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ARTICLE INFO ABSTRACT
Keywords: Background: Previous studies have discovered an association between dietary factors and breast
Breast cancer cancer. However, few studies have used Mendelian randomization (MR) to assess the potential
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causal relationship between dietary factors and breast cancer.

Methods: The exposure datasets for fresh fruit intake, dried fruit intake, salad/raw vegetable
intake, cooked vegetable intake, oily fish intake, non-oily fish intake, cheese intake, and bread
intake were obtained from the UK Biobank. The outcome dataset was extracted from the Breast
Cancer Association Consortium (BCAC). We used the inverse variance weighted (IVW) method as
the primary approach for the two-sample MR analysis. To ensure the accuracy of the results, we
conducted heterogeneity and horizontal pleiotropy analyses. Additionally, multivariable MR
analysis was conducted to ensure the stability of the results.

Results: Dried fruit intake was found to be a protective factor for overall breast cancer (outliers
excluded: OR: 0.549; 95 % CI: 0.429-0.702; p = 1.75 x 107%). Subtype analyses showed that
dried fruit intake was inversely associated with both estrogen receptor-positive (ER+) breast
cancer (outliers excluded: OR: 0.669; 95 % CI: 0.512-0.875; p = 0.003) and ER-negative (ER—)
breast cancer (OR: 0.559; 95 % CI: 0.379-0.827; p = 0.004), while fresh fruit intake was inversely
associated with ER— breast cancer (excluded outliers: OR: 0.510; 95 % CI: 0.308-0.846; p =
0.009). No significant causal relationship was found between other dietary intakes and breast
cancer. After adjusting for the effects of possible confounders, the causal relationships found by
the two-sample MR analysis remained.

Conclusion: Our study provides evidence that dried fruit intake may reduce the risk of both ER+
and ER— breast cancer, and fresh fruit intake may reduce the risk of ER— breast cancer. Other
factors included in this study were not linked to breast cancer.

1. Introduction

Breast cancer is the most common cancer globally and represents a leading public health burden, with 2,261,419 new cases re-
ported in 2020 [1-4]. As a multifactorial disease, identifying modifiable risk factors for breast cancer, such as dietary factors, lifestyle,
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and environmental factors, is crucial for preventing the disease and reducing its burden [5-8].

Several observational studies have suggested that fruit intake [9,10], vegetable intake [10], fish intake [11], and cheese intake [9,
12] may reduce the risk of breast cancer, while bread intake may increase the risk of breast cancer [13,14]. However, other studies
have not consistently found these associations [15-17]. Importantly, residual confounding is a common issue encountered in all
observational studies, and these statistical correlations cannot infer causality [9,10,18]. Therefore, whether there is a causal rela-
tionship between these dietary factors and breast cancer remains unclear.

Mendelian randomization (MR) study is an increasingly popular method for assessing causal relationships between exposures and
outcomes using genetic variants as instrumental variables (IVs) [19,20]. By exploiting the random assignment of genetic variants at the
time of conception, MR studies can reduce confounding factors and reverse causation, which are common limitations in observational
studies [21-23]. This approach has been widely used to study the causal effects of various risk factors on disease outcomes [24-26].

Thus, we aimed to estimate the potential causal association between dietary factors and breast cancer risk by MR analysis.

2. Materials and methods
2.1. Study design

A two-sample MR study was carried out to determine the causal association between factors and breast cancer. The single
nucleotide polymorphisms (SNPs) selected as IVs were supposed to comply with the three key assumptions: (1) SNPs must be intensely
linked to the exposure factors, (2) SNPs must not be linked to any confounding factor, and (3) SNPs not directly be linked to breast
cancer (Fig. 1).

2.2. Data source

The exposure factors included in this study were fresh fruit intake, dried fruit intake, salad/raw vegetable intake, cooked vegetable
intake, oily fish intake, non-oily fish intake, cheese intake, and bread intake. These exposure datasets were obtained from the UK
Biobank through the IEU Open GWAS project (https://gwas.mrcieu.ac.uk/). See Table 1 and Supplementary Table 1 for more in-
formation about exposures. We obtained the GWAS summary data for breast cancer from the Breast Cancer Association Consortium
(BCAC). The dataset included 122,977 cases (69,501 estrogen receptor (ER) + breast cancer; 21,468 ER— breast cancer) and 105,974
controls of European ancestry [27] (Table 2).

2.3. Selection of IVs

Firstly, we screened for SNPs that were strongly associated with exposure at a genome-wide significance level (p < 5 x 107%).
Subsequently, a threshold (r? < 0.001, kb = 10000) was set to obtain linkage disequilibrium (LD)-independent SNPs. Next, we
removed SNPs that were not found in the outcome GWAS dataset, as well as palindromic SNPs that could lead to bias [28]. SNPs
strongly correlated with the outcome (p < 5 x 10~8) were also removed because they did not conform to the key assumptions of IVs.
Finally, F-statistics were calculated to exclude weak instrumental variable bias [29] (Fig. 2). The F-statistic was calculated as F=R?
(n-k-1)/[k (1-R2)], and R? = 2 x (1-MAF) x MAF x (B/SD) 2, where n was the sample size, k was the number of SNPs, MAF was the
secondary allele frequency, a value equivalent to EAF in calculating R, p was the allele effect size, and SD was the standard deviation
[30].

2.4. Statistical analysis

We employed three distinct methods, namely inverse variance weighted (IVW), weighted median, and MR Egger, to explore the
potential causal relationship between dietary factors and breast cancer. Among these methods, we selected IVW as our primary
approach for two-sample MR analysis due to its demonstrated superior ability to determine causality [31]. Cochran’s Q test was
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Fig. 1. Schematic diagram of the MR analysis design.
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Table 1

Information on the datasets for exposures.
IEU GWAS id Exposure Used SNPs Sample size Ancestry
ukb-b-3881 Fresh fruit intake 53 446,462 European
ukb-b-16576 Dried fruit intake 40 421,764 European
ukb-b-1996 Salad/raw vegetable intake 18 435,435 European
ukb-b-8089 Cooked vegetable intake 16 448,651 European
ukb-b-2209 Oily fish intake 57 460,443 European
ukb-b-17627 Non-oily fish intake 9 460,880 European
ukb-b-1489 Cheese intake 58 451,486 European
ukb-b-11348 Bread intake 27 452,236 European

IEU—Integrative Epidemiology Unit; GWAS—genome-wide association study; SNPs—single.
nucleotide polymorphisms.

Table 2

Information on the dataset for breast cancer.
IEU GWAS id Outcomes ncase ncontrol Sample size Consortium Ancestry
ieu-a-1126 Overall Breast cancer 122,977 105,974 228,951 BCAC European
ieu-a-1127 ER + Breast cancer 69,501 105,974 175,475 BCAC European
ieu-a-1128 ER— Breast cancer 21,468 105,974 127,442 BCAC European

BCAC—Breast Cancer Association Consortium.

Selection of SNPs associated with dietary factors
from GWAS summary data with genome-wide
significance (p <5X10-%)

Linkage disequilibrium (LD)-pruned
(threshold at r2 < 0.001 and kb =10000)

LD-independent SNPs

Removing the SNPs not found in outcome GWAS
Palindromic SNPs exclusion

Excluding the SNPs associated with outcome

The SNPs with the F-statistic < 10 were excluded

SNPs associated with fresh fruit intake, dried
fruit intake, salad/raw vegetable intake, cooked
vegetable intake, oily fish intake, non-oily fish
intake, cheese intake, and bread intake were left
as instrumental variables and perform MR

Fig. 2. Flowsheet of SNPs selection in this study.

applied to assess heterogeneity (p < 0.05 indicating heterogeneity) [32]. However, the presence of heterogeneity does not necessarily
imply the invalidity of the IVW method. MR-Egger regression test was utilized to detect horizontal pleiotropy, with a zero intercept
indicating the absence of horizontal pleiotropy (p > 0.05) [33]. Leave-one-out analysis was conducted to determine whether the results
were significantly affected after removing a single SNP [34]. Outliers were detected using the MR-PRESSO method and subsequently
removed [35]. The MR analysis was then repeated with the exclusion of these outliers. We used odds ratios (ORs) to express the effects
of dietary factors on breast cancer risk. To determine the observed effects of dietary factors on breast cancer were stable, we performed
multivariable MR (MVMR) analysis that accounted for possible confounders between dietary factors and breast cancer [36]. All an-
alyses were conducted using the “TwoSampleMR”, “MRPRESSO”, and “MendelianRandomization” packages in R software (version
4.2.3) [37].

3. Results
3.1. 1Vs selection
According to the screening process described in the Methods section, 35 SNPs, 34 SNPs, and 30 SNPs were removed from the

analyses of overall, ER+, and ER— breast cancer, respectively (Supplementary Tables 2 and 3). After removing these SNPs, the number
of SNPs screened as exposures ranged from 9 to 58, and the range after removal of outliers by MR-PRESSO was between 8 and 57
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(Supplementary Tables 4-6). The F-statistics for all SNPs included in the analysis were greater than 10, ensuring a strong correlation
between the exposure and IVs [38]. Supplementary sheet presents details of the SNPs.

3.2. Relationships between dietary intakes and overall breast cancer

As shown in Fig. 3A, based on the IVW method, overall breast cancer risk was reduced by 45.1 % (outliers excluded: OR: 0.549; 95%
CIL: 0.429-0.702; P = 1.75 x 10_6) for every increase in the intake of dried fruits by one standard deviation (SD). The protective effect
of dried fruit intake was also observed in the weighted median method (outliers excluded: OR: 0.591; 95%CI: 0.441-0.792; P =
0.000431). However, no significant result was available in the MR-Egger method (p > 0.05). Fresh fruit intake indicated a positive
value before the removal of outliers, while the positive value disappeared after the removal of outliers (P = 0.033 vs 0.055). This study
also discovered that salad/raw vegetable intake, cooked vegetable intake, oily fish intake, non-oily fish intake, cheese intake, and
bread intake were not linked to overall breast cancer before and after the removal of outliers. More results of two-sample MR analysis
are presented in Supplementary Table 4.

3.3. The effects of dietary intakes on ER+ and ER— breast cancer

Using the GWAS dataset of ER+ and ER— breast cancer, we conducted two-sample MR analysis to evaluate the potential association
between dietary intakes and different subtypes of breast cancer. Our study revealed that per SD increase in dried fruit intake, the risk of
ER -+ breast cancer was reduced by 33.1 % (outliers excluded: OR: 0.669; 95 % CI: 0.512-0.875; p = 0.003), and the risk of ER— breast
cancer was reduced by 44.1 % (OR: 0.559; 95 % CI: 0.379-0.827; p = 0.004) based on the IVW method. Additionally, a significant 49 %
reduction in the risk of ER— breast cancer (excluded outliers: OR: 0.510; 95 % CI: 0.308-0.846; p = 0.009) was observed for each SD
increase in fresh fruit intake, but no significant association was found for ER + breast cancer. The MR analysis further indicated that
salad/raw vegetable intake, cooked vegetable intake, oily fish intake, non-oily fish intake, cheese intake, and bread intake did not
affect the risk of ER + or ER— breast cancer. (Fig. 3B and C and Supplementary Tables 5 and 6).

A
exposure nSNP(after removing outliers) OR(95%Cl) p-value p-value for heterogeneity p-value for pleiotropy
Fresh fruit intake 49 —_—— 0.767(0.585-1.006) 0.055 0.008 0.679
Dried fruit intake 38 —— : 0.549(0.429-0.702) 0.00000175 0.005 0.799
Salad / raw vegetable intake 16 —=—— 1.084(0.696-1.689) 0.720 0.099 0.661
Cooked vegetable intake 15 —_— 1.160(0.823-1.636) 0.397 0.400 0.062
Oily fish intake 52 —O—:— 0.887(0.744-1.058) 0.183 0.007 0.380
Non-oily fish intake 8 —_— 0.989(0.653-1.498) 0.959 0.400 0.607
Cheese intake 55 — 0.865(0.747-1.001) 0.051 0.010 0.933
Bread intake 27 —'i— 0.974(0.782-1.213) 0.811 0.113 0.106
05 1 15
B
exposure nSNP(after removing outliers) OR(95%Cl) p-value  p-value for heterogeneity p-value for pleiotropy
Fresh fruit intake 51 —— 0.804(0.593-1.090) 0.160 0.020 0.096
Dried fruit intake 37 —-—— : 0.669(0.512-0.875) 0.003 0.075 0.811
Salad / raw vegetable intake 16 —=——— 1.029(0.635-1.668) 0.906 0.230 0.874
Cooked vegetable intake 16 ———m—— 1.056(0.663-1.681) 0.818 0.137 0.388
Oily fish intake 54 —-—%— 0.910(0.736-1.126) 0.386 0.002 0.571
Non-oily fish intake 9 —_—— 0.785(0.439-1.405) 0.415 0.135 0.790
Cheese intake 57 —- 0.879(0.734-1.052) 0.158 0.002 0.862
Bread intake 27 —:l— 1.009(0.781-1.305) 0.944 0.151 0.359
0.5 1 15
C
exposure nSNP(after removing outliers) OR(95%Cl) p-value  p-value for heterogeneity p-value for pleiotropy
Fresh fruit intake 50 —— 0.510(0.308-0.846) 0.009 0.002 0.983
Dried fruit intake 40 e ' 0.559(0.379-0.827) 0.004 0.051 0.294
Salad / raw vegetable intake 18 —L——8—> 1.445(0.748-2.789) 0.273 0.309 0.222
Cooked vegetable intake 16 —_—— 0.844(0.428-1.665) 0.625 0.201 0.416
Oily fish intake 55 —-— 1.041(0.766-1.413) 0.798 0.008 0.208
Non-oily fish intake 9 ——a——— 0.933(0.457-1.906) 0.849 0.537 0.872
Cheese intake 57 —-— 0.850(0.665-1.087) 0.194 0.054 0.826
Bread intake 27 —‘I— 1.063(0.718-1.575) 0.761 0.144 0.301
- 1 T 1 .

0.5 1 1.5

Fig. 3. Forest plot of relationships between dietary intakes and breast cancer risk (after removing outliers). (A) Overall breast cancer; (B) ER +
breast cancer; (C) ER— breast cancer. OR, odds ratio; CI, confidence interval.
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3.4. Sensitivity analysis

Although heterogeneity was found in several exposures (Cochrane’s Q test P < 0.05), MR-Egger regression tests did not discover the
existence of horizontal pleiotropy (Fig. 3A-C). Leave-one-out analyses showed no significant effects on the positive results after
removing a single SNP, suggesting that the causalities of the results were very robust (Fig. 4).

3.5. Analysis using the MVMR

To determine the effects of dried fruit intake and fresh fruit intake on breast cancer observed in the two-sample MR analysis, we
further carried out MVMR analyses. After adjusting for body mass index (BMI), vigorous physical activity, and age at menopause, dried
fruit intake remained a causal association with overall, ER+, and ER— breast cancer; and fresh fruit intake remained a causal rela-
tionship with ER— breast cancer (Table 3). Besides, no potential horizontal pleiotropy was detected for the MR-Egger intercept.

4. Discussion

Our study explored the causal relationship between dietary factors and breast cancer risk using MR analysis. In this study, if the MR-
PRESSO method detected outliers, the MR analysis was repeated after excluding the outliers, and the new results of the IVW method
were used as a basis for assessing causality. The two-sample MR analysis showed that dried fruit intake significantly reduced overall
breast cancer risk. As the pathogenesis differs for each pathological state, we performed subtype analyses based on the ER status of
breast cancer. The findings revealed that dried fruit intake reduced the risks of both ER+ and ER— breast cancer, and fresh fruit intake
reduced the risk of ER— breast cancer. After adjusting for possible confounders, MVMR further confirmed stable effects of dried fruit
intake and fresh fruit intake on breast cancer. In addition, this study found that salad/raw vegetable intake, cooked vegetable intake,
oily fish intake, non-oily fish intake, cheese intake, and bread intake were not associated with breast cancer. These results revealed the
causal role of dietary factors in breast cancer risk.

In this study, subtype analyses discovered a significant inverse association between fresh fruit intake and ER— breast cancer risk,
but no association with ER + breast cancer. Similar results were reported in a previous study, suggesting that each serving of fruit
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Fig. 4. The results of Leave-one-out analyses (after removing outliers) (A) between dried fruit intake and overall breast cancer (B) between dried
fruit intake and ER + breast cancer (C) between dried fruit intake and ER— breast cancer (D) between fresh fruit intake and ER— breast cancer.
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Table 3

Assessing the effects of dried fruit intake and fresh fruit intake on breast cancer using IVW multivariable MR.
Expose Outcome OR (95%CI) P Egger-Intercept Int.p
Dried fruit intake Overall breast cancer 0.405 (0.302-0.542) 1.218 x 107° <0.001 0.597
Dried fruit intake ER + breast cancer 0.378 (0.272-0.526) 7.470 x 107° <0.001 0.993
Dried fruit intake ER— breast cancer 0.406 (0.262-0.629) 5.444 x 107° —0.002 0.062
Fresh fruit intake ER— breast cancer 0.392 (0.225-0.684) 0.001 —0.002 0.133

Int.p refers to the p-value derived from the Egger-intercept. IVW, inverse-variance-weighted.

intake was associated with a 12 % reduction in ER— breast cancer, whereas no association was discovered for overall breast cancer or
ER + breast cancer [39]. This is possibly due to the leading role of hormone-related factors in the etiology of ER + breast cancer [40,
41]. Fung et al. reported that ER— breast cancer may be more strongly related to diet than ER + breast cancer [42]. Furthermore, one
study involving 75,929 women found that higher intake of peaches and berries was associated with lower risk of ER— breast cancer
[43].

There are several possible factors that may underlie the inverse association of fresh and dried fruit intakes with breast cancer. Fruits
contain rich potential anti-carcinogenic nutrients, including fiber, carotenoids, and other bioactive substances [44-46]. In particular,
carotenoids have potent cytotoxic and antiproliferative effects on cancer cells [47]. This is consistent with previous studies showing an
inverse relationship between carotenoids and breast cancer, especially ER— breast cancer [44,48]. Some studies also discovered that
bioactive compounds in grapes can modulate breast cancer cell signaling, apoptosis, and metastasis [49,50]. Another study has showed
that ursolic acid, which is widely distributed in different fruits, can induce apoptosis in breast cancer cells [51].

Notably, dried fruits are obtained by dehydrating fresh fruits, resulting in a more concentrated nutrient profile [52]. Particularly,
drying concentrates the content of phytonutrients, including polyphenols, thereby increasing their antioxidant activity [53]. Poly-
phenols were found to inhibit breast cancer by modulating DNA methylation and histone modifications, restoring the expression of
tumor suppressor genes, and inhibiting cancer cell proliferation and metastasis [54,55]. A cohort study in the UK reported that women
who ate dried fruit regularly had a 40 % lower risk of developing breast cancer [56]. Consistent with our findings, a recent MR study on
the association of dried fruit intake with the risk of 11 types of cancer showed that dried fruit was a protective factor for breast cancer
[57]. Compared to previous studies, our MR study used an updated and more comprehensive GWAS database of breast cancer and
conducted subtype analyses based on ER status.

The findings of our study have practical significance for clinicians to enhance health education for breast cancer patients.
Encouraging high fruit intake could reduce the risk of developing breast cancer in those at high risk of the disease. However, further
research is needed to elucidate the underlying biological mechanisms and confirm the clinical significance. Future studies may explore
specific molecular pathways involved in the observed association between dietary factors and breast cancer. In addition, randomized
controlled trials may be necessary to validate the preventive effects of dried and fresh fruit intakes on breast cancer. These future
research efforts will contribute to breast cancer prevention and have important implications for public health.

Traditional observational studies have shown associations between intakes of vegetables, fish, cheese, and bread and breast cancer.
A study using data from two large prospective studies demonstrated that higher intake of vegetables may decrease the risk of breast
cancer [41]. In 2020, a case-control study involving the Polish population found that eliminating fish from the diet increased the risk of
breast cancer [58]. There has been increasing reporting on the association between cheese intake and breast cancer risk during recent
years [59,60]. Additionally, a case-control study that included 2569 women with breast cancer and 2588 controls indicated a positive
link between bread intake and breast cancer risk [13]. However, the MR analysis failed to detect a significant association of vegetable,
fish, cheese, and bread intakes with breast cancer (p > 0.05). Although traditional observational studies can provide some initial
insight into the relationship between dietary factors and breast cancer, their results may be affected by various confounding factors
[61,62]. Moreover, our results differed from previous observation studies, possibly due to the sample size of the GWAS dataset was not
large enough to generate statistical differences. Therefore, randomized controlled trials remain the most accurate method for deter-
mining the link between dietary factors and breast cancer.

This study has several strengths. First, this study explored the causal associations between a range of dietary factors and breast
cancer through MR analysis, which can avoid the influence of confounding factors. Second, SNPs used for IV were strongly correlated
with dietary intake, excluding potential weak instrumental bias. Additionally, the MR-PRESSO method was applied to identify and
correct for bias caused by outliers.

However, there are some limitations in this study. First, the participants included in the exposure and outcome were all of European
ancestry, thus, whether our findings can be generalized to other ethnic groups needs further study. Furthermore, there may be some
participants overlap in our study, which may cause the results to be overestimated. In addition, we could not determine whether there
was a dose-response relationship between dietary factors and breast cancer. Finally, we cannot stratify analyses by sex due to the lack
of sex-specific summary-level GWAS data. Future GWAS studies on dietary factors need to differentiate between male and female
subjects.

5. Conclusion

Our study provides evidence that dried fruit intake may reduce the risk of both ER+ and ER— breast cancer, and fresh fruit intake
may reduce the risk of ER— breast cancer. This study also found that salad/raw vegetable intake, cooked vegetable intake, oily fish
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intake, non-oily fish intake, cheese intake, and bread intake were not causally associated with breast cancer. These results provide
important insights into the potential risk and protective factors for breast cancer. Therefore, appropriate dietary modification may help
to prevent breast cancer.
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