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Background: The consumption of cheese and fish has been linked to the onset of depression. However, the connection between consuming cheese, consuming fish, experiencing depression, and the pathways that mediate this relationship remains unclear. The purpose of this research was to investigate the potential association between the consumption of cheese and fish and the occurrence of depression. Moreover, it is important to identify any metabolites that might be involved and understand their respective roles and functions.

Methods: A two-step, two-sample Mendelian randomization (MR) study was conducted using genome-wide association study (GWAS) data on cheese, non-oily fish, and oily fish consumption and depression, along with 12 alternate mediators. The study included a total of 451,486 participants in the cheese consumption group, 460,880 in the non-oily fish consumption group, 460,443 in the oily fish consumption group, and 322,580 with a diagnosis of depression. The single nucleotide polymorphism (SNP) estimates were pooled using inverse-variance weighted, weighted median, MR-Egger, simple mode, and weighted mode.

Results: The data we collected suggested that consuming more cheese correlated with a lower likelihood of experiencing depression (OR: 0.95; 95% CI: 0.92 to 0.98). Neither non-oily fish nor oily fish consumption was directly linked to depression onset (p = 0.08, p = 0.78, respectively). Although there was a direct causal relationship with depression, the mediating relationship of triglycerides (TG), total cholesterol in large HDL, cholesterol to total lipids ratio in large HDL, free cholesterol to total lipids ratio in large HDL, glycine, and phospholipids to total lipids ratio in very large HDL of cheese intake on depression risk were − 0.002 (95% CI: −0.023 - 0.020), −0.002 (95% CI: −0.049 - 0.045), −0.001 (95% CI: −0.033 - 0.031), −0.001 (95% CI: −0.018 - 0.015), 0.001 (95% CI: −0.035 - 0.037), and − 0.001 (95% CI: −0.024 - 0.021), respectively. The mediating relationship of uridine, free cholesterol to total lipids ratio in large HDL, total cholesterol in large HDL, acetoacetate, and 3-hydroxybutyrate (3-HB) between non-oily fish consumption and depression risk were 0.016 (95% CI: −0.008 - 0.040), 0.011 (95% CI: −1.269 - 1.290), 0.010 (95% CI: −1.316 - 1.335), 0.011 (95% CI: −0.089 - 0.110), and 0.008 (95% CI: −0.051 - 0.068), respectively. The mediation effect of uridine and free cholesterol to total lipids ratio in large HDL between intake of oily fish and the risk of depression was found to be 0.006 (95% CI: −0.015 - 0.028) and − 0.002 (95% CI: −0.020 - 0.017), respectively. The correlation between eating cheese and experiencing depression persisted even when adjusting for other variables like Indian snacks, mango consumption, sushi consumption, and unsalted peanuts using multivariable MR.

Conclusion: The consumption of cheese and fish influenced the likelihood of experiencing depression, and this may be mediated by certain metabolites in the body. Our study provided a new perspective on the clinical treatment of depression.
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1 Introduction

Depression, which is linked to an increased risk of suicide, is a leading problem for global public health (1). Affecting approximately 350 million people worldwide, depression is a widely acknowledged and complex mental health issue (2–4). It is expected that this number will increase, especially due to the COVID-19 pandemic and its consequences, which have notably influenced the younger population and caused a spike in the number of cases among this group (5). In China, the prevalence of depression poses a significant concern and a notable challenge. Research findings specifically reveal that as many as 23.6% of adults exhibit symptoms associated with depression, a percentage that not only increases with age but also shows a worrying trend in young people. A meta-analysis focusing on Chinese adolescents revealed a depression prevalence rate of 24.3% (6–9). Understanding the possible causes and consequences of depression may be helpful for implementing prevention strategies. There has been much research on the causes of depression, but only stressors, certain sociodemographic factors, and family history are clearly indicated (10). Nutritional factors significantly contribute to mental health problems, while others help in maintaining good mental health. During the past decades, researchers have paid much attention to the link between dietary intake and depression.

Dairy products contain a high amount of important nutrients, such as vitamins B2 and B12, magnesium, potassium, phosphorus, protein, zinc, and calcium (11). The crucial role of calcium in preserving the health of the nervous system cannot be overstated. A lack of calcium has been shown to play a significant role in the onset of neurological disorders, including depression (12). This connection highlights the importance of dairy products in a balanced diet for maintaining mental well-being. Dairy products mainly include milk, cheese, ice cream, and yogurt. Research on cheese intake is relatively extensive. The relationship between cheese consumption and depression remains controversial. A meta-analysis involving eight studies and a total of 83,533 participants suggested that those who consumed cheese had a lower risk of depression. After conducting a comprehensive analysis, it was confirmed that there was a notable correlation between cheese consumption and depression [odds ratio (OR) = 0.91, 95% confidence interval (CI) = 0.84–0.98] (13). However, additional research findings suggest a potential connection between increased cheese consumption and an increase in stress levels. For instance, in a cross-sectional study of 7,387 adults, researchers discovered a correlation between high cheese consumption and elevated levels of stress (OR = 1.52, 95% CI = 1.02–2.26) (14). Moreover, another study showed no significant relationship between cheese consumption and depression. Cheese intake was assessed by providing complete data on a 24-h dietary recall questionnaire, sociodemographic information, and lifestyle factors, and by completing the Patient Health Questionnaire (PHQ-9) for depression screening (15). Previous studies have been based on clinical or animal experiments, which inevitably introduce systematic errors and confounding factors, leading to varying, and sometimes controversial, research results.

Mendelian randomization (MR) is based on the random allocation of single nucleotide polymorphisms (SNPs) during the formation of gametes to form zygotes. It eliminates confounding factors, thus enhancing the reliability and comparability of findings. Fish consumption can be divided into non-oily and oily fish consumption. Fish, particularly salmon and snapper, are a key source of omega-3 fatty acids that promote heart health by converting alpha-linolenic acid (ALA) into long-chain omega-3 fatty acids. A lack of omega-3 fatty acids, specifically eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), has been linked to impaired neuronal function and alterations in inflammatory reactions (16). Although research substantiates the preventive and therapeutic benefits of omega-3 polyunsaturated fatty acids (PUFAs) in addressing depression, the exact mechanisms remain incompletely understood but are believed to be related to physiological pathways that involve fatty acids (17). A previous study of 15,000 adults revealed that there was no substantial correlation between fish consumption and depression (18). However, results from the MEDiterranean ISlands (MEDIS) Elderly Epidemiological Study showed that continual consumption of fish was related to less severe symptoms of depression in elderly individuals (19). These results underscore the inconsistent findings in research regarding the relationship between fish consumption and depression.

Targeted metabolomics and peptidomics have emerged as powerful methodologies for gaining a comprehensive understanding of the intricate biochemical alterations within food systems. Cheese and fish consumption can indeed lead to changes in metabolites within the body, which can subsequently affect various metabolic pathways (20, 21). Different metabolites belong to the corresponding metabolic pathways. Moreover, metabolic pathways are usually regulated by enzymes. The synthesis and degradation of ketone bodies provide a vital energy source. Butanoate is involved in the metabolism of fatty acids and glucose. Amino acid metabolism is involved in various biosynthetic pathways. Pyrimidine metabolism plays a pivotal role in nucleic acid synthesis and cellular proliferation. Steroid biosynthesis is crucial for maintaining physiological equilibrium. Changes in metabolites and the disruption of metabolic pathways have been shown to be correlated with the pathogenesis of depression (22).

Due to the expense and time involved with most randomized controlled studies, substitution methods to reinforce a causal relationship could aid in determining whether such trials are worthwhile. Genetic variants are used as instrumental variables (IVs) in MR to determine causal relationships between exposures and outcomes (23). During meiosis and fertilization, genetic variants are assigned randomly and established well before the disease develops. Therefore, they are relatively independent of self-selected behaviors and eliminate the problem of confounding factors and reverse causality (24). Two-sample Mendelian randomization analysis can be performed using the genome-wide association study (GWAS) data, which has recently been used for cheese and fish consumption and depression in our study, and we focused on metabolites as mediators and investigated the metabolic pathways associated with beneficial metabolites. We examined the causality of cheese and fish consumption on depression risk and investigated the mediating pathways through metabolite-related phenotypes using the two-sample, two-step MR analysis.



2 Materials and methods


2.1 Study design

The study was conducted in two stages as illustrated in Figure 1. In the first stage, we conducted a two-sample univariable MR utilizing the GWAS summary statistics to examine the possible causal link between cheese and fish consumption and depression. We then used multivariable MR to evaluate the effect of cheese consumption on depression with adjustment for other dietary intake, including Indian snacks, mango, sushi, and unsalted peanuts. In the second stage, we chose 12 possible mediators associated with diet and depression, involving 9 mediators for cheese consumption, 5 mediators for non-oily fish consumption, and 2 mediators for oily fish consumption. We then used a two-step MR to determine the mediating roles of selected mediators on the causal link between cheese and fish consumption and depression.
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FIGURE 1
 Overview of the MR study design. HDL, high-density lipoprotein; MR, Mendelian randomization.


The three fundamental assumptions of MR were strictly followed in this study. First, the instrumental variables (IVs) had a strong correlation with exposure. Second, the IVs remained unaffected by any potential confounding variables that could impact the relationship between the exposure and the final result. Third, the IVs only influenced the outcome via exposure. Summary data from GWASs were used in this MR study, which was based primarily on studies of Europeans or consortia of Europeans.



2.2 Data sources

This analysis mainly utilized the GWAS statistical data for European populations, including individuals of both genders. The United Kingdom Biobank study provided summary statistics on cheese consumption, with a sample size of 451,486 individuals. It examined the link between cheese consumption and SNPs (25). Data are already available from a GWAS (26). Non-oily fish consumption (n = 460,880)1 and oily fish consumption (n = 460,443)2 were also obtained from the United Kingdom Biobank study. Six lipid traits were studied from the GWAS (78,700 individuals were involved in studying TG within the family GWAS consortium, 21,558 individuals for total cholesterol in large HDL (27), 115,078 individuals for cholesterol to total lipids ratio in large HDL, 115,078 individuals for free cholesterol to total lipids ratio in large HDL, 115,053 individuals for phospholipids to total lipids ratio in very large HDL and 113,595 individuals for 3-HB), as well as glycine and acetoacetate, which were studied in 114,972 and 115,075 individuals, respectively. Additionally, uridine was investigated using data from a GWAS database of approximately 7,800 individuals (28). SNPs associated with depression were extracted from a GWAS of 113,769 depression cases and 208,811 controls of European ancestry. We imported the IVs into the PhenoScanner V2, and SNPs that were associated with depression were eliminated. Indian snacks (n = 64,949) and intake of mango (n = 64,949), sushi (n = 64,949), and unsalted peanuts (n = 64,949) were selected. The data came from the MRC-IEU database and were mainly for the European population, including both men and women. The number of SNPs on each instrumental variable was 9,851,867. Ethical approval was not necessary for the current analysis as all the included GWAS data were publicly available and had been approved by the relevant ethical review boards.



2.3 Selection and validation of SNPs

Table 1 presents the data sources for each of the phenotypes investigated. The respective GWAS datasets were utilized to identify SNPs associated with cheese and fish consumption, and each mediator under consideration, using a genome-wide significance threshold of 5 × 10−8. The SNPs were grouped into clusters based on a linkage disequilibrium threshold of r2 < 0.001 within 10,000 kb to identify independent genetic variants (Supplementary Table S1). MR analyses were conducted based on the remaining SNPs after harmonizing exposure and outcome. Prior to conducting the MR analysis, we guaranteed that the effects on both the exposure and outcome were linked to the same allele, which was crucial for aligning the genetic variants consistently across multiple datasets.



TABLE 1 GWAS data sources for the MR study.
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2.4 Mendelian randomization design and data analysis


2.4.1 Univariable and multivariable MR analyses

For the univariable MR analyses, the main approach utilized was the inverse-variance weighted (IVW) method. We also conducted additional analyses using MR-Egger, weighted median, simple mode, and weighted mode approaches to assess the reliability of the IVW estimates under varying assumptions. The IVW method pools together the individual SNP-level estimate using a random-relationships meta-analysis to obtain a single estimation of causality (23). To investigate possible pleiotropic effects of IVs, MR-Egger regression analysis was utilized. Detecting directional horizontal pleiotropy in causal estimates through the intercept term in MR-Egger regression analysis can provide crucial insights into potential confounding factors impacting the results. The weighted median method identifies the median MR estimate as the causal estimate, ensuring consistency in the causal estimation when at least half of the weight is assigned to valid IVs (29). The clustering of SNPs based on the similarity of their causal relationships was carried out in both the simple mode and weighted mode approaches, with the estimation of causal relationships being conducted using the largest cluster (30). The heterogeneity of the IVW estimates was assessed using Cochran’s Q test, with statistical significance defined as p < 0.05; then, we detected the occurrence of horizontal pleiotropy by analyzing the intercept term. The primary approach used for the analysis of multivariable MR was the multivariable inverse-variance-weighted (MV-IVW) method. The principle of correcting for confounding factors was to quantitatively assess the contribution of multiple variables, including confounding variables and variables of interest, to the results of the study by considering them simultaneously. This approach helped reduce the impact of confounding factors, making the results more reliable and accurate.



2.4.2 Relationship between cheese and fish consumption and depression

In the univariable MR, we estimated the total relationship between cheese and fish consumption and depression as ORs with 95% CIs. To further identify and adjust for possible horizontal pleiotropy biases, we incorporated the MR-PRESSO method into our analysis to detect and correct for outlier SNPs affecting the causal estimates (31). In addition, the impact of individual variants on the associations was evaluated through leave-one-out analyses.

Indian snacks and intake of mango, sushi, and unsalted peanuts were underlying confounding factors for the association between exposures and outcome. Multivariable MR was used to evaluate the relationship between cheese consumption and depression, with adjustment for the aforementioned dietary factors. Because there was no causal relationship between non-oily fish or oily fish consumption and depression, no multivariable MR was conducted.



2.4.3 Mediator screening and two-step MR

The process of selecting mediators is shown in Figure 2. We initially utilized univariable MR to investigate the causal link between the 12 possible mediators and depression. We then examined the possible causative association between cheese and fish consumption and possible mediators, which have been confirmed to have a relationship with depression. Following multiple testing, the adjusted p-value (q-value) was calculated. We categorized IVW outcomes as having substantial evidence if they had p < 0.05 and q < 0.05, while those with p < 0.05 and q ≥ 0.05 were considered probable evidence. If there was conclusive proof that cheese and fish consumption affected certain mediators that had an impact on the risk of developing depression, it was these mediators that would be picked.
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FIGURE 2
 Evidence for selection of mediators that play a role in the association between consumption of cheese and fish and depression. (A) Causal associations between candidate mediators and depression in the cheese consumption group; (B) Causal associations between cheese consumption and candidate mediators, which were confirmed to influence depression; (C) Causal associations between candidate mediators and depression in the non-oily fish consumption group; (D) Causal associations between non-oily fish consumption and candidate mediators, which were confirmed to influence depression; (E) Causal associations between candidate mediators and depression in the oily fish consumption group; (F) Causal associations between oily fish consumption and candidate mediators, which were confirmed to influence depression. “Selection” indicates whether the candidate mediators were selected for subsequent analyses. The IVW method was used for the main analysis. Sensitivity analyses included the MR-Egger and WM shown in the figure as well as the simple mode and weighted mode methods shown in Supplementary Tables S6, S8. FDR, false discovery rate; IVW, inverse-variance weighted.


We conducted two-step MR analyses to evaluate the mediating effects of each selected mediator in the causal pathways linked to cheese and fish consumption and depression. First, we assessed the causal relationship (β1) between cheese and fish consumption on each mediator using univariable MR. Second, we assessed the causal relationship (β2) of every mediator on depression using univariable MR. The mediator relationship between cheese and fish consumption and depression was calculated as follows: β1 × β2 (32).

The MR analyses were performed using R software version 4.2.0 with the packages “TwoSampleMR,” “MRPRESSO,” and “fdrtool.”




2.5 Analysis of metabolic pathways

The metabolic pathways were analyzed using Metaboanalyst 5.0 (33).3 We identified possible metabolites and pathways that may be related to the biological processes underlying depression by using modules of functional enrichment analyses and pathway analyses.



2.6 Molecular docking

We obtained the 3D structure of glycine (PubChem CID: 750) from PubChem.4 Using the RCSB Protein Data Bank,5 we obtained the structure of receptor proteins. Two receptor proteins were investigated: glutamate receptor 2 (GRIA2, PDB ID: 2WJW) (34) and voltage-dependent L-type calcium channel subunit beta-3 (CACNB3, PDB ID: 7UHG) (35). We used AutoDockTools 1.5.6 to convert positive metabolites (mol2 format) and receptor proteins (pdb format) to pdbqt format (36). Coordinates of active pockets of receptor proteins are listed in Supplementary Table S2. Visualization of docking results was performed using Discovery Studio 2019.




3 Results

The United Kingdom Biobank study provided summary statistics on cheese, non-oily fish, and oily fish consumption, with sample sizes of 451,486, 460,880, and 460,443, respectively. Within the Family GWAS Consortium, TG involved 78,700 individuals. Additionally, total cholesterol in large HDL, cholesterol to total lipids ratio in large HDL, free cholesterol to total lipids ratio in large HDL, phospholipids to total lipids ratio in very large HDL, 3-HB, glycine, acetoacetate, and uridine each involved a different number of individuals as follows: 21,558, 115,078, 115,078, 115,053, 113,595, 114,972, 115,075, and 7,800, respectively. In the UK Biobank study, depression was the most tractable phenotype, with SNP associations extracted from a GWAS of 113,769 depression cases and 208,811 controls of European ancestry.


3.1 Univariable and multivariable MR analyses assessing the causal association between cheese and fish consumption and depression

In the univariable MR analysis, we observed a correlation between the consumption of SD (standard-deviation) cheese and a reduced incidence of depression (IVW-OR: 0.95; 95% CI: 0.92 to 0.98; p = 9.86 × 10−4). Multiple analyses, employing MR-Egger, weighted median, weighted mode, and simple mode, consistently confirmed the strength and reliability of the IVW results (Supplementary Table S3). For non-oily fish and oily fish consumption, there were no causal relationships with depression risk (p = 0.08 and p = 0.78, respectively). According to the leave-one-out analysis, no single SNP could be attributed to these findings (Figure 3A). The forest diagram, scatter diagram and funnel diagram were shown in Figures 3B-D, respectively.
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FIGURE 3
 (A) Forest plots of leave-one-out analyses for causal SNP relationship between cheese consumption and depression. The error bars indicate the 95% confidence interval (CI). (C) Scatter plots for causal SNP relationship between cheese consumption and depression. Each black point represents each SNP on the exposure (horizontal axis) and the outcome (vertical axis) plotted with error bars corresponding to the standard error (SE). The slope of each line corresponds to the combined estimate using each method of the inverse-variance weighted (light blue line), MR-Egger (blue line), simple mode (light green line), weighted median (green line), and weighted mode (pink line). SNP: single nucleotide polymorphism, MR, Mendelian randomization. (B) Forest plot to visualize causal effect of each single SNP on depression. (D) Funnel plots to visualize overall heterogeneity of MR estimates for the effect of cheese consumption on depression. IVW indicates inverse-variance weighted; and MR, Mendelian randomization.


The relationship between cheese consumption and depression remained statistically significant in the multivariable MR analyses, even after accounting for consumption of Indian snacks and intake of mango, sushi, and unsalted peanuts, as evidenced by ORs (95% CIs) of 0.95 (0.92 to 0.98), 0.95 (0.93 to 0.98), 0.95 (0.93 to 0.98), and 0.95 (0.92 to 0.98), respectively.



3.2 Univariable MR analyses assessing the causal association between possible mediators and depression

Of the 12 possible mediators, it was found that 10 mediators were linked to the risk of depression. There was suggestive evidence for positive causal relationships between TG (OR: 1.01; 95% CI: 1.00 to 1.02; p = 0.03), glycine (OR: 1.01; 95% CI: 1.00 to 1.01; p = 0.04), uridine (OR: 1.17; 95% CI: 1.02 to 1.34; p = 0.02), and depression risk. Total cholesterol in large HDL (OR: 0.99; 95% CI: 0.99 to 1.00; p = 0.02), cholesterol to total lipids ratio in large HDL (OR: 0.99; 95% CI: 0.99 to 1.00; p = 0.04), and phospholipids to total lipids ratio in very large HDL (OR: 0.99; 95% CI: 0.99 to 1.00; p = 0.04) were negatively related to depression.

There was strong evidence for negative causal links between glutaryl carnitine (OR: 0.95; 95% CI: 0.92 to 0.99; p = 0.01), free cholesterol to total lipids ratio in large HDL (OR per 1 SD: 0.99; 95% CI: 0.98 to 1.00; p = 2.79E-03), and depression, even after adjusting for multiple comparisons using false discovery rate (FDR). Acetoacetate (OR: 1.03; 95% CI: 1.00 to 1.06; p = 0.02) and 3-HB (OR: 1.03; 95% CI: 1.01 to 1.05; p = 6.22E-04) were positively related to depression risk after adjusting for FDR (Supplementary Table S6). The results did not indicate any evidence of horizontal pleiotropy between possible mediators and depression (intercept ≥ 0.08; Supplementary Table S7).



3.3 Univariable MR analyses assessing the causal association between cheese and fish consumption with possible mediators

Of the 10 possible mediators that could impact depression, SD cheese consumption was related to high levels of total cholesterol in large HDL (OR: 1.26; 95% CI: 1.03 to 1.54; p = 0.03), cholesterol to total lipids ratio in large HDL (OR: 1.23; 95% CI: 1.05 to 1.43; p = 0.01), free cholesterol to total lipids ratio in large HDL (OR: 1.14; 95% CI: 1.00 to 1.29; p = 0.04), phospholipids to total lipids ratio in very large HDL (OR: 1.21; 95% CI: 1.08 to 1.37; p = 1.28E-03), and glycine (OR: 1.25; 95% CI: 1.06 to 1.47; p = 6.71E-03). Cheese consumption was also found to be associated with lower TG (OR: 0.85; 95% CI: 0.75 to 0.97; p = 0.01). Each SD increase in non-oily fish consumption was associated with higher levels of uridine (OR: 1.11; 95% CI: 1.01 to 1.22; p = 0.04), acetoacetate (OR: 1.42; 95% CI: 1.07 to 1.89; p = 0.01), and 3-HB (OR: 1.30; 95% CI: 1.03 to 1.63; p = 0.03). Additionally, a decrease in the ratio of free cholesterol to total lipids in large HDL (OR: 0.32; 95% CI: 0.10 to 0.96; p = 0.04) and in total cholesterol levels in large HDL (OR: 0.30; 95% CI: 0.1 to 0.9; p = 0.03) was observed with non-oily fish consumption. For oily fish consumption, increases in the uridine (OR: 1.04; 95% CI: 1.01 to 1.08; p = 0.02) and free cholesterol to total lipids ratio in large HDL (OR: 1.19; 95% CI: 1.08 to 1.33; p = 4.0E-03) were observed (Supplementary Table S8). The results described in Sections 3.2 and 3.3 are shown in Figure 4. In the MR analysis, no signs of horizontal pleiotropy were found when examining the relationships between cheese consumption, non-oily fish consumption, oily fish consumption, and potential mediators (Supplementary Table S9).
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FIGURE 4
 (A) Relationship between cheese consumption and depression assessed by the primary MR analyses from the GWAS dataset; (B) MR estimates for the causal relationships between cheese consumption and mediators (left) and the causal relationships between mediators and depression (right); (C) MR estimates for the causal relationships between non-oily fish consumption and mediators (left) and the causal relationships between mediators and depression (right); (D) MR estimates for the causal relationships between oily fish consumption and mediators (left) and the causal relationships between mediators and depression (right).




3.4 Two-step MR was employed to estimate the effect of each mediator in moderating the relationship between cheese and fish consumption and depression

We employed two-step MR to investigate the possible mediators among nine variables. The mediating effect of TG, total cholesterol in large HDL, cholesterol to total lipids ratio in large HDL, free cholesterol to total lipids ratio in large HDL, glycine, and phospholipids to total lipids ratio in very large HDL of cheese consumption on depression risk were − 0.002 (95% CI: −0.023 - 0.020), −0.002 (95% CI: −0.049 - 0.045), −0.001 (95% CI: −0.033 - 0.031), −0.001 (95% CI: −0.018 - 0.015), 0.001 (95% CI: −0.035 - 0.037), and − 0.001 (95% CI: −0.024 - 0.021), respectively. The mediating effect of uridine, free cholesterol to total lipids ratio in large HDL, total cholesterol in large HDL, acetoacetate, and 3-HB between non-oily fish consumption and depression risk were 0.016 (95% CI: −0.008 - 0.040), 0.011 (95% CI: −1.269 - 1.290), 0.010 (95% CI: −1.316 - 1.335), 0.011 (95% CI: −0.089 - 0.110), and 0.008 (95% CI: −0.051 - 0.068), respectively. Moreover, uridine and free cholesterol to total lipids ratio in large HDL between oily fish consumption and depression risk were 0.006 (95% CI: −0.015- 0.028) and − 0.002 (95% CI: −0.020 - 0.017), respectively (Supplementary Table S10). The interactive causal associations of mediators including lipids, amino acids, uridine, and acetoacetate in the pathway linking cheese and fish consumption and depression are shown in Figure 5.
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FIGURE 5
 (A) Two-step MR analysis framework; (B) DAG for the proposed causal interactions for metabolites in the pathway between cheese and fish consumption and depression. The black arrows represent causal pathways from cheese and fish consumption through mediators identified in this MR study to depression. The gray arrows represent other plausible pathways linking cheese and fish consumption to depression that we did not investigate in this study. DAG, directed acyclic diagram; MR, Mendelian randomization.




3.5 Metabolic pathway analysis

The enrichment analysis revealed that 27-hydroxylase deficiency, 3-phosphoglyceratedehydrogenase deficiency, apolipoprotein C-II deficiency cholesteryl ester storage disease glycogenosis, type IXB, acute myelogenous leukemia, congenital disorder of glycosylation CDG-IA, congenital disorder of glycosylation CDG-IB, fish-eye disease, hyperlipidemia, mevalonic aciduria, oculocerebrorenal syndrome of Lowe, phosphoserine aminotransferase deficiency-new disorder, and Sotos syndrome were the enrichment entries most significantly implicated for cheese consumption (Figure 6A). For non-oily fish consumption, succinyl CoA: 3-ketoacid CoA transferase deficiency, anoxia, and pyruvate carboxylase deficiency were the enrichment entries most significantly implicated (Figure 6B). For oily fish consumption, 27-hydroxylase deficiency, acute myelogenous leukemia, apolipoprotein C-II deficiency cholesteryl ester storage disease glycogenosis, type IXB, congenital disorder of glycosylation CDG-IA, congenital disorder of glycosylation CDG-IB, fish eye disease, hyperlipidemia, mevalonic aciduria, and oculocerebrorenal syndrome of Lowe were the enrichment entries most significantly implicated (Figure 6C).
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FIGURE 6
 (A) Enrichment analysis of pathways related to cheese consumption and the treatment of depression. (B) Enrichment analysis of pathways related to non-oily fish consumption and the treatment of depression. (C) Enrichment analysis of pathways related to oily fish consumption and the treatment of depression. (D) Eight key metabolic pathways related to non-oily fish consumption and the treatment of depression.


Non-oily fish consumption was found to be correlated with alterations in eight metabolic pathways. Our results show that the “Synthesis and degradation of ketone bodies” (p = 4.99E-05), “Butanoate metabolism” (p = 5.19E-04), “Pyrimidine metabolism” (p = 0.10), “Valine, leucine and isoleucine degradation” (p = 0.10), “Tyrosine metabolism” (p = 0.10), “Steroid biosynthesis” (p = 0.10), “Primary bile acid biosynthesis” (p = 0.10), and “Steroid hormone biosynthesis” (p = 0.20) have been observed to link the pathogenic process between non-oily fish consumption and depression (Figure 6D).



3.6 Molecular docking analysis

The association between positive metabolites and receptor proteins was investigated through the application of molecular docking. Using molecular docking, we found the binding energies of glutamate receptor 2 with glycine was −2.9 kcal/mol (RMSD: 1.791) (Figure 7). Glutamate receptor 2 has an important role in depression (37). The docking analysis demonstrated that glycine had a high affinity for the receptor protein for depression.
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FIGURE 7
 Molecular docking. Binding mode of glycine with glutamate receptor 2.





4 Discussion

This study employed an MR analysis to examine the potential causal relationship between cheese and fish consumption and depression. Additionally, the study aimed to identify metabolites that mediated this relationship and examined the pathways connecting cheese and fish consumption with depression. The consumption of cheese showed a negative correlation with depression risk as indicated by genetic instruments. This finding was further substantiated using comprehensive MR analyses. However, there was no direct causal relationship between fish consumption and depression. Of the 12 possible mediators, 9 were found to have a verified role in mediating the causal influence between cheese and fish consumption and depression, involving lipids, amino acids, uridine, and acetoacetate. Our study provided a novel insight into the role of diet in depression pathogenesis and treatment.

The occurrence of depression is shaped by various factors including biology, demographics, genetics, and behavior (38–41). As a potential standalone indicator of disease susceptibility, there has been an increasing emphasis on investigating the influence of habitual dietary intake and specific nutrient consumption (42). Several essential nutrients, including n-3 polyunsaturated fatty acids, B vitamins, magnesium, and zinc, have shown connections to brain function and are currently under investigation as potential distinct indicators of disease risk (40). Nutritional intake may modulate neuronal pathways associated with depression risk, including oxidative stress, neuroplasticity, inflammation, mitochondrial function, and the gut microbiome (40, 43–46). There have been many studies of vitamins, trace elements, or carbohydrates in the previous literature, but no previous study has investigated the causal relationship between cheese and fish consumption and depression and the role of metabolites. In our study, MR approaches were used to minimize possible confounders and subsequently demonstrated a causal relationship between cheese and fish consumption and depression, controlling for other dietary intake. This highlights cheese and fish consumption as important factors for predicting and preventing the risk of depression.

Our study explored the mediators linking cheese and fish consumption and depression. Of the 12 metabolites that encompass lipids, amino acids, nucleotide metabolism, and more, we found TG, cholesterol, 3-HB, glycine, uridine, and acetoacetates may be causal mediators. Elevated triglyceride levels have been correlated with an increase in the production of inflammatory mediators, including tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), C-reactive protein, and interleukin-1β (IL-1β). These inflammatory mediators are closely associated with the pathogenesis of depression. Furthermore, elevated triglyceride levels have the potential to disrupt the balance of neurotransmitters such as serotonin and dopamine. When these essential brain chemicals deviate from their normal levels, the risk of depression may increase (47). Low serum cholesterol levels may result in a reduced availability of serum-free tryptophan, an amino acid necessary for the synthesis of serotonin in the brain. A reduced supply of tryptophan can lead to reduced serotonin concentrations, a factor associated with depression and suicidal behavior (48). Acetoacetate has been found to protect neurons by promoting the expression of brain-derived neurotrophic factor (BDNF) and inhibiting neuroinflammation in the hippocampus. Miyamoto et al. discovered that acetoacetate acts as a ligand for GPR43 and its coupling inhibits the activation of pERK, as well as its two substrates, IL-6 and TNF-α (49, 50). Massieu et al. conducted both in vivo and in vitro experiments, demonstrating that acetoacetate protects hippocampal neurons from glutamate-induced neurotoxicity when glycolysis inhibitors are applied (51). In recent studies, it has been suggested that 3-HB may exhibit antidepressant effects by inhibiting the activation of the nucleotide-binding domain, leucine-rich repeat, and pyrin domain-containing 3 (NLRP3) inflammasome (52–54). Yamanishi et al. observed that peripheral administration of 3-HB led to a reduction in inflammatory cytokine levels in the hippocampus, including IL-1β and TNF-α, thereby improving depressive- and anxiety-like behaviors in a rodent model of chronic unpredictable stress (54). Additionally, uridine promotes the synthesis of cytidine 5′-diphosphocholine (CDP-choline), a critical substrate for phospholipid synthesis in the body. Phospholipids are vital constituents of cellular membranes and are responsible for maintaining their integrity and proper functioning. Any disruptions in the synthesis of phospholipids, caused by imbalances in CDP-choline levels influenced by uridine stimulation, may potentially contribute to the manifestation of depressive symptoms. These disturbances can impact the functionality of neurons and neurotransmitter systems that are involved in regulating mood (55). N-methyl-D-aspartate (NMDA) receptors require both glutamate and an auxiliary co-agonist (typically glycine) to be activated. Upon activation, the ion channels of NMDA receptors open, allowing the entry of calcium ions and other ions into the neuron, thereby triggering a series of signal transduction pathways that affect neuronal excitability and neurotransmitter release. By modulating the function of NMDA receptors, glycine can influence neurotransmitter release and neuronal excitability (56, 57).

Over the past few years, the field of metabolomics has become increasingly prominent in diagnosing diseases, studying pathogenesis, identifying drug targets, personalizing drug therapies, and assessing treatment results. It has emerged as a cutting-edge omics platform in medical research (58, 59). Metabolomics serves as an invaluable tool for both physical and mental illness research (60). For instance, comparisons of metabolite concentrations between patients in remission and those currently experiencing depression have revealed similar patterns of metabolite alterations observed in analyses comparing control subjects with individuals currently suffering from depression (58, 61, 62). In our study, nine metabolites and their related pathways were identified to be significantly associated with depression. Molecular docking demonstrated a superior binding affinity between glycine and GRIA2, suggesting that metabolites might play an important role by influencing receptor proteins in the treatment of depression.

One of the benefits of our research was our utilization of MR methods to analyze the relationship and potential mediating factors between cheese and fish consumption and depression. Furthermore, we performed several sensitivity analyses to enhance the precision and reliability of our MR results. Moreover, there were several constraints associated with this research. First, we made the assumption that the relationship between cheese and fish consumption and depression followed a linear pattern in both univariate and multivariate MR analyses. Future studies using data at the individual level should be conducted to explore potential non-linear causal associations. Second, to support clinical practice, we investigated metabolites that were primarily linked to diet or depression as potential mediators. Third, as this study mainly focuses on individuals of European ancestry, future research should focus on other ethnicities.

This study introduced innovative perspectives in the field of nutrition and mental health by examining the relationship between cheese and fish consumption on depression risk. It also shed light on the metabolic regulatory mechanisms influenced by cheese and fish consumption. Additionally, the study proposed personalized prevention and treatment strategies for depression based on individual nutritional characteristics, paving the way for the application of personalized nutritional interventions in the realm of mental health.



5 Conclusion

This research showed a clear link between cheese and fish consumption and depression, even after considering factors such as the consumption of Indian snacks, mango, sushi, and unsalted peanuts. It was supported by the findings that dietary choices could influence the occurrence of depression. In addition, lipids, amino acids, uridine, and acetoacetate were identified as causal mediators that play a role in the pathways connecting cheese and fish consumption and depression. Metabolomics research and molecular docking also provided insights into possible metabolic pathways and underlying mechanisms of action. We have provided insight into the pathogenesis of depression as well as possible targets for the prevention, intervention, and prediction of depression.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary materials, further inquiries can be directed to the corresponding author.



Author contributions

YC: Formal analysis, Methodology, Software, Visualization, Writing – original draft. JL: Conceptualization, Project administration, Resources, Supervision, Validation, Writing – review & editing. MT: Data curation, Software, Visualization, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study has been supported by the National Key Research and Development Program of China under grant no. 2022YFE0199300.



Acknowledgments

We gratefully acknowledge the investigators and participants of all the genome-wide association studies from which we used data. We thank International Science Editing (http://www.internationalscienceediting.com) for editing this manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1322254/full#supplementary-material



Footnotes

1   
https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=1339


2   
https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=1329


3   
https://www.metaboanalyst.ca/


4   
https://www.ncbi.nlm.nih.gov/pccompound/?term


5   
https://www.rcsb.org/




References

 1. Marwaha, S, Palmer, E, Suppes, T, Cons, E, Young, AH, and Upthegrove, R. Novel and emerging treatments for major depression. Lancet. (2023) 401:141–53. doi: 10.1016/s0140-6736(22)02080-3

 2. GBD 2017 Disease and Injury Incidence and Prevalence Collaborators. Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990-2017: a systematic analysis for the global burden of disease study 2017. Lancet. (2018) 392:1789–858. doi: 10.1016/s0140-6736(18)32279-7 

 3. Huang, R, Wang, K, and Hu, J. Effect of probiotics on depression: a systematic review and Meta-analysis of randomized controlled trials. Nutrients. (2016) 8:483. doi: 10.3390/nu8080483 

 4. Smith, K. Mental health: a world of depression. Nature. (2014) 515:180–1. doi: 10.1038/515180a

 5. Bueno-Notivol, J, Gracia-García, P, Olaya, B, Lasheras, I, López-Antón, R, and Santabárbara, J. Prevalence of depression during the COVID-19 outbreak: a meta-analysis of community-based studies. Int J Clin Health Psychol. (2021) 21:100196. doi: 10.1016/j.ijchp.2020.07.007 

 6. Yang, Y. Is old age depressing? Growth trajectories and cohort variations in late-life depression. J Health Soc Behav. (2007) 48:16–32. doi: 10.1177/002214650704800102 

 7. Li, D, Zhang, DJ, Shao, JJ, Qi, XD, and Tian, L. A meta-analysis of the prevalence of depressive symptoms in Chinese older adults. Arch Gerontol Geriatr. (2014) 58:1–9. doi: 10.1016/j.archger.2013.07.016

 8. Zhang, Y, and Zhao, M. Gender disparities and depressive symptoms over the life course and across cohorts in China. J Affect Disord. (2021) 295:620–7. doi: 10.1016/j.jad.2021.08.134

 9. Tang, X, Tang, S, Ren, Z, and Wong, DFK. Prevalence of depressive symptoms among adolescents in secondary school in mainland China: a systematic review and meta-analysis. J Affect Disord. (2019) 245:498–507. doi: 10.1016/j.jad.2018.11.043 

 10. Hammen, C. Risk factors for depression: an autobiographical review. Annu Rev Clin Psychol. (2018) 14:1–28. doi: 10.1146/annurev-clinpsy-050817-084811 

 11. Gil, Á, and Ortega, RM. Introduction and executive summary of the supplement, role of Milk and dairy products in health and prevention of noncommunicable chronic diseases: a series of systematic reviews. Adv Nutr. (2019) 10:S67–73. doi: 10.1093/advances/nmz020 

 12. Bae, YJ, and Kim, SK. Low dietary calcium is associated with self-rated depression in middle-aged Korean women. Nutr Res Pract. (2012) 6:527–33. doi: 10.4162/nrp.2012.6.6.527 

 13. Luo, Y, Li, Z, Gu, L, and Zhang, K. Fermented dairy foods consumption and depressive symptoms: a meta-analysis of cohort studies. PLoS One. (2023) 18:e0281346. doi: 10.1371/journal.pone.0281346 

 14. Mahdavifar, B, Hosseinzadeh, M, Salehi-Abargouei, A, Mirzaei, M, and Vafa, M. The association between dairy products and psychological disorders in a large sample of Iranian adults. Nutr Neurosci. (2022) 25:2379–89. doi: 10.1080/1028415x.2021.1969065 

 15. Kim, WK, Shin, D, and Song, WO. Are dietary patterns associated with depression in U.S. adults? J Med Food. (2016) 19:1074–84. doi: 10.1089/jmf.2016.0043

 16. Grosso, G, Galvano, F, Marventano, S, Malaguarnera, M, Bucolo, C, Drago, F , et al. Omega-3 fatty acids and depression: scientific evidence and biological mechanisms. Oxidative Med Cell Longev. (2014) 2014:313570. doi: 10.1155/2014/313570 

 17. Sinclair, AJ, Begg, D, Mathai, M, and Weisinger, RS. Omega 3 fatty acids and the brain: review of studies in depression. Asia Pac J Clin Nutr. (2007) 16:391–7.

 18. Albanese, E, Lombardo, FL, Dangour, AD, Guerra, M, Acosta, D, Huang, Y , et al. No association between fish intake and depression in over 15,000 older adults from seven low and middle income countries--the 10/66 study. PLoS One. (2012) 7:e38879. doi: 10.1371/journal.pone.0038879 

 19. Bountziouka, V, Polychronopoulos, E, Zeimbekis, A, Papavenetiou, E, Ladoukaki, E, Papairakleous, N , et al. Long-term fish intake is associated with less severe depressive symptoms among elderly men and women: the MEDIS (MEDiterranean ISlands elderly) epidemiological study. J Aging Health. (2009) 21:864–80. doi: 10.1177/0898264309340693

 20. Pimentel, G, Burnand, D, Münger, LH, Pralong, FP, Vionnet, N, Portmann, R , et al. Identification of Milk and cheese intake biomarkers in healthy adults reveals high Interindividual variability of Lewis system-related oligosaccharides. J Nutr. (2020) 150:1058–67. doi: 10.1093/jn/nxaa029 

 21. Horn, J, Mayer, DE, Chen, S, and Mayer, EA. Role of diet and its effects on the gut microbiome in the pathophysiology of mental disorders. Transl Psychiatry. (2022) 12:164. doi: 10.1038/s41398-022-01922-0 

 22. Liu, L, Wang, H, Chen, X, Zhang, Y, Zhang, H, and Xie, P. Gut microbiota and its metabolites in depression: from pathogenesis to treatment. EBioMedicine. (2023) 90:104527. doi: 10.1016/j.ebiom.2023.104527 

 23. Lawlor, DA, Harbord, RM, Sterne, JA, Timpson, N, and Davey, SG. Mendelian randomization: using genes as instruments for making causal inferences in epidemiology. Stat Med. (2008) 27:1133–63. doi: 10.1002/sim.3034 

 24. Davies, NM, Holmes, MV, and Davey, SG. Reading Mendelian randomisation studies: a guide, glossary, and checklist for clinicians. BMJ. (2018) 362:k601. doi: 10.1136/bmj.k601 

 25. Sudlow, C, Gallacher, J, Allen, N, Beral, V, Burton, P, Danesh, J , et al. UK biobank: an open access resource for identifying the causes of a wide range of complex diseases of middle and old age. PLoS Med. (2015) 12:e1001779. doi: 10.1371/journal.pmed.1001779 

 26. Liu, B, Young, H, Crowe, FL, Benson, VS, Spencer, EA, Key, TJ , et al. Development and evaluation of the Oxford WebQ, a low-cost, web-based method for assessment of previous 24 h dietary intakes in large-scale prospective studies. Public Health Nutr. (2011) 14:1998–2005. doi: 10.1017/s1368980011000942 

 27. Kettunen, J, Demirkan, A, Würtz, P, Draisma, HH, Haller, T, Rawal, R , et al. Genome-wide study for circulating metabolites identifies 62 loci and reveals novel systemic effects of LPA. Nat Commun. (2016) 7:11122. doi: 10.1038/ncomms11122 

 28. Shin, SY, Fauman, EB, Petersen, AK, Krumsiek, J, Santos, R, Huang, J , et al. An atlas of genetic influences on human blood metabolites. Nat Genet. (2014) 46:543–50. doi: 10.1038/ng.2982 

 29. Bowden, J, Davey Smith, G, Haycock, PC, and Burgess, S. Consistent estimation in Mendelian randomization with some invalid instruments using a weighted median estimator. Genet Epidemiol. (2016) 40:304–14. doi: 10.1002/gepi.21965 

 30. Hartwig, FP, Davey Smith, G, and Bowden, J. Robust inference in summary data Mendelian randomization via the zero modal pleiotropy assumption. Int J Epidemiol. (2017) 46:1985–98. doi: 10.1093/ije/dyx102 

 31. Verbanck, M, Chen, CY, Neale, B, and Do, R. Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat Genet. (2018) 50:693–8. doi: 10.1038/s41588-018-0099-7 

 32. VanderWeele, TJ. Mediation analysis: a practitioner’s guide. Annu Rev Public Health. (2016) 37:17–32. doi: 10.1146/annurev-publhealth-032315-021402 

 33. Chong, J, and Xia, J. Using MetaboAnalyst 4.0 for metabolomics data analysis, interpretation, and integration with other omics data. Methods Mol Biol. (2020) 2104:337–60. doi: 10.1007/978-1-0716-0239-3_17 

 34. Clayton, A, Siebold, C, Gilbert, RJ, Sutton, GC, Harlos, K, McIlhinney, RA , et al. Crystal structure of the GluR2 amino-terminal domain provides insights into the architecture and assembly of ionotropic glutamate receptors. J Mol Biol. (2009) 392:1125–32. doi: 10.1016/j.jmb.2009.07.082 

 35. Yao, X, Gao, S, and Yan, N. Structural basis for pore blockade of human voltage-gated calcium channel ca(v)1.3 by motion sickness drug cinnarizine. Cell Res. (2022) 32:946–8. doi: 10.1038/s41422-022-00663-5 

 36. Deng, P, Liang, H, Xie, K, Han, J, Huang, F, Liu, H , et al. Study on the molecular mechanism of Guizhi Jia Shaoyao decoction for the treatment of knee osteoarthritis by utilizing network pharmacology and molecular docking technology. Allergol Immunopathol (Madr). (2021) 49:16–30. doi: 10.15586/aei.v49i6.484 

 37. Li, SH, Abd-Elrahman, KS, and Ferguson, SSG. Targeting mGluR2/3 for treatment of neurodegenerative and neuropsychiatric diseases. Pharmacol Ther. (2022) 239:108275. doi: 10.1016/j.pharmthera.2022.108275 

 38. Black, CN, Bot, M, Scheffer, PG, Cuijpers, P, and Penninx, BW. Is depression associated with increased oxidative stress? A systematic review and meta-analysis. Psychoneuroendocrinology. (2015) 51:164–75. doi: 10.1016/j.psyneuen.2014.09.025

 39. Yang, L, Zhao, Y, Wang, Y, Liu, L, Zhang, X, Li, B , et al. The effects of psychological stress on depression. Curr Neuropharmacol. (2015) 13:494–504. doi: 10.2174/1570159x1304150831150507 

 40. Marx, W, Moseley, G, Berk, M, and Jacka, F. Nutritional psychiatry: the present state of the evidence. Proc Nutr Soc. (2017) 76:427–36. doi: 10.1017/s0029665117002026

 41. Schuch, FB, Vancampfort, D, Firth, J, Rosenbaum, S, Ward, PB, Silva, ES , et al. Physical activity and incident depression: a meta-analysis of prospective cohort studies. Am J Psychiatry. (2018) 175:631–48. doi: 10.1176/appi.ajp.2018.17111194 

 42. Henigsberg, N, Kalember, P, Hrabać, P, Rados, M, Bajs, M, Rados, M , et al. 1-H MRS changes in dorsolateral prefrontal cortex after donepezil treatment in patients with mild to moderate Alzheimer’s disease. Coll Antropol. (2011) 35:159–62.

 43. Gómez-Pinilla, F. Brain foods: the effects of nutrients on brain function. Nat Rev Neurosci. (2008) 9:568–78. doi: 10.1038/nrn2421 

 44. Bourre, JM. Effects of nutrients (in food) on the structure and function of the nervous system: update on dietary requirements for brain. Part 1: micronutrients. J Nutr Health Aging. (2006) 10:377–85.

 45. Bourre, JM. Effects of nutrients (in food) on the structure and function of the nervous system: update on dietary requirements for brain. Part 2: macronutrients. J Nutr Health Aging. (2006) 10:386–99.

 46. Bloch, MH, and Hannestad, J. Omega-3 fatty acids for the treatment of depression: systematic review and meta-analysis. Mol Psychiatry. (2012) 17:1272–82. doi: 10.1038/mp.2011.100 

 47. Tang, M, Cheng, S, Wang, L, Tang, H, Liu, T, Zhao, T , et al. Decreased FGF19 and FGF21: possible underlying common pathogenic mechanism of metabolic and cognitive dysregulation in depression. Front Neurosci. (2023) 17:1165443. doi: 10.3389/fnins.2023.1165443 

 48. Steegmans, PH, Fekkes, D, Hoes, AW, Bak, AA, Van Der Does, E, and Grobbee, DE. Low serum cholesterol concentration and serotonin metabolism in men. BMJ. (1996) 312:221. doi: 10.1136/bmj.312.7025.221 

 49. Miyamoto, J, Ohue-Kitano, R, Mukouyama, H, Nishida, A, Watanabe, K, Igarashi, M , et al. Ketone body receptor GPR43 regulates lipid metabolism under ketogenic conditions. Proc Natl Acad Sci USA. (2019) 116:23813–21. doi: 10.1073/pnas.1912573116 

 50. Wu, XJ, Shu, QQ, Wang, B, Dong, L, and Hao, B. Acetoacetate improves memory in Alzheimer’s mice via promoting brain-derived neurotrophic factor and inhibiting inflammation. Am J Alzheimers Dis Other Dement. (2022) 37:15333175221124949. doi: 10.1177/15333175221124949 

 51. Massieu, L, Haces, ML, Montiel, T, and Hernández-Fonseca, K. Acetoacetate protects hippocampal neurons against glutamate-mediated neuronal damage during glycolysis inhibition. Neuroscience. (2003) 120:365–78. doi: 10.1016/s0306-4522(03)00266-5 

 52. Youm, YH, Nguyen, KY, Grant, RW, Goldberg, EL, Bodogai, M, Kim, D , et al. The ketone metabolite β-hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory disease. Nat Med. (2015) 21:263–9. doi: 10.1038/nm.3804 

 53. Chen, L, Miao, Z, and Xu, X. β-Hydroxybutyrate alleviates depressive behaviors in mice possibly by increasing the histone3-lysine9-β-hydroxybutyrylation. Biochem Biophys Res Commun. (2017) 490:117–22. doi: 10.1016/j.bbrc.2017.05.184 

 54. Yamanashi, T, Iwata, M, Kamiya, N, Tsunetomi, K, Kajitani, N, Wada, N , et al. Beta-hydroxybutyrate, an endogenic NLRP3 inflammasome inhibitor, attenuates stress-induced behavioral and inflammatory responses. Sci Rep. (2017) 7:7677. doi: 10.1038/s41598-017-08055-1 

 55. Carlezon, WA, Mague, SD, Parow, AM, Stoll, AL, Cohen, BM, and Renshaw, PF. Antidepressant-like effects of uridine and omega-3 fatty acids are potentiated by combined treatment in rats. Biol Psychiatry. (2005) 57:343–50. doi: 10.1016/j.biopsych.2004.11.038 

 56. Yu, A, and Lau, AY. Glutamate and Glycine binding to the NMDA receptor. Structure. (2018) 26:1035–43.e2. doi: 10.1016/j.str.2018.05.004 

 57. Moore, TJ, Alami, A, Alexander, GC, and Mattison, DR. Safety and effectiveness of NMDA receptor antagonists for depression: a multidisciplinary review. Pharmacotherapy. (2022) 42:567–79. doi: 10.1002/phar.2707 

 58. Wishart, DS. Emerging applications of metabolomics in drug discovery and precision medicine. Nat Rev Drug Discov. (2016) 15:473–84. doi: 10.1038/nrd.2016.32 

 59. Nicholson, JK, Lindon, JC, and Holmes, E. “Metabonomics”: understanding the metabolic responses of living systems to pathophysiological stimuli via multivariate statistical analysis of biological NMR spectroscopic data. Xenobiotica. (1999) 29:1181–9. doi: 10.1080/004982599238047 

 60. Kaddurah-Daouk, R, and Krishnan, KR. Metabolomics: a global biochemical approach to the study of central nervous system diseases. Neuropsychopharmacology. (2009) 34:173–86. doi: 10.1038/npp.2008.174 

 61. Psychogios, N, Hau, DD, Peng, J, Guo, AC, Mandal, R, Bouatra, S , et al. The human serum metabolome. PLoS One. (2011) 6:e16957. doi: 10.1371/journal.pone.0016957 

 62. Zheng, P, Wang, Y, Chen, L, Yang, D, Meng, H, Zhou, D , et al. Identification and validation of urinary metabolite biomarkers for major depressive disorder. Mol Cell Proteomics. (2013) 12:207–14. doi: 10.1074/mcp.M112.021816 


Copyright
 © 2024 Chen, Lin and Tao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Association between cheese and fish consumption and the occurrence of depression based on European population: mediating role of metabolites



		1 Introduction



		2 Materials and methods



		2.1 Study design



		2.2 Data sources



		2.3 Selection and validation of SNPs



		2.4 Mendelian randomization design and data analysis



		2.4.1 Univariable and multivariable MR analyses



		2.4.2 Relationship between cheese and fish consumption and depression



		2.4.3 Mediator screening and two-step MR









		2.5 Analysis of metabolic pathways



		2.6 Molecular docking









		3 Results



		3.1 Univariable and multivariable MR analyses assessing the causal association between cheese and fish consumption and depression



		3.2 Univariable MR analyses assessing the causal association between possible mediators and depression



		3.3 Univariable MR analyses assessing the causal association between cheese and fish consumption with possible mediators



		3.4 Two-step MR was employed to estimate the effect of each mediator in moderating the relationship between cheese and fish consumption and depression



		3.5 Metabolic pathway analysis



		3.6 Molecular docking analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Association between cheese and
fifi h consumption and the
occurrence of depression based
on European population:
mediating role of metabolites












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






OPS/images/fnut-11-1322254-g005.jpg
medistor i

esitors

ey T et v,
Vindows i 100008 [t
& [T ——
v of xponrs s
srongyrosed e posare Gpours Totatct
(esHos, a<oo0n Chnen, iy iy
Vit i 500009 1

Cheese  Non-olly fish
Depression
Oily-fish

Uridine

[ Acetoacetaste ————————

v

Other pathway






OPS/images/fnut-11-1322254-g006.jpg





OPS/images/fnut-11-1322254-g003.jpg
c / vy feoaoreon D | e






OPS/images/fnut-11-1322254-g004.jpg
ol chasimakeondpresion sy h iy MR sy o the GHASds.

nsdjustea-]

‘Adjunsid forindian snacks
Adjestod for Mango ntake:
Adjuesod or Susi itk

Adjossted fr Unsstod pesnuts nto-

R (950N

o 0os0002450380%)
. 08523092480980T)
—ossM092ss0582)
. ossz0szs405600)

. 0048%09215.09770)

050 032 034 036 038 100

Puatve
o001
oso
00018
00008
o004

R st h cousl et f o o edtrs ) thecous aflecs o ehtrs o dopresion g

R it o h ol it of etk o et e the s aflecs f it eprevion it

T
[E—————

R it he ol ety o et e e couslaffects ol meatrscndprsion .

o s i 0 i 1 DL






OPS/images/fnut-11-1322254-g007.jpg





OPS/images/fnut-11-1322254-t001.jpg
Phenotype

Exposure
Cheese intake

Mediator
TG

“Total cholesterol i large HDL

Cholesterol to total lipids ratio in large HDL

Free cholesterol to total lipids ratio in large
HDL

Glycine

Phospholipids to total lipi

large HDL

Exposure

Uridine

Free cholesterol to total lipids ratio in large
HDL

Total cholesterol in large HDL
Acetoacetate
3-HB
Exposure
Oily fish intake
Mediator
Uridine

Free cholesterol to total lipids ratio in large
HDL

Outcome

Depression

PMID or GWAS ID

ukb-b-1489

ieu-b-4850
27005778

met-d-L_HDL_C_pct

_HDL_FC_pct

met-d-Gly

met-d XL_HDL_PL_pct

ukb-b-17627

24816252

Met-d-L_HDL_FC_pct

27005778
Met-d-Acetoacetate
Met-d-bOHbutyrate

ukb-b-2209

24816252

Met-d-L_HDL_FC_pct

29662059

Sample size or number
of SNPs

451,486

78,700
21,558
1,15,078

115,078

114972

1,15,053

460,880

7,800

115,078

21,558
115,075
113,595

460,443

7,800

115,078

3225580

Ancestry

European

European
European
European

European

European

European

European

European

European

European
European
European

European

European

European

European





OPS/images/fnut-11-1322254-g001.jpg
Independent of other dietary intake

Cheese Stage 1 Depression
Non-oly fish
Oily-fish
stage 2
Potential mediators
+ Trigycerides « Phospholipids to total lipids atioinvery large HOL
+ Totalcholesterol inlarge HOL « Uridine
« Cholesterol to totallpids atio in large HOL - Acetoacetate
+ Free cholesterol to totallpids ration large HDL  + 3-Hydroxybutyrate

* Glycine
* Glutaroyl carnitine:

Free cholesterol

Stage 1

First to evaluate the causal relationship of cheese intake, fish intake on depression using univariable MR, and then to estimate
the independent relationship of cheese intake on depression with adjustment for other dietary patterns using multivariable
MR

Stage 2

First to screen candidate mediators in the pathway between cheese intake, fish intake and depression, and then to evaluate
the mediation effect of each selected mediator in the causal association between cheese intake, fish intake and depression
using two-step MR






OPS/images/fnut-11-1322254-g002.jpg
bromatye|

P

e hetes o el o bt oL

[Erp——p—

s

~~
.|
-~






