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Background: Colorectal cancer (CRC) significantly threatens human health with
increasing incidence and mortality. A debate continues whether fruit
consumption is associated with CRC, despite dietary habits having an impact
on the disease. The study aims to examine the causal relationship between fruit
consumption and CRC based on a two-sample Mendelian randomization
method (MR).

Methods: Summary statistics for fruit consumption and CRC were obtained from
the UK Biobank and the FinnGen Consortium, respectively. Analysis methods
used in this study included the inverse-variance weighted (IVW), MR Egger,
weighted median, simple mode, and weighted mode. Heterogeneity and
horizontal pleiotropy were also assessed. Additionally, a leave-one-out analysis
was performed to validate the robustness of the results.

Results: We found that fruit consumption was associated with a reduction in CRC
risk by the IVW method (P = 0.021). This protective effect was predominantly
observed in males (OR 0.374; 95% CI: 0.157-0.892; P = 0.027), while no
protective effect was noted in females. However, causal correlations were not
observed upon analyzing 16 individual types of fruits. Moreover, our results were
unlikely to be influenced by horizontal pleiotropy and heterogeneity. Leave-one-
out analysis confirmed the stability of the results.

Conclusion: Our findings suggest that a genetic predisposition for fruit
consumption may be protective against CRC, underscoring the need for
further research to elucidate the underlying mechanisms and dietary
patterns involved.
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1 Introduction

In 2020, there were an estimated 1.9 million new colorectal
cancer (CRC) cases globally, accounting for 10.0% of all new
malignant tumor cases, only after breast and lung cancer (1).
Approximately 916,000 people died from CRC, representing 9.4%
of all malignant tumor-related deaths, second only to lung cancer
(2). Additionally, most CRC patients are diagnosed at an advanced
stage due to no early symptoms or subtle signs (3). Moreover, the 5-
year survival rate for most stage IV CRC patients is below 10% (4).
CRC poses a significant threat to human life and health,
emphasizing the importance of early prevention. Based on
migrant epidemiology and etiology research, CRC incidence
differs between Eastern and Western populations primarily due to
dietary and nutritional factors (5). A healthy diet can prevent about
30-50% of CRC cases (6). Fruits are rich in dietary fiber, vitamins,
and other potential anti-tumor bioactive compounds, making them
possible protective factors against CRC (7).

Inconsistent results have been found in previous studies on the
correlation between fruit consumption and CRC (8-13). Some
studies linked higher fruit and vegetable consumption with lower
CRC mortality rates. A meta-analysis indicated a reduced risk of CRC
associated with a high intake of citrus fruits, apples, watermelon, and
kiwi (14). However, Aoyama et al. did not find a strong correlation
between low or consistently low intake of vegetables and fruits and
the risk of CRC (9). These conflicting research findings may be
attributed to methodological differences, confounding factors, and
variations in dietary habits. To mitigate potential confounding factors
and enhance the robustness of empirical evidence, Mendelian
randomization (MR) has been employed as a methodological
approach. MR utilizes genetic variability as instrumental variables
(IVs) for evaluating the causal association between an exposure and
its corresponding outcomes (15, 16).

MR analysis assumes that genetic variations are randomly
distributed in the population, similar to a randomized controlled
trial. This method mitigates reverse causation and confounding
biases in observational studies, providing a more precise
representation of the exposure-outcome correlation (17).
Moreover, many genetic variations are associated with the
consumption of proteins, fats, and carbohydrates. These genetic
variations not only affect the intake of individual nutrients but also
the overall dietary preferences and patterns (18). As a result, this
study investigates the risk of CRC associated with fruit consumption
using MR. Genetic data were sourced from the Medical Research
Council Integrative Epidemiology Unit (MRC-IEU) project.

2 Materials and methods
2.1 Study design and data resource

In this study, fruit consumption is considered the exposure
variable, while CRC is regarded as the outcome. Single nucleotide
polymorphisms (SNPs) have been selected as IVs for further
analysis. The study adheres to the three fundamental assumptions
of the two-sample MR design:
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1. Assumption I: there is a significant association between
genetic variants and exposure (P < 5 %107, F-statistic > 10).

2. Assumption II: genetic variations are unrelated to any
confounding factors within the exposure-outcome correlation.

3. Assumption III: genetic variants solely impact the outcome
by virtue of their connection to the exposure (Figure 1).

This MR investigation is based on publicly available GWAS
datasets, thus obviating the need for additional ethical approval
from institutional review boards.

The CRC GWAS summary data were acquired from the
FinnGen consortium, comprising 3,022 cases and 174,006
controls, all of European ancestry who provided informed
consent. In addition, summary data for fruit intake (females and
males) was obtained from the IEU OPEN GWAS project (https://
gwas.mrcien.ac.uk/) with 64,949 individuals of European descent
(including 11,960 controls) and encompassed 9,851,867 SNPs.

We obtained GWAS summary statistics for different types of
fruit from GWAS meta-analysis, including: apple intake, banana
intake, berry intake, cherry intake, grape intake, grapefruit intake,
mango intake, melon intake, orange intake, peach/nectarine intake,
pear intake, pineapple intake, plum intake, prune intake, satsuma
intake, dried fruit intake.

2.2 Selection of instrumental variables

In order to perform MR analysis, it is imperative to adhere to
three essential assumptions: relevance, independence, and exclusion
restriction. Consequently, a rigorous selection process was applied
to all IVs used for subsequent analysis. Initially, we identified SNPs
closely linked to the exposure (P < 5 x 10°®) and excluded those with
an F-statistic < 10, ensuring their significance and reducing the
potential for weak IV bias.

The F-statistic utilized in this study is defined by the formula
R?x (N -K-1)/(1 -R*) where R® represents the variance in
exposure explained by each IV. R* = 2 x B* x EAF x (1 — EAF)/
(2 x P* X EAF x (1 — EAF) + 2 x SE* x N x EAF x (1 — EAF)), where
B denotes the allele effect size, EAF signifies the effect allele frequency,
K is the number of IVs, and N is the sample size of the GWAS study.
Subsequently, to ensure the independence of IVs, SNPs with strong
linkage disequilibrium were excluded (r’< 0.001, kb = 10,000).
Thirdly, the chosen IVs were examined for associations with other
phenotypes (http://www.phenoscanner.medschl.cam.ac.uk/) to
further mitigate the potential impact of horizontal pleiotropy on
the study. Finally, the datasets related to the exposure and outcome
were harmonized to ensure that the effect alleles were
consistently aligned.

2.3 Statistical analysis

In this study, all statistical analyses were conducted using R
software (version 4.3.1) with the TwoSampleMR package. We
assessed the causal correlation between fruit consumption and
CRC using various methods, including the inverse-variance
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The process of MR analysis.

weighted (IVW) method (the primary approach), as well as MR
Egger, weighted median, simple mode, and weighted mode
methods. Significance for a causal effect between the exposure
and outcome was defined as P < 0.05. The results from the MR
analyses were reported as odds ratios (ORs) along with their
corresponding 95% confidence intervals (CIs). To assess
individual SNP heterogeneity, Cochrane’s Q statistic was
employed. Heterogeneity was considered absent for P values
exceeding 0.05. Additionally, we performed sensitivity analyses to
identify possible horizontal pleiotropy and verify the consistency of
associations. These analyses encompassed the weighted median
method and tests for heterogeneity. The weighted median method
yielded a consistent overall effect estimate when more than 50% of
the IVs were effective. Furthermore, a leave-one-out test was
conducted to confirm that the observed causality remained
unaffected by individual SNPs.

Given that gender difference, we performed a gender-stratified
MR analysis, aiming to avoid potential sexual bias. To minimize the
potential interactions between different types of fruit and isolate the
independent effect of each category, we conducted an MR analysis
for each type of fruit and CRC.

3 Results
3.1 Instrumental variable selection

After the initial selection process, which involved identifying SNPs
with strong relevance (P < 5 x 107, F-statistic > 10) and eliminating
those exhibiting linkage disequilibrium (r* < 0.001, kb = 10,000), we
identified a set of 13 SNPs as preliminary IVs. The lowest F-statistic
was 20.908, and a comprehensive overview of the F-statistics can be
found in Table 1. It’s worth noting that despite conducting exclusion
of SNPs associated with the outcome and potential confounding
factors using Phenoscanner, no SNPs were excluded at this stage.
Subsequently, after aligning the exposure and outcome data, we
proceeded with these 13 SNPs as IVs for further analysis.

3.2 Mendelian randomization analysis
The genetic correlation between fruit intake and CRC was

investigated using a random effects IVW approach. Table 2
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presents MR results and the five methods used in our analysis. Our
results indicate that fruit intake is negatively correlated with CRC
(OR 0.159; 95% CI: 0.033-0.759; P = 0.021) (Figure 2). According to
the Cochrane’s Q test, there was no evidence of heterogeneity
between fruit intake and CRC (P = 0.247). The MR-Egger method
detects horizontal pleiotropy through its intercept with the y-axis.
The presence of horizontal pleiotropy is indicated when the intercept
is non-zero. To satisfy the exclusion restriction assumption,
horizontal pleiotropy must not be present. No horizontal
pleiotropy was observed in our MR analysis results (P = 0.094)
(Table 2). Our MR analysis results were not influenced by individual
SNPs (Figure 2A) based on the leave-one-out test.

Scatter plots demonstrated that the causal association estimates
from IVW, MR-Egger, and weighted median methods were similar,
as judged by the slope of the line (Figure 2B). A forest plot
(Figure 2C) visualizes the causal correlation between each SNP
and CRC. The funnel plot, representing each SNP as an IV, showed
that the derived causal effects were symmetrically distributed,
suggesting a low probability of potential bias and indicating that
the results were stable and reliable (Figure 2D). Therefore, these
findings were stable and robust.

3.3 Gender-stratified MR analysis

To further explore the causal-effect difference of genders on fruit
intake, a gender-stratified MR analysis was performed. In total, 15
SNPs were identified as IVs for gender-stratified fruit consumers,
among which 8 SNPs were identified for fruit consumers in females,
and 7 SNPs for males. The F statistics of IVs ranged between 21.054
and 28.781, indicating no evidence of weak instrument bias. Detailed
information on these IVs is listed in Supplementary Tables 3, 4.

The MR results from gender-stratified fruit intake are listed in
Tables 3, 4. Gender-stratified MR showed that genetically predicted
fruit intake was associated with CRC in males (OR 0.374; 95% CI:
0.157-0.892; P = 0.027). The scatter plots of IVs are shown in
Figures 3, 4. Moreover, the results from the Cochran’s Q and MR-
Egger intercept tests are also shown in Tables 3, 4. There is no
heterogeneity was observed between the genetic IVs for fruit intake
in both females and males, for which the FE-IVW method was used.
MR-Egger intercepts did not detect any pleiotropy, indicating no
evidence of potential horizontal pleiotropy (both intercepts P >
0.05). The leave-one-out analysis showed that the significant results
were not driven by any single SNP (Figures 3, 4).

3.4 MR analysis in different types of fruit

The genetic correlation between different types of fruit and
CRC was investigated using a fixed effects IVW approach. Detailed
information on these IVs is listed in Supplementary Tables.

4 Discussion

The causal correlation between fruit consumption and CRC was
examined with a two-sample MR analysis. Our study suggests that
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TABLE 1 SNPs used as instrumental variables from fruit consumers and colorectal cancer GWASs.

Exposure QOutcome
Beta Se Effect Other Beta Se Effect Other
allele allele allele EIEE

3.00E-

rs11217077 -0.012 | 0.002 06 C T 0.065 0.031 = 0.035 C T 11 118746223 | 21.813 | 0.000335745
2.80E-

rs118052164 -0.040  0.009 06 A T 0.119 0.096  0.218 A T 9 6978352 21971 0.000338171
1.70E-

1517818946 0.017 0.004 06 G A -0.016 0.049 0.751 G A 18 72390746 22913 0.000352667
4.00E-

136013074 0.027 0.006 06 A G 0.092 0.097  0.339 A G 6 151026080 = 21.264 | 0.000327293
5.50E-

rs4648553 0.012 0.002 07 A G -0.015 0.029 0.612 A G 1 3648879 25.091 0.000386174
4.80E-

rs4663869 -0.016 = 0.004 06 G A -0.002 | 0.035  0.946 G A 2 239175023 | 20.908 | 0.000321817
1.40E-

rs4836713 0.019 0.004 06 G A -0.010 0.079 0.903 G A 9 120998947 23.324 | 0.000359001
7.60E-

154923532 0.011 0.002 07 G A -0.046 0.028 0.092 G A 11 28401900 24.462 | 0.000376504
4.40E-

rs55809544 -0.014  0.003 06 G A 0.094 0.045 0.034 G A 13 99119023 21.065 0.000324235
8.20E-

1572867233 -0.048 0.010 07 G A 0.132 0.227  0.561 G A 2 32616643 24.303 0.000374061
3.50E-

rs75417443 -0.016 = 0.004 06 A G -0.018 | 0.059  0.757 A G 12 20027525 21.501 | 0.000330947
1.80E-

1s76331651 0.024 0.005 06 G A 0.091 0.070 0.193 G A 15 88441033 22.792 | 0.00035081
3.40E-

17937987 -0.012 0.003 06 T C 0.069 0.037 0.061 T C 11 94690088 21.597 | 0.000332427

Se, standard error; SNP, single nucleotide polymorphism; Chr, chromosome; Pos, position.

TABLE 2 MR results of causal links between fruit consumers and colorectal cancer risk.

Heterogeneity Horizontal pleiotropy
Exposure Outcome Nsnp Method § Se CednETe | s Egger - p-
(@] value intercept value
Fruit Colorectal 11183
13 MR Egger 2414 | 2459 | 0347 (0.090- 14.907 0.247 -0.068 0.037 | 0.094
consumers cancer
1386.369)
0310
Weighted
; 1170 | 1.145 0307 (0.033-
median
2.925)
0.159
vw -1.839 | 0.798 | 0.021 (0.033-
0.759)
Simol 0.270
pie 1309 | 2145 0553 (0.004-
mode
18.097)
. 0.320
Weighted | 159 1705 0.538 (0.009-
mode
10.810)

MR, Mendelian randomization; Se, standard error; OR, odds ratio; CI, confidence intervals; IVW, inverse variance weighted.
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FIGURE 2

Sensitivity analysis (A), scatter plot (B), forest plot (C), and funnel plot (D) of the causal effect of fruit consumption on colorectal cancer risk.
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fruit consumption may reduce the risk of CRC. This finding
highlights the importance of fruit consumption in a healthy diet
and the prevention of CRC.

Increasing research indicates that fruit consumption can
reduce the risk of CRC. Jedrychowski et al. reported that
individuals who ate one or more apples per day experienced
approximately a 50% reduction in the risk of CRC (19).
According to a meta-analysis of 24 studies involving 1,068,158
participants, citrus fruits, apples, watermelon, and kiwi were
associated with 9%, 25%, 26%, and 13% lower risk of CRC,

TABLE 3 MR analysis of the impact of fruit consumption on CRC in females.

respectively (14). These studies illuminate the relation between
fruit consumption and reduced CRC risk. Despite these
correlations, our analysis across 16 types of fruit did not establish
a causal correlation. The absence of a discernible causal link may be
attributed to several factors. Due to the current limited extent of
research on CRC, only the risk factors believed to be associated
with CRC have been excluded. There may be other confounding
factors, either undiscovered or lacking sufficient evidence, that
have not been eliminated, thereby interfering with the relationship
between fruit intake and CRC risk. Additionally, the inherently

Exposure = Outcome Nsnp Method Se Heterogeneity Horizontal pleiotropy
Cochran’'s  P- Egger P-
(@] value intercept value
Fruit Colorectal 8 MR Egger 0.655 | 0.736  0.408 1.925 4.271 0.748 -0.017 0.023  0.480
consumers cancer (0.455-
in females 8.146)
Weighted | 0.559 | 0594 = 0.346 1.750
median (0.546-
5.602)
VW 0225 | 0465 0.628 1.253
(0.503-
3.120)
Simple 0515 0866 0571 1.674
mode (0.306-
9.143)
Weighted | 0.532 | 0.607 = 0.409 1.703
mode (0.518-
5.594)

MR, Mendelian randomization; Se, standard error; OR, odds ratio; CI, confidence intervals; IVW, inverse variance weighted.
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TABLE 4 MR analysis of the impact of fruit consumption on CRC in males.

Exposure Outcome Nsnp Method § Se Heterogeneity Horizontal pleiotropy
Cochran’s  P- Egger P-
(@] value intercept value
Fruit Colorectal 7 MR Egger 0.557 1161  0.651 1.746 12.377 0.054 -0.063 0.042  0.187
consumers cancer (0.18-
in males 16.981)

Weighted -1.129 | 0.674 | 0.094 0.323

median (0.086-
1.212)
VW -0.983 0.443 0.027 0.374
(0.157-
0.892)
Simple -2.188 1.230 0.126 0.112
mode (0.010-
1.250)

Weighted -2.127 1.458 0.195 0.119
mode (0.007-
2.076)

MR, Mendelian randomization; Se, standard error; OR, odds ratio; CI, confidence intervals; IVW, inverse variance weighted.

multifactorial etiology of diseases, where multiple contributors  to substantiate these preliminary observations, further high-
interplay, dilutes the measurable impact of individual factors.  quality, extensive research is essential.

This complexity could be why the specific influence of certain The potential of fruits to reduce the risk of CRC necessitates
fruits on CRC risk did not reach statistical significance. Therefore,  attention to gender differences. Our study indicates that fruit
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FIGURE 3
Sensitivity analysis of female (A), scatter plot (B), forest plot (C), and funnel plot (D) of the causal effect of fruit consumption on colorectal cancer risk.
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Sensitivity analysis of male (A), scatter plot (B), forest plot (C), and funnel plot (D) of the causal effect of fruit consumption on colorectal cancer risk.

consumption is protective in men, but no causal correlation was
found in women. The divergent outcomes between men and women
could be attributed to greater dietary heterogeneity among women,
biological differences, increased measurement errors in women,
different approaches to completing food frequency questionnaires
between men and women, or other factors. Additionally, there are
variations in health behavior characteristics between men and
women within similar patterns, which might help explain why
these patterns yield different outcomes (20).

Fruits are rich in various vitamins, minerals, dietary fiber, and
antioxidants, such as vitamin C, vitamin A, vitamin K, potassium,
magnesium, calcium, flavonoid, phenolic acid, carotenoid, and
tannin, among others (21, 22). The potential biological
mechanisms underlying the reduction in CRC risk associated
with fruit consumption are as follows (1). Tumoricidal action:
Vitamin C, polyphenol, and flavonoid exhibit toxicity towards
tumor cells, inhibiting cell growth and proliferation (23, 24).
Pires’ group found that pharmacological doses of vitamin C
combined with certain conventional anticancer drugs can
inhibit the growth of CRC cells (2, 25). Induction of apoptosis:
Natural compounds such as flavonoids, terpenoids, and
carotenoids have been evidenced to promote apoptosis in
cancer cells (26-28). Quercetin is a flavonoid and exists in fruits

Frontiers in Oncology

like capers, apples, and berries (29). The quercetin derivative 8-C-
(E-phenylmethyl) quercetin can trigger G2 phase arrest in CRC
cells and inhibit proliferation. Furthermore, it induces autophagic
cell death under extracellular signal-regulated kinase stimulation
(3, 30). Inhibition of cell cycle progression: Flavonoids like
quercetin (31) and carotenoids (32) can inhibit progression in
the cancer cell cycle. Quercetin, for example, can regulate the
expression of tumor suppressor genes, cycle- and apoptosis-
related genes to inhibit the growth of CRC cells (4, 31).
Enhanced immune system function: Components found in
citrus fruits, pomegranates, and similar fruits (33), including
vitamin C, polyphenolic compounds (34), and zinc (35), are
believed to enhance immune system function. Additionally,
researchers have found that vitamin C can increase the activity
of natural killer cells (36) and T cells (37). These biological
mechanisms may help explain the association between fruit
consumption and a reduction of CRC risk.

A major strength of our study is that it uses large-scale
GWAS to investigate causal correlations between fruit
consumption and CRC. In comparison to traditional
observational studies, the two-sample MR method offers a
means to mitigate several common problems, including the
presence of confounding factors, and the potential for biases.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1362269
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yang

Then, all IVs were rigorously screened, with the lowest F-value of
20.908, indicating the accuracy of the results. Additionally, we
tested for sensitivity, horizontal pleiotropy, and heterogeneity to
confirm the robustness of the findings. Finally, this study utilized
a CRC-related dataset, excluding patients with other types of
cancer, making the conclusions more reliable.

However, the present study has some limitations. First, our
findings may not apply to populations and regions beyond
Europe. Studies on fruit consumption and CRC risk have
varied significantly across populations and regions. A study of
women in central Sweden reported an association between low
fruit consumption and an increased risk of CRC (38), while a
similar association was not observed in Japan (39). Second, this
study did not delve into the intake frequencies and quantities.
There is evidence to suggest that both low consumption and
consistently low consumption of fruits may not have a significant
association with CRC risk (9). Lastly, while MR analysis can
reduce many confounding factors, our conclusions may be
affected by environmental factors.

5 Conclusion

Fruit consumption may help to reduce the risk of CRC in men.
Although our findings support existing public health guidelines that
encourage including fruit as part of a healthy diet to lower the risk
of CRC, further research is needed to validate our findings and
explore the underlying mechanisms.
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