diamonds represent pooled ORs of all studies of that food item and 95%CI of the overall population. Vertical line indicates OR 1.0. CI: 
Confidence interval.

like Fernandez et al[63], investigating citrus fruits and tomatoes, did not adjust for as 
many significant variables like smoking, alcohol, total energy intake, education, 
consumption of other foods, as most other studies. These factors may have contributed 
to increased variability demonstrated in wide CIs and could explain the reason for the 
risk association to appear much stronger in these studies compared to the overall 
result. Conversely, some studies included a relatively low number of participants[31,
36,39,44,63,72], participants selected from a defined population group attributing to 
selection bias[57], did not report details of their study design leading to low NOS[44] 
or studied specific individual components of the overall food items investigated here 
(e.g., single types of cruciferous vegetables)[31]. All such factors lead to reduced 
reliability of the studies’ results which is evidenced in the analysis by a low weight in 
random-effects model. Nevertheless, all studies scored > 5 on the quality assessment 
criteria using NOS and did not meet any other exclusion criteria and hence remain 
valuable contributors to the overall analysis.

Although the exact mechanisms for the associations reported here remain unclear, 
all four dietary components are rich in compounds believed to exert anticarcinogenic 
effect. To investigate these putative mechanisms further, we compiled a list of ‘anti-
carcinogenic’ compounds found in each of the food items studied, based on data 
previously published by Veselkov et al[17] (see Supplementary Table 5). We perform-
ed further pathway enrichment analyses of genes with which these anticarcinogenic 
compounds are known to interact, as per the methodology described by Veselkov et al
[17] (see Supplementary material, Appendix 2).

Garlic contains five anticarcinogenic compounds, belonging to organosulfur (ajoene, 
Di-2-propenyl sulphide), flavonoid (apigenin, quercetin) and phenol (phloroglucinol) 
categories. Several of the top 20 genes perturbed by these compounds take part in 

https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/4223db73-5382-44ab-8a27-6416c7bb4eb5/WJCO-12-482-supplementary-material.pdf
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Figure 4 Forest plot showing the association between dietary garlic consumption and colorectal cancer risk. Squares and horizontal lines 
represent study-specific odds ratios (ORs) and 95% confidence intervals (CIs). The size of each square indicates the weighting of the study in the overall analysis 
depending on population size. Diamonds represent pooled ORs of all studies of that food item and 95%CI of the overall population. Vertical line indicates OR 1.0. CI: 
Confidence interval.

Figure 5 Forest plot showing the association between dietary tomato consumption and colorectal cancer risk. Squares and horizontal lines 
represent study-specific odds ratios (ORs) and 95% confidence intervals (CIs). The size of each square indicates the weighting of the study in the overall analysis 
depending on population size. Diamonds represent pooled ORs of all studies of that food item and 95%CI of the overall population. Vertical line indicates OR 1.0. OR: 
Odds ratio; CI: Confidence interval.
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Figure 6 Forest plot showing the association between dietary nut consumption and colorectal cancer risk. Squares and horizontal lines 
represent study-specific odds ratios (ORs) and 95% confidence intervals (CIs). The size of each square indicates the weighting of the study in the overall analysis 
depending on population size. Diamonds represent pooled ORs of all studies of that food item and 95%CI of the overall population. Vertical line indicates OR 1.0. CI: 
Confidence interval.

pathways related to inflammation, apoptosis, and angiogenesis. Furthermore, organo-
sulfur and flavonoid compounds are thought to have chemoprotective properties[74,
75] through a number of mechanisms including reduction of aberrant crypt formation
[76], antioxidant effects, regulation of cell cycle arrest, induction of apoptosis, and 
activation of metabolizing enzymes which detoxify carcinogens and inhibit 
angiogenesis[77,78].

In addition to flavonoids (quercetin), tomatoes contain anticarcinogenic compounds 
including prenol lipids (prolycopene, lupeol), progesterone and carbohydrate (ferulic 
acid 4-glucoside). Citrus fruits are also rich in flavonoids (luteolin 7-rhamnosyl-
glucoside, quercetin, tetramethylquercetin, didymin, quercetagetin) and prenol lipids 
(carvone, obacunon, umbelliprenin) and additionally contain steroids (brassinolide) 
and carbohydrates (xyan). The genes targeted by these anticarcinogenic compounds 
were also predominantly found to be involved in apoptosis, angiogenesis and inflam-
mation. GSEA revealed interaction with MAPK and p53 signalling pathways, which 
are key drivers of CRC development and progression[79,80].

Cruciferous vegetables contain nine anticarcinogenic compounds including 
flavonoids (quercetin), and prenol lipids (carvone, gibberellin A116) but also isothiocy-
anates (erucin), indoles (1H-Indole-3-methanol, brassinin), allyl sulphur compounds 
(di-2-propenyl sulfide), organooxygen compounds (4-methoxyglucobrassicin) and 
steroids (brassinolide). Glucosinolates are precursors of isothiocyanates and indole-3-
carbinol[81,82], which inhibit carcinogen-activating enzyme and angiogenesis, and 
detoxify carcinogens, inducing apoptosis and preventing cell cycle progression[44,83]. 
Animal studies have shown that cruciferous vegetables activate phase I (cytochrome 
P450) and II (glutathionin S-transferase) cell-cycle enzymes, and that this joint 
induction leads to a favourable metabolic profile, aiding in the elimination of chemical 
carcinogens by interacting with isothocyanate metabolism[44,59,81-83].

Nuts contain macro- and micro-nutrients including fibre, vitamins (BE, folate, 
niacin), minerals (zinc, potassium, calcium, magnesium) polyphenols, folate, phytoes-
trogens, phytochemicals (flavonoids, carotenoid and phytosteroils) and other bioactive 
substances. Additional anticarcinogenic compounds, as confirmed through our 
analysis, also include unsaturated fatty acids (dihydroxystearic acid), flavonoids 
(procyanidin B3 procyanidin B2, quercetin), garlic acid, naphthalene (plumbagin) 
prenol lipids (betulinic acid) and hydorcycoumarins (aesculetin), all of which harbour 
anti-inflammatory properties[84-86]. They display anticarcinogenic effect by reducing 
DNA damage and regulating immunological activity and inflammatory responses[84,
87]. In vitro studies have demonstrated that fermented nuts exhibit chemopreventative 
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Figure 7 Top genes and pathways perturbed by food items. Each food item is connected to the active compounds found commonly within that food. Food 
genomic profiles are connected to genes perturbed. Node colour represents shared biological pathway functionality or entity category (food compounds, food 
genomic perturbation profile).

effects by decreasing tumour-promoting deoxycholic acid, increasing short-chain fatty 
acids and protecting against oxidative stress[88]. Our results showed a significant 
association between higher dietary nut intake, and reduced CRC risk, supporting the 
findings of a previous meta-analysis[18]. However significant heterogeneity was 
observed meaning that a conclusion cannot reliably be reached based on currently 
available data.

In addition to these postulated mechanisms specific to each food items’ associated 
bioactive compounds, pathway enrichment analysis of genomic perturbation profiles 
of all food items showed an over-representation of several pathways known to be 
linked with CRC pathogenesis including the MAPK, EGFR, PI3K/AKT, TGF-b and 
Wnt signalling pathways[89]. This implies that the active compounds present in the 
five food items studied, interact with genes and pathways involved in the 
development of CRC. This in turn suggests that the protective influence of these 
dietary components, as demonstrated by this meta-analysis, may be directly attrib-
utable to novel nutrigenomic interactions.

The findings presented herein support the vision recently outlined in the NIH 
strategic plan, which highlights an urgent need to accelerate nutrition research over 
the next decade and demonstrate the potentially important role that precision 
nutrition can play in the prevention and treatment of CRC. These findings should form 
the foundation on which to design randomized clinical trials for the evaluation of 
food-based approaches in modifying CRC risk. In the future, we envisage that those at 
risk of CRC could have personalized ‘food passports’ developed by care providers, 
specifically composed of food plans to build dietary patterns designed to reduce their 
risk of cancer. Future research should focus on understanding the underlying 
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mechanisms behind the observed effects and exploring the potential interactions 
between individual genes/pathways and active compounds of the investigated foods 
in more detail. Furthermore, the nature of the observed findings should be explored 
using linear and continuous exposure analyses to identify thresholds and plateaus in 
the protective effect and investigate dose-response effects of consumption of the foods 
evaluated. Lastly, the influence of food cultivation, packaging, storage and preparation 
methods should be explored, all of which may influence the associations observed.

CONCLUSION
This meta-analysis demonstrates that an increased consumption of cruciferous 
vegetables, citrus fruits, garlic and tomatoes is associated with a reduction in the 
incidence of CRC. These findings support the rapidly expanding initiative for 
exploring the role of nutrition in the prevention and treatment of cancer and could 
pave the way for personalized CRC protective diets in the future.

ARTICLE HIGHLIGHTS
Research background
Personalized nutrition and protective diets and lifestyles represent a key cancer 
research priority according to The Third Expert Report from the World Cancer 
Research Fund (2018) and the recently published National Institute of Health strategic 
plan. The association between consumption of specific dietary components and 
colorectal cancer (CRC) incidence has been evaluated by a number of large-scale, 
population-based, epidemiological studies, which have identified certain food items as 
having protective potential, though the findings have been inconsistent.

Research motivation
Although previous meta-analyses have sought to evaluate the impact of some of these 
food items, results have been contradictory and inconclusive. To date there has been 
no comprehensive meta-analysis, including more recent multinational cohort studies, 
which unifies all five of these food items, assessing all available and recent evidence. 
Furthermore, anticancer properties could be explained by genomic effects of certain 
compounds contained in these phytochemically rich foods. This may help explain the 
underlying cause for any protective associations. Thus, we present a systematic review 
and meta-analysis on the potential protective role of five common phytochemically 
rich dietary components (nuts, cruciferous vegetables, citrus fruits, garlic and 
tomatoes) in reducing CRC risk. Putative anticarcinogenic mechanisms are highlighted 
through gene-set enrichment analysis.

Research objectives
To investigate the independent impact of increased intake of five dietary constituents 
(nuts, cruciferous vegetables, citrus fruits, garlic and tomatoes) on CRC risk in the 
general population.

Research methods
Medline and Embase were systematically searched, from time of database inception to 
January 31, 2020, for observational studies reporting CRC incidence relative to intake 
of one or more of nuts, cruciferous vegetables, citrus fruits, garlic and/or tomatoes in 
the general population. Data were extracted by two independent reviewers and 
analyzed in accordance with the Meta-analysis of Observational Studies in 
Epidemiology (MOOSE) and Preferred Reporting Items for Systematic Review and 
Meta-analysis (PRISMA) reporting guidelines and according to predefined 
inclusion/exclusion criteria. Effect sizes of studies were pooled using a random-effects 
model. Using gene set enrichment analysis, a profile of genomic perturbations caused 
by each food item was built and biological pathways affected by these perturbations 
were identified.

Research results
This systematic review and meta-analysis of 46 observational studies found that 
increased dietary consumption of cruciferous vegetables, citrus fruits, garlic and 
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tomatoes is associated with a significant reduction in the risk of developing CRC. 
Consumption of nuts exhibited a similar trend, but results were not significant. The 
underlying mechanisms of the observed effects remain unclear, although putative 
anticarcinogenic mechanisms are proposed using the results of gene-set enrichment 
analysis of gene-protein perturbations caused by active compounds within each food 
item.

Research conclusions
Increased cruciferous vegetable, garlic, citrus fruit and tomato consumption are all 
inversely associated with CRC risk. These findings highlight the potential for precision 
nutrition strategies and development of personalized food maps in CRC prevention 
for both the general population and at-risk individuals.

Research perspectives
The findings should stimulate future research to focus on understanding the nature of 
the observed effects, by exploring the epigenetic interactions of active compounds 
within the investigated foods. Additionally, linear and continuous exposure analyses 
should be explored to identify consumption thresholds for the observed effects. 
Results should then encourage the design of randomized controlled trials to assess 
food-based approached in modifying CRC risk.
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