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Background: Gastric cancer (GC) continues to be one of the leading causes of cancer-related deaths globally. Diet significantly influences the incidence and progression of GC. However, the relationship between dietary intake and GC is inconsistent.
Methods: A study was conducted with adults who participated in the National Health and Nutrition Examination Survey (NHANES) from 2003 to 2016 to investigate possible associations between 32 dietary factors and GC. To further detect potential causal relationships between these dietary factors and the risk of GC, a two-sample Mendelian randomization (MR) analysis was conducted. The primary method employed was the inverse variance weighted (IVW) analysis, and its results were further validated by four other methods.
Results: Of the 35,098 participants surveyed, 20 had a history of GC. Based on the results of weighted logistic multivariate analysis, it was observed that there was a positive correlation between total fat intake [odds ratio (OR) = 1.09, 95% confidence interval (CI): (1.01–1.17), p = 0.03] and GC as well as negative association of dietary monounsaturated fatty acids (MUFAs) intake [OR = 0.83, 95% CI: (0.76–0.92), p < 0.001]. Further evaluations of the odds of GC across the quartiles of dietary MUFAs showed that the top quartile of total MUFA intake was associated with a lower likelihood of GC in three different models [model1: OR = 0.03, 95% CI: (0.00–0.25), p < 0.01; model2: OR = 0.04, 95% CI: (0.00–0.38), p = 0.01; model3: OR = 0.04, 95% CI: (0.00–0.40), p = 0.01]. For the MR analyses, genetic instruments were selected from the IEU Open GWAS project; IVW analysis showed that GC risk was not associated with MUFAs [OR = 0.82, 95% CI: (0.59–1.14), p = 0.23] or the ratio of MUFAs to total fatty acids [OR = 1.00, 95% CI: (0.75–1.35), p = 0.98]. Similar results were observed when using the other MR methods.
Conclusion: The NHANES study revealed that consuming MUFAs was linked to a lower risk of GC, although the results of MR analyses do not provide evidence of a causal relationship. Additional research is therefore necessary to clarify these findings.
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INTRODUCTION
The rapidly growing global incidence of gastric cancer (GC) presents a significant public health challenge as it remains one of the leading cause of cancer-related mortality (Siegel et al., 2023). Despite advancements in early screening and therapeutic approaches, patients with advanced GC still have poor prognosis (Thrift et al., 2023). The development of GC is multifactorial and involves influences from factors, such as diet, environment, and genetics, with the dietary factors being of particular significance (Bouras et al., 2022). Based on reflection of an old Chinese proverb that “illness comes from the mouth,” it is imperative to look into the associations between dietary factors and GC. By gaining a deeper understanding of their relationship, efforts can be made to modify dietary patterns to potentially reduce the incidence of GC.
Recent studies have identified several dietary factors that may be associated with GC; of these, high glucose levels in the body are believed to be linked to greater incidence of malignancies, including GC (Tay et al., 2021). Similarly, increased fat intake has been identified as another important dietary habit that is carcinogenic and potentially related to GC (Kyrgiou et al., 2017). Protein is a fundamental component necessary for body composition and is regarded as a pivotal nutrient for GC patients (Ouyang et al., 2018; Kubota et al., 2020). Furthermore, multiple studies have highlighted the strong positive association between high salt consumption and GC, particularly with respect to salt-preserved foods (Kurosawa et al., 2006; D'Elia et al., 2012). For instance, a recent study reported that high intake of salted fish was linked to an elevated risk of GC (Bouras et al., 2022). On the other hand, high consumption of vitamin C, carotenoids, and other antioxidants, which have the potential to mitigate oxidative damage, has been reported to confer protective effects against the incidence of GC (Kong et al., 2014; Kim et al., 2018; Chen et al., 2021). However, a recent clinical trial found no significant interactions between vitamin supplements and GC incidence (Guo et al., 2020). Nevertheless, it is important to note that most current studies concentrate on a single dietary factor while neglecting the complexity, diversity, and interactions of different dietary intakes. As a result, these reports on the associations between dietary factors and GC may be one-sided. Therefore, it is imperative to shift the focus toward examining food groups or dietary patterns by taking into account multiple dietary factors and conducting comprehensive studies to gain a more holistic understanding of the associations between diet and GC.
Mendelian randomization (MR) is an approach that utilizes genetic variants as instrumental variables (IVs) and offers several advantages over observational studies; it has the potential to circumvent residual confounding and reverse causality, thereby providing a more reliable approach for evaluating causal relationships (Boyko, 2013; Sekula et al., 2016). Therefore, MR was employed in this study to further investigate the causal relationships between some dietary factors of interest and the risk of GC.
Thus, this study aims to investigate the links between dietary factors and the risk of GC by integrating an observational study and two-sample MR analyses. The main goal of this work was to establish a theoretical basis for the prevention and treatment of GC through the improvement of dietary habits.
METHODS
Study design and population in NHANES
The data for this cross-sectional study were extracted from the National Health and Nutrition Examination Survey (NHANES), a multistage stratified composite design survey on the health and nutritional information of a representative selection of the non-institutionalized U.S. population, conducted by the National Centers for Health Statistics (NCHS) of the Centers for Disease Control and Prevention (CDC). The observations from seven consecutive NHANES surveys (2003–2004, 2005–2006, 2007–2008, 2009–2010, 2011–2012, 2013–2014, and 2015–2016) were combined into a single analytic sample; thus, a total of 35,098 eligible participants above the age of 18 years, who were interviewed regarding their medical conditions and dietary intakes, were included in this study. The participants who had incomplete information were excluded (n = 6,809).
Variable selection in NHANES
The diagnoses of GC were defined using two items on the Medical Status Questionnaire: “Have you ever been told by a doctor or other health professional that you had cancer or malignancy?” and “What kind of cancer was it?” Answers that indicated only “stomach cancer” were classified as the outcome variables. Some demographic covariates, including age, sex, race, education, smoking status, weight, and body mass index (BMI), were also assessed.
The study participants were asked by trained interviewers to recall two consecutive 24-h dietary periods (day 1 and day 2) to assess the total dietary intakes through comprehensive reference to the NHANES. The present study only included dietary recalls for day 1 as those for day 2 had more missing values. A total of 32 dietary factors from the dietary questionnaire in the NHANES database were included in this study as follows: energy (kcal), protein (g), carbohydrate (g), total sugars (g), dietary fibers (g), total fat (g), saturated fatty acids (SFAs, g), monounsaturated fatty acids (MUFAs, g), polyunsaturated fatty acids (PUFAs, g), cholesterol (mg), vitamin A (µg), retinol (µg), alpha-carotene (µg), beta-carotene (µg), vitamin B1 (thiamin, mg), vitamin B2 (riboflavin, mg), vitamin B3 (niacin, mg), vitamin B6 (mg), folate (µg), vitamin B12 (µg), vitamin C (µg), vitamin E (mg), vitamin K (µg), calcium (mg), phosphorus (mg), magnesium (mg), iron (mg), zinc (mg), copper (mg), sodium (mg), potassium (mg), and selenium (µg).
Data sources for genetic instruments
The genome-wide association study (GWAS) data analyzed in the present study was obtained from the IEU open GWAS project supported by the MRC Integrative Epidemiology Unit (IEU) at the University of Bristol, collated and analyzed GWAS data from the UK Biobank, FinnGen biobank, and published articles. The single-nucleotide polymorphisms (SNPs) at the genome-wide significance level (p < 5 × 10−8) used in this study included MUFAs (GWAS ID: met-d-MUFA, sample size: 114,999, number of SNPs: 12,321,875, population: European, gender: both) and ratio of MUFAs to total fatty acids (GWAS ID: met-d-MUFA_pct, sample size: 114,999, number of SNPs: 12,321,875, population: European, gender: both). The data on SNPs associated with GC (GWAS ID: finn-b-C3_STOMACH, sample size: 218,792, samples with GC: 633, number of SNPs: 16,380,466, population: European, gender: both) were also extracted from the IEU open GWAS project (https://gwas.mrcieu.ac.uk/).
Genetic instrument selection
The SNPs in linkage disequilibrium (defined as r2 > 0.001 or clump distance <10,000 kb) and those having weaker associations with exposure were excluded, leaving 66 independent SNPs as the IVs for MUFAs and 66 for the ratio of MUFAs to total fatty acids. The F-statistic was used to ensure strong association between the SNPs and exposure. The detailed information on the selected SNPs is presented in Supplementary Tables S1,S2.
Statistical analysis
The data in the current study were obtained and statistically evaluated using R 4.1.1 (R Foundation, Vienna, Austria). The NHANES study population was divided into two groups in accordance with the presence or absence of a history of GC, and characteristics were determined for comparison between the groups. Continuous variables were expressed in terms of the median and interquartile range (IQR) as they did not obey a normal distribution. Significance differences between the two groups were evaluated using the Wilcoxon rank-sum test. Frequency and percent were used to describe the categorical variables, and the distribution of the categorical variables was appropriately compared using the Pearson chi-squared test.
Considering the stratified multistage probabilistic sampling approach of the NHANES, the “survey” package was used to adjust the complex sampling weights in the analyses. The two-year cycle weights were divided by seven to reflect the 14 survey years. Weighted logistic multivariate analysis was used to explore the associations between the dietary factors and GC. Three different models were used to decrease the influences of the confounders, where the first model was the crude model; the second model was adjusted for age, sex, and race, and the third model was adjusted for age, sex, race, education, smoking status, and BMI. The odds ratio (OR) and 95% confidence interval (CI) were used to assess the associations.
For the MR analyses, the “TwoSampleMR” package was used to conduct the inverse variance weighted (IVW) analysis as the primary method of assessing the causal effect between MUFAs and GC risk. The IVW model is considered to have the strongest ability to detect causation in the two-sample MR analysis (Hartwig et al., 2017). MR–Egger, weighted-median, simple mode, and weighted mode were also implemented to validate the results from the IVW analysis. The possible heterogeneity and directional pleiotropy were assessed through the Cochrane Q test and intercept from MR–Egger (Qian et al., 2020). The leave-one-out sensitivity analysis was also conducted, and a p-value <0.05 (two-sided) was considered to be statistically significant in this study.
RESULTS
Characteristics of included participants
A total of 35,098 individuals (weighted n = 219,465,579) over 18 years of age were selected for this study through the NHANES database. The flowchart illustrating the selection process of the participants is depicted in Figure 1. Among these participants, 20 people representing 105,634 individuals reported having a history of GC. The characteristics of these individuals were then stratified based on the presence or absence of GC, as shown in Table 1. The analysis revealed that individuals with GC were older (53 vs 46 years, p < 0.0001), had lower weights (67.40 vs 79.30 kg, p = 0.02), and had lower educational attainment (p = 0.03) compared to those without GC.
[image: Figure 1]FIGURE 1 | Flowchart of the NHANES study participants.
TABLE 1 | General characteristics of the adults included in this study stratified by the presence or absence of a history of GC.
[image: Table 1]Dietary intakes and risk of GC
Table 2 represents the dietary intakes of the participants with and without GC. Individuals with GC consumed less energy (p < 0.001), carbohydrates (p = 0.01), dietary fibers (p < 0.0001), total fats (p = 0.03), MUFAs (p < 0.01), PUFAs (p = 0.04), vitamin B1 (p < 0.0001), vitamin B3 (p < 0.0001), vitamin B6 (p < 0.0001), folate (p < 0.0001), vitamin E (p < 0.0001), vitamin K (p < 0.0001), phosphorus (p = 0.01), magnesium (<0.0001), iron (p < 0.0001), zinc (p < 0.01), copper (p = 0.01), sodium (p = 0.02), and selenium (p = 0.03).
TABLE 2 | Comparison of dietary intakes of persons with and without self-reported GC.
[image: Table 2]The correlations between the aforementioned dietary intakes and risk of GC via logistic regression analysis after adjustment for multiple potential confounders are described in Table 3. The dietary total fat intake [OR = 1.09, 95% CI: (1.01–1.17), p = 0.03] was positively associated with GC; meanwhile, dietary MUFA intake [OR = 0.83, 95% CI: (0.76–0.92), p < 0.001] was negatively associated with GC. After adjusting for age, sex, and race (model2) as well as age, sex, race, education, smoking status, and BMI (model3), the dietary total fat intake [model2: OR = 1.08, 95% CI: (1.01–1.16), p = 0.02; model3: OR = 1.08, 95% CI: (1.01–1.16), p = 0.03] was still associated with higher odds of GC, and the dietary MUFA intake [model2: OR = 0.83, 95% CI: (0.75–0.91), p < 0.001; model3: OR = 0.83, 95% CI: (0.76–0.92), p < 0.001] was still associated with a lower risk of GC. The average total fat intake of the participants with GC in this study was still within the 25%–35% range recommended by the 2020–2025 Dietary Guidelines for Americans (Phillips, 2021). Despite the positive association between total fat intake and GC, it is important to note that the lower daily energy intakes of those with GC than without GC may have contributed to this relationship. Therefore, it is plausible that this association may be influenced by the differences in daily energy intakes between the two groups.
TABLE 3 | Associations between dietary intakes and GC.
[image: Table 3]MUFAs intake and GC
To further study the associations between MUFAs and risk of GC, the above three models were used to evaluate the odds of GC across the quartiles (Q1: <16.512 g, Q2: 16.512–25.429 g, Q3: 25.429–37.203 g, Q4: >37.203 g) of total intake of MUFAs (Table 4). In all three models, the top quartile of total MUFA intake had over 90% lower likelihood of GC [model1: OR = 0.03, 95% CI: (0.00–0.25), p < 0.01; model2: OR = 0.04, 95% CI: (0.00–0.38), p = 0.01; model3: OR = 0.04, 95% CI: (0.00–0.40), p = 0.01]. These results indicate that a diet rich in MUFAs might play a protective role against GC.
TABLE 4 | Odds ratios and 95% confidence intervals for GC according to the daily dietary MUFA intake level.
[image: Table 4]The stability of the correlation between MUFAs and GC risk was further confirmed in different populations (Table 5). Analyses stratified by race show that MUFA intake was associated with lower GC risk in black participants [OR = 0.96, 95% CI: (0.92–0.99), p = 0.02] and white participants [OR = 0.92, 95% CI: (0.84–1.00), p = 0.05]. In stratified analyses based on smoking status, MUFAs were significantly correlated with GC risk in non-smokers [OR = 0.94, 95% CI: (0.89–1.00), p = 0.04]. Stratification by BMI showed that MUFAs were significantly associated with lower GC risk only in people with healthy weights [BMI: 18.5–25, OR = 0.89, 95% CI: (0.87–0.91), p < 0.0001]. Overall, the findings of this study indicate that a high dietary intake of MUFAs decreases the risk of GC.
TABLE 5 | Subgroup analysis of the associations between MUFAs and GC.
[image: Table 5]Causal relationship between MUFAs and GC risk
The cross-sectional study design of NHANES prevented the establishment of a causal relationship between the dietary factors and risk of GC. To avoid this limitation, MR analyses were conducted, and details of these SNPs are given in Supplementary Tables S1,S2. The F-statistic for each SNP was above 10. From the results of the IVW analyses, there were no genetic instruments associated with MUFAs or ratio of MUFAs to total fatty acids having a causal relationship with GC risk. The pooled ORs for GC risk in genetically predicted per unit change were 0.82 (95% CI: 0.59–1.14; p = 0.23) and 1.00 (95% CI: 0.75–1.35; p = 0.98) for MUFAs and ratio of MUFAs to total fatty acids, respectively (Table 6; Figure 2). There was no evidence of heterogeneity or pleiotropy of the aforementioned IVW analysis (Supplementary Table S3).
TABLE 6 | Causal relationship between MUFAs and GC risk based on different MR methods.
[image: Table 6][image: Figure 2]FIGURE 2 | Scatter plots of the genetic associations between (A) MUFAs and (B) ratio of MUFAs to total fatty acids and GC.
Four other MR methods (MR–Egger, weighted-median, simple mode, and weighted mode) were conducted, and similar results were observed to those of the IVW analyses (Table 6; Figure 2). For both genetic instruments, MR-PRESSO was conducted, and no outliers were found in this study. The leave-one-out sensitivity analysis showed that the overall result could change upon removing rs964184 for both MUFAs and ratio of MUFAs to total fatty acids as well as rs174564 for MUFAs (Supplementary Figure S1).
DISCUSSION
Numerous studies have unequivocally demonstrated the strong relationships between dietary intake and risk of developing various types of cancers, including lung cancer (Sun et al., 2016), breast cancer (De Cicco et al., 2019), and colorectal cancer (Thanikachalam and Khan, 2019). While some studies have underscored the significant roles of specific nutrients, such as cholesterol (Pih et al., 2021), nitrates (Poorolajal et al., 2020), salt (Wu et al., 2021), and alcohol (Laszkowska et al., 2021), in the incidence and progression of GC, a common tendency in these investigations is the exclusive focus on individual dietary factors that neglects the intricate interplay and complexities of different dietary intakes. It is important to recognize that modifications to a single dietary factor can invariably lead to compensatory changes in other dietary characteristics. Thus, the present cross-sectional study sought to address this deficiency by examining the NHANES database to elucidate the relationships between 32 dietary factors and risk of GC. The findings from a weighted logistic multivariate analysis reveal a noteworthy association between the intake of MUFAs and reduced risk of GC [OR = 0.8343, 95% CI: (0.7572–0.9192), p < 0.001]. This underscores the significance of considering the comprehensive dietary landscape for understanding the multiple factors at play in the development of GC.
Extensive research has been conducted on MUFAs owing to their potential health benefits (Snaebjornsson et al., 2020). Foods such as olive oil, avocados, nuts, and seeds, which are common components of the Mediterranean diet, have abundant quantities of MUFAs, and this diet is renowned for its benefits against cardiovascular diseases, obesity, and malignancies (Davis et al., 2015; Schwingshackl et al., 2017; Morze et al., 2021). Current studies advocate the restriction of SFAs and incorporation of higher proportions of MUFAs and PUFAs into a healthy diet (Sacks et al., 2017). Moreover, a recent comprehensive meta-analysis involving 3,202,496 participants revealed an inverse association between the Mediterranean diet and mortality rates of several cancers, including GC, highlighting the potential role of MUFAs in protecting against GC (Morze et al., 2021). Additionally, two separate studies found that dietary MUFAs were linked to a reduced risk of pancreatic cancer (Nkondjock et al., 2005; Banim et al., 2018). The potential antitumor effects of MUFAs may be attributed to their antioxidant properties, capacity to reduce chronic inflammation, and cholesterol-lowering properties (Farag and Gad, 2022; Wan et al., 2022; Guo et al., 2023). Furthermore, in the present NHANES observational study, after adjusting for potential confounders, the authors observed a protective effect of a high-MUFAs diet against GC, consistent with the findings of the aforementioned studies. These findings collectively suggest the potential of MUFAs in mitigating the risk of certain types of cancer while emphasizing their value as a component of a health-promoting diet.
However, some studies have reported conflicting results regarding the association between MUFAs and cancer risk. A large-scale case-controlled study revealed that increased MUFA intake was linked to higher odds of breast cancer (Sasanfar et al., 2022). Similarly, another study reported a positive association between dietary MUFA intake and pancreatic cancer (Gong et al., 2010). Therefore, evidence regarding the relationship between dietary MUFAs and cancer risk remains inconclusive. It is worth noting that there have been no cohort studies to investigate the association between dietary MUFAs and GC to date. This indicates the need for further research to clarify the impacts of MUFA consumption on GC risk.
The primary limitation of an observational study is the challenge of establishing a causal relationship. To address this limitation, two-sample MR analyses were conducted to investigate any potential causal relationships between MUFAs or ratio of MUFAs to total fatty acids and the risk of GC. The initial findings from the IVW analysis do not support a causal relationship between MUFAs or ratio of MUFAs to total fatty acids and GC. Furthermore, this study incorporated four additional MR analyses, all of which consistently aligned with the findings of the IVW analysis, thereby enhancing the robustness of the findings. Despite the seemingly contradictory results between the NHANES observational study and MR analyses, it would be premature to conclusively label MUFAs as “ineffective” in mitigating GC risk. The complexity of dietary factor interactions and metabolism in the human body suggests that compensatory mechanisms may occur when the intake of a specific dietary factor is altered over a short period of time. In light of this intricate interplay, it is more prudent to view each dietary factor as an integral component, akin to individual bricks contributing to the construction of a “great wall” that safeguards against malignancies such as GC.
To the best of the authors’ knowledge, this study is an initial attempt to examine the correlations between dietary MUFAs intake and risk of GC by integrating an observational study with two-sample MR analyses, thereby enhancing the reliability of the findings. Although the results derived from the MR analyses do not substantiate a causal role, it remains imperative to further investigate whether increased consumption of MUFA-rich foods exerts a protective effect against GC.
Despite the findings of this study, several limitations should be considered. First, the relatively lower incidence of GC in the USA compared to East Asia implies a need for further analyses using databases of Asian participants and GWAS to bolster the findings. Second, the use of self-reported 24-h dietary recall data in NHANES may not be fully representative of the participants’ long-term dietary intakes. Third, the absence of information on GC staging, histological findings, surgical history, and fatalities among the study participants precludes subgroup analyses based on the cancer stages, potentially affecting the results. Lastly, this study did not delineate the MUFAs based on their derivation from animal or plant sources, introducing the possibility of biases.
CONCLUSION
In conclusion, the results of the present study show no evidence to support a causal link between MUFA intake and gastric cancer risk. Larger studies are therefore required to explore the potential associations between GC risk and animal- or plant-derived MUFAs.
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