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Abstract

:

Although observational studies have suggested associations between circulating antioxidants and many mental disorders, causal inferences have not been confirmed. Mendelian randomization (MR) analyses were conducted using summary-level statistics from genome-wide association studies (GWASs) to explore whether genetically determined absolute circulating antioxidants (i.e., ascorbate, retinol, β-carotene, and lycopene) and metabolites (i.e., α- and γ-tocopherol, ascorbate, and retinol) were causally associated with the risk of six major mental disorders, including anxiety disorders (AD), major depressive disorder (MDD), bipolar disorder (BIP), schizophrenia (SCZ), post-traumatic stress disorder (PTSD), and obsessive–compulsive disorder (OCD). MR analyses were performed per specific-outcome databases, including the largest GWAS published to date (from 9725 for OCD to 413,466 for BIP participants), UK Biobank (over 370,000 participants), and FinnGen (over 270,000 participants), followed by meta-analyses. We found no significant evidence that genetically determined diet-derived circulating antioxidants were significantly causally associated with the risk of the six above-mentioned major mental disorders. For absolute antioxidant levels, the odds ratios (ORs) ranged from 0.91 (95% CI, 0.67–1.23) for the effect of β-carotene on OCD to 1.18 (95% CI, 0.90–1.54) for the effect of ascorbate on OCD. Similarly, for antioxidant metabolites, ORs ranged from 0.87 (95% CI, 0.55–1.38) for the effect of ascorbate on MDD to 1.08 (95% CI, 0.88–1.33) for the effect of ascorbate on OCD. Our study does not support significant causal associations of genetically determined diet-derived circulating antioxidants with the risk of major mental disorders.
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1. Introduction


According to the latest data on the global burden of disease, from 1990 to 2019, the disability-adjusted life years caused by mental disorders increased from 80.8 million to 125.3 million, and the percentage contributed by mental disorders increased from 3.1% to 4.9% [1]. Moreover, due to the COVID-19 pandemic, people are facing unprecedented levels of established mental health risk factors, including social isolation [2], stress [3], and anticipated economic hardship [4], and the issue of mental disorders is amplified, with increasing public health concerns [5]. Anxiety disorders (AD), major depressive disorder (MDD), bipolar disorder (BIP), schizophrenia (SCZ), post-traumatic stress disorder (PTSD), and obsessive–compulsive disorder (OCD) are common major mental disorders in adults, which overlap in genetic and clinical aspects [6,7], indicating that there may share etiological mechanisms. Although considerable efforts have been made to understand the nature of mental disorders, understandings of their pathogenesis remain limited, and there are no effective etiological prevention methods. Previous studies have reported that oxidative stress can cause oxidative damage to biological macromolecules, cells, and neurons, which is considered to be one of the primary pathogeneses of mental disorders [8]. Moreover, it has been reported that antioxidants, which can help eliminate free radicals and reduce and eliminate oxidative damage [9], would be potential targets for the primary prevention of mental disorders. In addition to the endogenous antioxidant enzyme systems, antioxidants from dietary intake are the most easily accessible and modifiable approach for consideration.



Current research on the relationship between antioxidants and mental disorders has mixed results. Some observational studies have shown that dietary intake, either as dietary components or supplements, or the concentration of vitamins E and C and carotenoids in the blood are associated with a reduced risk of AD [10], MDD [11,12,13], BIP [14], SCZ [15,16], PTSD [17], and OCD [18]. However, some studies have not reported the protective effects of the preceding antioxidants on mental disorders [19,20,21,22,23,24,25]. The inconsistent results reported in some observational studies may be due to uncertain temporal relationships, insufficient sample sizes, or potential confounding factors. Except for a few anxiety and depression prevention studies, most previous randomized clinical trials (RCTs) of antioxidants have focused more on improving symptoms in people with mental disorders [26,27], so there is still a lack of RCTs investigating whether diet-derived antioxidants can prevent mental disorders. However, intervention studies in healthy people cannot be conducted without sufficient evidence because of the potential for unknown risks and harm to the subjects. Moreover, intervention trials are often limited by timing, dosage, duration, use of natural or synthetic antioxidants, and the uncertainty of the onset time and long-term progression of mental disorders. Therefore, the causal relationship between diet-derived antioxidants and the risk of major mental disorders remains unclear.



Mendelian randomization (MR), which uses genetic variants of the exposure as instrumental variables to minimize measurement errors and confounding and reversed causation, can provide a reliable estimation of the causal association between exposure and outcomes under specific assumptions [28]. Although a previous study based on MR analysis found a potential causal association between several antioxidants from questionnaires (such as ascorbate and retinol) and psychiatric disorders [29], notably, antioxidant levels estimated from questionnaires might not accurately represent circulating antioxidant levels in the blood.



Therefore, in this study, we performed two-sample MR analyses to assess the causal associations between genetically determined diet-derived circulating antioxidant levels in the blood and six major mental disorders, including AD, MDD, BIP, SCZ, PTSD, and OCD.




2. Materials and Methods


2.1. Overall Study Design


The study herein used 2-sample MR analyses of summary statistics from genome-wide association studies (GWASs) to investigate whether diet-derived circulating antioxidants, including vitamins E (α- and γ-tocopherol), ascorbate, retinol, β-carotene, and lycopene, were causally associated with the risk of six major mental disorders, including AD, MDD, BIP, SCZ, PTSD, and OCD. We considered the following two phenotypes for these antioxidants as exposure: (1) absolute circulating antioxidants measured as authentic absolute levels in the blood, and (2) circulating antioxidant metabolites quantified as relative concentrations in plasma or serum, either or both. The instrumental variables needed to satisfy three assumptions: the relevance assumption, the independence assumption, and the exclusion restriction assumption [30]. For each mental disorder as an outcome, MR analyses were performed in each of three European databases (the largest GWAS published to date, UK Biobank, and the FinnGen study), and these were subsequently meta-analyzed to approximate the average genetically influenced effect on each specific outcome. This study was reported according to the Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian Randomization (STROBE-MR) checklist. The schematic overview and framework of the present study design are shown in Figure 1.




2.2. Determination of Exposures


For instrumental variables on absolute circulating antioxidants, genetically determined α-tocopherol, ascorbate, retinol, and β-carotene were identified in the recent large-scale GWAS (p < 5 × 10−8, linkage disequilibrium [LD]: r2 = 0.001 and clump distance = 10,000 kb). Three independent single nucleotide polymorphisms (SNPs) associated with α-tocopherol were identified from a GWAS on 4014 individuals of European ancestry [31]; however, these three SNPs were reported to be related to lipid metabolism or regulation and therefore were not considered for MR analysis due to possible pleiotropic bias. Eleven SNPs associated with ascorbate were identified from a recently published GWAS on 52,018 individuals of European ancestry [32]. One (rs7740812) of the 11 SNPs was removed for subsequent MR analysis due to the LD with other variants (r2 > 0.001) or absence from the LD reference panel using the EUR population reference. Two independent SNPs associated with retinol were identified from a GWAS of 5006 Caucasian individuals in two cohort studies [33]. Two independent SNPs associated with β-carotene were identified from a GWAS of 2344 participants in the Nurses’ Health Study [34]. Five independent SNPs associated with lycopene were identified from a GWAS on 441 Caucasian participants under the relaxed threshold criteria (p < 5 × 10−6) [35].



For instrumental variables on circulating antioxidant metabolites, genetically determined α-tocopherol, γ-tocopherol, ascorbate, and retinol were extracted from the metabolite GWAS analysis under the relaxed threshold criteria (p < 1 × 10−5). In total, 11 SNPs for α-tocopherol, 13 SNPs for γ-tocopherol, and 14 SNPs for ascorbate were derived from two European population studies [36] and 26 SNPs for retinol from 1960 adults of European descent [37].



Based on PhenoScanner, the SNPs that did not reach a significant association with the confounders were retained in the filtered genetic instrument [38]. The F statistic for each SNP was calculated by the formula Beta2/SE2, and the F statistics of >10 for each SNP was recommended for subsequent MR analysis to avoid employing weak genetic instruments.




2.3. Data Sources of Major Mental Disorders


Summary-level statistics for each mental disorder were obtained from three large databases, including the largest GWAS published by European-ancestry to date, UK Biobank, and the FinnGen study. Neither the UK Biobank nor the FinnGen study were major parts of the largest GWAS study, preventing the inclusion of overlapping samples. For SNPs of the instrument that were not available in the outcome GWAS, the LDlink tool was used to identify proxy SNPs of European ancestry [39]. SNPs missing in the outcome GWAS without appropriate proxy SNPs available were then excluded.



The largest GWAS summary statistics for AD, MDD, BIP, SCZ, PTSD, and OCD were extracted from the Psychiatric Genomics Consortium (PGC) website (https://www.med.unc.edu/pgc/results-and-downloads/ (accessed on 25 June 2022)). The PGC is the largest consortium in the history of psychiatry, which has conducted the most influential meta- and mega-analysis of genome-wide genomic data for mental disorders. The GWAS summary datasets of European-ancestry, for AD (5712 cases and 11,598 controls) from the Anxiety NeuroGenetics STudy (ANGST) Consortium in 2016 [40], MDD (59,851 cases and 113,154 controls) from PGC in 2018 [41], BIP (41,917 cases and 371,549 controls) from PGC in 2021 [42], SCZ (52,017 cases and 75,889 controls) from PGC in 2022 [43], PTSD (23,212 cases and 151,447 controls) from PGC in 2019 [44], and OCD (2688 cases and 7037 controls) from the International Obsessive–Compulsive Disorder Foundation Genetics Collaborative (IOCDF-GC) and the OCD Collaborative Genetics Association Study (OCGAS) in 2017 [45] were obtained from genome-wide meta- or mega-analyses.



The UK Biobank was a population-based prospective cohort study with deep genetic, physical, and health data collected on about 500,000 individuals, aged 40–69 years, across the UK from 2006 to 2010. The second-round analysis of UK Biobank data from the Pan-UK Biobank project (https://pan.ukbb.broadinstitute.org/ (accessed on 25 June 2022)) was used in the present study. Based on the code, there were 9705 cases of AD, 478 cases of MDD, 1257 cases of BIP, 701 cases of SCZ, 187 cases of PTSD, 193 cases of OCD, and 369,930 controls. The FinnGen summary statistics were from release 7 in 2022 (https://finngen.gitbook.io/documentation/data-download (accessed on 25 June 2022)). There were 18,358 cases of AD, 5763 cases of BIP, 6050 cases of SCZ, 1639 cases of PTSD, 1466 cases of OCD, and over 270,000 controls.




2.4. Statistical Analysis


The selection process of the main MR analysis methods is shown in Figure 1. When the MR-Egger intercept test found that there may be potential horizontal pleiotropy, MR-Egger regression was performed with pleiotropy-robust causal estimates by bootstrapped standard errors [46]. Notably, the existence of significant horizontal pleiotropy was extremely rare due to the rigorous screening of instrumental variables. The inverse-variance weighted (IVW) meta-analysis assumes that either all the instruments are valid or any horizontal pleiotropy is balanced. Heterogeneity was detected using Cochran’s Q-statistics test. If there was significant heterogeneity, the random-effect IVW model was used as the main analysis; otherwise, the fixed-effect IVW model was used as the main analysis [47].



For each specific exposure and each specific outcome, MR analyses were performed separately in each of the specific-outcome databases from different sources and then were subsequently meta-analyzed to generate the pooled estimates for each specific exposure on the risk of each specific outcome. Through Cochran’s Q-statistics test, we calculated I2 statistics to quantify heterogeneity between estimates from different databases and corresponding p values. If there was no significant heterogeneity across different databases, fixed-effect model meta-analyses were used to pool estimates across the databases from different sources for each specific exposure. If there was significant heterogeneity after excluding the obvious clinical heterogeneity, the random effect model meta-analyses were used to pool estimates.




2.5. Sensitivity Analysis


To further assess the robustness of our findings, a series of sensitivity analyses was performed. First, complementary MR analyses with different assumptions were applied to help verify causal inference. The likelihood-based MR can effectively estimate the log-linear association between exposure and outcome risk (No. SNPs > 1) [48]. The weighted median can provide valid estimates if at least 50% of the weight comes from valid instrumental variables (No. SNPs > 2) [49]. The MR Pleiotropy RESidual Sum and Outlier (MR-PRESSO) was performed, which detects and corrects the effects from outliers (No. SNPs > 3) [50]. Second, we also performed scatter, forest, funnel, and leave-one-out plots to detect high influence points. Third, if MR-PRESSO detected outliers, the meta-analysis was performed again for each specific exposure and each specific outcome by removing the outliers. Finally, as only depression and no MDD phenotypes were found in the FinnGen database, we considered depression as a secondary outcome and estimated the effect of circulating antioxidants on broader depression through MR analysis in two GWAS analyses, the PGC and UK Biobank study (170,756 cases and 329,443 controls) [51], and the FinnGen study (33,812 cases and 271,380 controls).



The prior statistical power was calculated using the mRnd power calculation online tool [52]. Given a type 1 error of 5%, we had sufficient power (>80%) to detect the minimum detectable OR. To account for multiple testing in our analyses, we used a Bonferroni-corrected threshold of p < 0.001 (α = 0.05/48) as significant evidence of associations, and a p-value between 0.05 and 0.001 was considered suggestive evidence of associations. All statistical analyses were performed using R version 4.1.0.





3. Results


3.1. Strength of Genetic Instruments


The summary information on instrumental variables for absolute circulating antioxidants and antioxidant metabolites is presented in Table 1. The information on the cohorts contributing to the GWAS of absolute antioxidant levels is given in Table S1. In our study, the F statistic of each SNP was greater than 10, indicating that the instrumental variables of antioxidants could better avoid the bias of potentially weak instrumental variables. The summary information of GWAS for six major mental disorders is shown in Table S2. Although MDD was not found in the FinnGen study, the other five outcomes used three GWAS databases from different sources. As shown in Table S3, the minimum detectable effect sizes were reasonable at sufficient power, especially for the largest GWAS source databases. Therefore, most of our studies had enough power given the current parameters. The raw data information on the effect estimation for the associations of selected SNPs with antioxidants and with major mental disorders is given in Tables S4 and S5.




3.2. Effect of Absolute Circulating Antioxidants on the Risk of Major Mental Disorders


The primary results of the MR estimate for absolute circulating antioxidants are presented in Figure 2. For instrumental variables with three or more SNPs, the MR-Egger intercept test found no significant horizontal pleiotropy for all outcomes; therefore, the IVW method was used as the primary analysis results. Genetically determined absolute ascorbate levels were not associated with the risk of each mental disorder in any database, with the pooled ORs per 1 µmol/L of ascorbate ranging from 0.93 (95% CI, 0.81–1.06) for SCZ to 1.18 (95% CI, 0.90–1.54) for OCD. Genetically determined absolute retinol levels were also not associated with the risk of each mental disorder in any database, with the pooled ORs per 0.1 ln-transformed retinol ranging from 0.97 (95% CI, 0.92–1.03) for AD to 1.04 (95% CI, 0.97–1.11) for PTSD. Similarly, genetically determined absolute β-carotene levels were not associated with the risk of each mental disorder in any database, with the pooled ORs per ln-transformed β-carotene ranging from 0.91 (95% CI, 0.67–1.23) for OCD to 1.07 (95% CI, 0.97–1.19) for AD. Except for the suggestive association of absolute lycopene with the risk of AD found only in the FinnGen study, we observed no evidence that absolute lycopene levels were associated with the risk of each mental disorder. Notably, the pooled estimates were not significantly associated between lycopene and the risk of any mental disorder, with the pooled ORs per 1 µg/dL of lycopene ranging from 0.97 (95% CI, 0.87–1.09) for OCD to 1.04 (95% CI, 0.98–1.11) for MDD.



The supplementary MR analyses showed that the results of the likelihood-based MR method were in good agreement with the IVW results, and the results of the MR-Egger and weighted median method for ascorbate and lycopene were also comparable to the IVW results, even though their estimates were more conservative (Tables S6–S9). The MR-PRESSO method identified one outlier SNP for ascorbate on BIP in PGC and FinnGen and for ascorbate on SCZ in PGC. MR analyses after removing this outlier showed that the OR in the corresponding database and combined OR estimates did not change significantly (Figure S1). No outlier SNPs were identified in the MR-PRESSO analysis for the other outcomes, and the leave-one-out analyses also found no significant outliers. The combined estimates also found no significant causal association between absolute antioxidant levels and depression (as a secondary outcome), which was consistent with the results of MDD (Figure S2).




3.3. Effect of Circulating Antioxidant Metabolites on the Risk of Major Mental Disorders


Figure 3 shows the primary results of MR estimates for circulating antioxidant metabolites. We used the IVW method as the primary analysis outcome, except γ-tocopherol for AD in the UK Biobank database and ascorbate for OCD in the IOCDF-GC and OCGAS database, using the MR-Egger method due to possible potential pleiotropy (Tables S10–S13). Although some suggestive associations were found in some single databases, such as α-tocopherol for SCZ in the FinnGen database, γ-tocopherol for MDD in the PGC and UK Biobank databases, γ-tocopherol for PTSD in the UK Biobank database, ascorbate for MDD in the UK Biobank database, and retinol for AD and BIP in the FinnGen database, the combined estimates showed no significant causal association between any of the four antioxidant metabolites and the risk of any of the six mental disorders. For per 0.1 increase in log-transformed α-tocopherol, the pooled ORs ranged from 0.96 (95% CI, 0.88–1.04) for OCD to 1.02 (95% CI, 0.97–1.07) for PTSD. Similarly, for per 0.1 increase in log-transformed γ-tocopherol, the pooled ORs ranged from 0.94 (95% CI, 0.85–1.05) for MDD to 1.02 (95% CI, 0.99–1.04) for PTSD. For per increase in log-transformed ascorbate, the pooled ORs ranged from 0.87 (95% CI, 0.55–1.38) for MDD to 1.08 (95% CI, 0.88–1.33) for OCD. For per increase in log-transformed retinol, the pooled ORs ranged from 0.95 (95% CI, 0.90–1.01) for OCD to 0.99 (95% CI, 0.97–1.02) for SCZ.



Similarly, the supplementary MR analyses showed that the results obtained by the likelihood ratio method, weighted median method, MR-Egger method, and IVW method were comparable (Tables S10–S13). The MR-PRESSO method identified 1 outlier SNP for α-tocopherol on AD in FinnGen, for γ-tocopherol on AD in PGC, and for retinol on AD in PGC. MR analyses after removing this outlier showed that the OR in the corresponding database and combined OR estimates did also not change significantly (Figure S3). No outlier SNPs were identified in the MR-PRESSO analysis for the other outcomes, and the leave-one-out analyses also found no significant outliers. The combined estimates also found no significant causal association between antioxidant metabolites and depression (as a secondary outcome), which was consistent with the results of MDD (Figure S4).





4. Discussion


This study investigated the causal associations between diet-derived circulating antioxidants and the risk of six major mental disorders based on MR analyses. The genetic variation of circulating antioxidants was evaluated as authentic absolute blood levels and metabolite concentrations as instrumental variables, and comparable results were obtained. Although several suggestive associations were found in a single database, these were considered to be chance findings because no significant causal association between any antioxidants and any mental disorders was found in the combined database estimates. Therefore, we found no evidence to support a significant causal relationship between genetically determined diet-derived antioxidants and the risk of six major mental disorders.



Two retrospective reviews of the role of vitamin C in human mental disorders found current clinical evidence to be limited and inconclusive [53,54]. Two systematic reviews involving antioxidant nutritional supplements for depression and bipolar disorder found no significant effect of vitamin C on reducing depressive symptoms and preventing or treating bipolar disorder [23,55]. The World Federation of Societies of Biological Psychiatry guidelines also reported no evidence to support the treatment of mental disorders with antioxidants such as vitamin C [56]. A study based on the National Health and Nutrition Examination Survey also found no differences in the intake of antioxidants, including vitamins A, C, and E, between patients with SCZ and healthy controls [24]. These results are consistent with our findings. However, a meta-analysis of the effects of α-tocopherol on depression and anxiety showed that vitamin E supplementation could not improve anxiety but could improve depressive symptoms, but this meta-analysis had substantial heterogeneity (89–95%) due to the small sample size (less than 50 samples in half of the included studies), multiple interventions (mixed with components such as omega-3 fatty acids), and inconsistent outcome measurements [19], with the result being that this finding should be interpreted cautiously.



The current RCTs focus more on the role of antioxidants in the treatment of mental disorders, and there is a lack of large RCTs on whether the supplementation of antioxidants can reduce the risk of mental disorders. For example, in a study of Alzheimer’s disease, also a neurological disorder, an RCT of about 4000 people found no statistically significant effect of antioxidant supplementation on cognitive function [57], and a recent MR study of circulating antioxidants and Alzheimer’s disease also showed that higher levels of ascorbate, β-carotene, and retinol exposure did not reduce the risk of Alzheimer’s disease [58]. This also suggests that MR studies based on instrumental variables proxying circulating antioxidants from a genetic perspective have obtained comparable and consistent conclusions with empirical studies from large RCTs. Unfortunately, no MR studies have assessed the causal relationship between circulating antioxidants and the risk of major mental disorders to date. A previous MR study of circulating antioxidants has demonstrated that the effect of genetic variants on circulating antioxidant levels is generally comparable with those that would be achieved by dietary supplementation [59]. Considering the robust and broadly consistent null results in this study that neither absolute blood antioxidant levels nor metabolites measured by high-throughput techniques were causally associated with major mental disorders, dietary supplements that increase blood antioxidant concentrations may not reduce the risk of major mental disorders in healthy people.



Oxidative stress is an imbalance between oxidants and antioxidants in favor of the oxidants, leading to a disruption of redox signaling and control and/or molecular damage [60]. Our genetic findings do not contradict the hypothesis that oxidative stress plays an important role in the pathogenesis of mental disorders. The results may be related to the fact that the circulating antioxidant levels do not necessarily correspond to antioxidant nutritional intake [12]. Moreover, circulating levels of vitamin E do not provide complete insight in its antioxidant capacity [61]. Therefore, for healthy adults without nutritional deficiency and pathological damage, genetic evidence does not support the significant protective effect of dietary supplements that increase the concentration of blood antioxidants on the prevention of mental disorders. In addition, mental disorders may be associated with oxidative stress, and even if genetically determined diet-derived circulating antioxidants are not significantly associated with the risk of mental disorders, patients may benefit from antioxidant supplementation to reduce damages due to mental disorders. In the future, more real-world data on oxidative stress assessment will be needed to guide public health and clinical practice in mental disorders.



There are three main strengths in the present study. First, the MR design of two independent samples based on instrumental variables reduces the possibility of subjects being exposed to unnecessary risks and hazards in clinical trials and expands the genetic theoretical basis of dietary antioxidants and major mental disorders. Second, we used two independent sets of genetic instrument variables as proxies for dietary-derived antioxidants for ascorbate and retinol, including the absolute circulating antioxidants and their metabolites. Third, for each outcome except MDD, we conducted a separate analysis in three databases followed by a meta-analysis, which added to the robustness of our results.



However, some limitations should also be considered concerning the interpretation of the results. First, based on published summary data, we were unable to test nonlinear causal relationships between antioxidant levels and risk for select mental disorders. Second, the number of SNPs currently identified as instrumental variables for antioxidants is limited, but their ideal representation has been widely used in previous MR studies [59,62]. Also limited by the number of SNPs of instrumental variables, the MR-Egger, weighted median, and MR-PRESSO methods could not be performed for absolute retinol and β-carotene [33,34], but these instruments are mapped in genes critical to antioxidant metabolism and are not associated with any other risk factors for mental disorders in the PhenoScanner database [38], indicating that horizontal pleiotropy is unlikely to exist. In addition, the SNPs related to β-carotene were obtained from the Nurses’ Health study in the female population. In the future, it will be necessary to further discover more relevant sites through more large GWASs of antioxidants to improve the instrument variable strength further. Third, due to the rarity of some people with a mental health condition in the UK Biobank or FinnGen databases, it is also evident from our power calculations that there is not enough power in the database with a low proportion of patients, which may explain several associations that are thought to be chance. However, importantly, our findings on mental disorders based on different analysis methods are robust, and the results of the largest GWAS and meta-analyses to date are generally consistent. Fourth, we found that the meta-GWAS analysis for ascorbate by Zheng et al. [32] showed a considerable variation in detection concentrations in different cohorts, and it is necessary to standardize homogeneous detection techniques in the future. Finally, we could not explore these associations in nutritionally deficient populations that might be more promising with antioxidant supplementation or to test the effects of antioxidants in combination with other treatments. Furthermore, due to the availability of data, this study focused on populations of European ancestry, and the associations in other populations need further validation.




5. Conclusions


In summary, our study does not support significant causal associations of genetically determined diet-derived circulating antioxidants of vitamins E and C, retinol, β-carotene, and lycopene, with the risk of six major mental disorders. Therefore, for healthy adults without nutritional deficiency and pathological damage, simply taking antioxidants to increase blood antioxidant levels may not have a significant protective effect on the prevention of major mental disorders. In the future, large-scale GWASs are needed to further validate our current findings by utilizing additional genetic variants and more samples.
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Figure 1. Schematic overview and framework of the present MR study design. Abbreviations: SNP, single-nucleotide polymorphism; MR, Mendelian randomization; PGC, Psychiatric Genomics Consortium; IVW, inverse-variance weighted; MR PRESSO, MR Pleiotropy RESidual Sum and Outlier. 
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Figure 2. The main MR analysis results of the causal effects of four absolute circulating antioxidant levels on six major mental disorders. The ORs are scaled per µmol/L increase in ascorbate (A), per 0.1 unit increase in ln-transformed retinol (B), per unit increase in ln-transformed β-carotene (C), and per µg/dL increase in lycopene (D). The asterisk represents a suggestive association (0.001 < p-value < 0.05). Abbreviations: AD, anxiety disorders; MDD, major depressive disorder; BIP, bipolar disorder; SCZ, schizophrenia; PTSD, post-traumatic stress disorder; OCD, obsessive–compulsive disorder. 
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Figure 3. The main MR analysis results of the causal effects of four circulating antioxidant metabolites on six major mental disorders. The ORs are scaled per 0.1 unit increase in log-transformed α-tocopherol (A) and γ-tocopherol (B) and per unit increase in log-transformed ascorbate (C) and retinol (D). The asterisk represents a suggestive association (0.001 < p-value < 0.05). Abbreviations: AD, anxiety disorders; MDD, major depressive disorder; BIP, bipolar disorder; SCZ, schizophrenia; PTSD, post-traumatic stress disorder; OCD, obsessive–compulsive disorder. 
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Table 1. The summary of instrumental variables for diet-derived absolute circulating antioxidants and antioxidant metabolites.
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Trait

	
Sample Size

	
p-Value

	
LD

	
No. of SNPs

	
Explained Variance (%)

	
Unit

	
PMID






	
Absolute circulating antioxidants

	

	

	

	




	
Ascorbate

	
52,018

	
5 × 10−8

	
0.001

	
10

	
1.7

	
µmol/L

	
33203707




	
Retinol

	
5006

	
5 × 10−8

	
0.001

	
2

	
2.3

	
µg/L in ln-transformed scale

	
21878437




	
β-Carotene

	
2344

	
5 × 10−8

	
0.001

	
2

	
4.8

	
µg/L in ln-transformed scale

	
23134893




	
Lycopene

	
441

	
5 × 10−6

	
0.001

	
5

	
30.1

	
µg/dL

	
26861389




	
Circulating antioxidant metabolites

	

	

	

	




	
α-Tocopherol

	
7725

	
1 × 10−5

	
0.001

	
11

	
6.8

	
log10-transformed metabolites concentration

	
24816252




	
γ-Tocopherol

	
6226

	
1 × 10−5

	
0.001

	
13

	
9.8

	
log10-transformed metabolites concentration

	
24816252




	
Ascorbate

	
2085

	
1 × 10−5

	
0.001

	
14

	
21.7

	
log10-transformed metabolites concentration

	
24816252




	
Retinol

	
1960

	
1 × 10−5

	
0.001

	
26

	
20.6

	
log10-transformed metabolites concentration

	
28263315








Abbreviations: LD, linkage disequilibrium.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
A

C

Ascorbate
Outcome No. SNPs  Odds ratio (95%ClI) P-value  Weight
AD
ANGST Consortium 10 0.805 (0.574-1.128)  —o— 0.208 7.5%
UK Biobank 10 0.931 (0.801-1.082) —-— 0351  37.7%
FinnGen 10 1.093 (0.964—1.238) - 0.165 54.8%
Overrall effect (Fixed Model) 1.005 (0.916-1.103) <> 0913 100.0%
Heterogeneity: I°=54.3%, P=0.112
MDD
PGC 10 1.018 (0.936-1.107) - 0.676  99.2%
UK Biobank 10 2.263 (0.896-5.717) + 0.084 0.8%
Overrall effect (Fixed Model) 1.025 (0.943-1.114) > 0.567 100.0%
Heterogeneity: I°= 64.7%, P = 0.092
BIP
PGC 10 1.093 (0.862—1.386) —— 0462  60.7%
UK Biobank 10 0.872 (0.577-1.318)  +—e— 0515  20.0%
FinnGen 10 1.069 (0.701-1.629) —— 0.757 192%
Overrall effect (Fixed Model) 1.040 (0.865-1.251) - 0.676 100.0%
Heterogeneity: 7= 0.0%, P = 0.642
SCZ
PGC 10 0.925 (0.793-1.079) o 0323 783%
UK Biobank 10 1.138 (0.522-2.478) < 0.745 3.1%
FinnGen 10 0.898 (0.655-1.230) —— 0.503  18.7%
Overrall effect (Fixed Model) 0.926 (0.808-1.061) - 0.268 100.0%
Heterogeneity: 7= 0.0%, P = 0.858
PTSD
PGC 10 1.031 (0.882—-1.205) —— 0.701  84.8%
UK Biobank 10 2.119 (0.736—6.099) + 0.164 1.8%
FinnGen 10 0.963 (0.650—1.427) —— 0.851 13.3%
Overrall effect (Fixed Model) 1.035 (0.897-1.195) - 0.636 100.0%
Heterogeneity: 7= 0.0%, P =0.388
CD
IOCDF-GC & OCGAS 10 1.131 (0.779-1.641) —— 0518 52.1%
UK Biobank 10 1.071 (0.378-3.033) + 0.897 6.7%
FinnGen 10 1.256 (0.827-1.909) —_—— 0285 413%
Overrall effect (Fixed Model) 1.177 (0.899-1.539) —eERE— 0.235 100.0%
Heterogeneity: I7=0.0%, P =0.919
T T T T T
0.5 1 15 2 25
Odds ratio (95%CI)
p-Carotene
Outcome No. SNPs  Odds ratio (95%CI) P-value  Weight
AD
ANGST Consortium 2 1.348 (0.968—1.878) —_—— 0.077  10.0%
UK Biobank 2 1.136 (0.947-1.361) —— 0.169  33.5%
FinnGen 2 0.997 (0.867—1.147) —— 0.971 56.5%
Overrall effect (Fixed Model) 1.074 (0.967-1.192) 1> 0.184 100.0%
Heterogeneity: I° = 38.5%, P =0.197
MDD
PGC 2 1.004 (0.911-1.108) - 0931  98.5%
UK Biobank 2 1.408 (0.635-3.124) * 0.400 1.5%
Overrall effect (Fixed Model) 1.009 (0.916-1.113) > 0.850 100.0%
Heterogeneity: I = 0.0%, P = 0.409
IP
PGC 2 0.946 (0.843—1.062) - 0349  795%
UK Biobank 2 0.733 (0.446—-1.205) +———m— 0.221 43%
FinnGen 2 0.926 (0.717-1.196) —— 0.556  16.2%
Overrall effect (Fixed Model) 0.933 (0.842-1.034) < 0.185 100.0%
Heterogeneity: I7 = 0.0%, P=0.618
SCZ
PGC 2 1.018 (0.915-1.132) - 0.748  89.3%
UK Biobank 2 0.743 (0.384-1.436) +——m 0.377 2.3%
FinnGen 2 1.261 (0.890—1.787) —_—— 0.191 8.4%
Overrall effect (Fixed Model) 1.029 (0.930-1.138) > 0.584 100.0%
Heterogeneity: 7= 12.7%, P=0.318
PTSD
PGC 2 0.919 (0.767-1.100) —— 0357 842%
UK Biobank 2 1.131 (0.317-4.033) * 0.849 1.7%
FinnGen 2 1.347 (0.867-2.093) + 0.184 14.1%
Overrall effect (Fixed Model) 0.973 (0.825-1.149) <= 0.748 100.0%
Heterogeneity: I = 21.4%, P =0.280
OCD
IOCDF-GC & OCGAS 2 0.830 (0.546—1.261) —— 0382 524%
UK Biobank 2 1.522 (0.435-5.326) +* 0511 5.8%
FinnGen 2 0.947 (0.593-1.514) ——— 0.821 41.7%
Overrall effect (Fixed Model) 0.909 (0.671-1.230) — 0.536 100.0%

Heterogeneity: I7= 0.0%, P = 0.650
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Odds ratio (95%CI)

B

D

Retinol
Outcome No. SNPs  Odds ratio (95%CI) P-value Weight
ANGST Consortium 2 0.912 (0.799-1.041) —— 0.171  193%
UK Biobank 2 0.990 (0.923-1.062) - 0.777  68.9%
FinnGen 2 0.979 (0.827-1.158) —— 0802 11.8%
Overrall effect (Fixed Model) 0.973 (0.918-1.031) < 0.356 100.0%
Heterogeneity: 7= 0.0%, P =0.559
MDD
PGC 2 1.026 (0.988—1.065) L g 0.183  98.5%
UK Biobank 2 0.811(0.596-1.103) +r——— 0.182 1.5%
Overrall effect (Fixed Model) 1.022 (0.985-1.061) - 0.247 100.0%
Heterogeneity: I°=54.7%, P=0.137
BIP
PGC 2 0.993 (0.949-1.039) g 0.768  79.7%
UK Biobank 2 0.877 (0.724-1.063) —— 0.181 4.4%
FinnGen 2 1.035 (0.935-1.145) —— 0.511 15.9%
Overrall effect (Fixed Model) 0.994 (0.955-1.035) < 0.777 100.0%
Heterogeneity: I°=10.2%, P =0.328
SCZ
PGC 2 1.039 (0.999-1.081) - 0.054  96.5%
UK Biobank 2 0.977 (0.757-1.259) —_— 0.855 2.3%
FinnGen 2 0.969 (0.682—1.376) * 0.860 1.2%
Overrall effect (Fixed Model) 1.037 (0.998-1.078) < 0.064 100.0%
Heterogeneity: 17 =0.0%, P =0.831
PTSD
PGC 2 1.054 (0.983-1.130) —— 0.142  84.7%
UK Biobank 2 1.421 (0.870-2.320) —_— 0.160 1.7%
FinnGen 2 0.914 (0.767-1.088) —— 0312  13.6%
Overrall effect (Fixed Model) 1.039 (0.974-1.108) <> 0.244 100.0%
Heterogeneity: I7=47.3%, P=0.150
CD
IOCDF-GC & OCGAS 2 1.087 (0.928-1.273) —— 0303  54.7%
UK Biobank 2 0.888 (0.547-1.440) + 0.629 5.9%
FinnGen 2 0.959 (0.796-1.156) —— 0.662  39.4%
Overrall effect (Fixed Model) 1.022 (0.909-1.150) —— 0.711  100.0%
Heterogeneity: I7=0.0%, P = 0.510
T T T T T
05 075 1 125 15
Odds ratio (95%CI)
Lycopene
Outcome No. SNPs  Odds ratio (95%CI) P-value  Weight
AD
ANGST Consortium 4 0.968 (0.881—1.063) —— 0.494  248%
UK Biobank 5 1.038 (0.977-1.102) gl 0227  35.6%
FinnGen 5 0.939 (0.894-0.987) - 0.013* 39.6%
Overrall effect (Random Model) 0.980 (0.919-1.046) > 0.549 100.0%
Heterogeneity: I° = 68.6%, P = 0.041
MDD
PGC 5 1.033 (0.971-1.099) - 0310 94.8%
UK Biobank 5 1.251 (0.959-1.630) —_—— 0.098 5.2%
Overrall effect (Fixed Model) 1.043 (0.982-1.108) > 0.173 100.0%
Heterogeneity: I = 47.4%, P =0.168
1P
PGC 5 1.005 (0.965—1.047) L2 0813  79.3%
UK Biobank 5 0.922 (0.782—1.088) —— 0.338 4.8%
FinnGen 5 0.975 (0.890—1.068) —— 0.587 15.9%
Overrall effect (Fixed Model) 0.996 (0.960-1.033) * 0.828 100.0%
Heterogeneity: I = 0.0%, P =0.543
SCZ
PGC 5 1.003 (0.966—1.040) “ 0.882  89.7%
UK Biobank 5 0.982 (0.788-1.223) —— 0.869 2.5%
FinnGen 5 1.075 (0.948-1.219) —— 0.257 7.8%
Overrall effect (Fixed Model) 1.008 (0.973-1.044) ) g 0.667 100.0%
Heterogeneity: /7= 0.0%, P =0.564
PTSD
PGC S 1.001 (0.937-1.069) - 0969  83.3%
UK Biobank 5 1.111 (0.728-1.697) * 0.625 2.0%
FinnGen 5 1.027 (0.878-1.202) —— 0.738  14.6%
Overrall effect (Fixed Model) 1.007 (0.948-1.070) > 0.816 100.0%
Heterogeneity: I7=0.0%, P =0.862
OCD
IOCDF-GC & OCGAS 5 1.043 (0.895-1.216) —— 0.588  50.6%
UK Biobank 5 0.794 (0.523-1.205) +———— 0.278 6.8%
FinnGen 5 0.926 (0.783-1.094) —— 0364 42.6%
Overrall effect (Fixed Model) 0.973 (0.873-1.085) e 0.624 100.0%

Heterogeneity: I° = 2.6%, P = 0.359
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A

C

a-Tocopherol

B

y-Tocopherol

Outcome No. SNPs  Odds ratio (95%CI) P-value Weight QOutcome No. SNPs  Odds ratio (95%CI) P-value Weight
AD AD
ANGST Consortium 9 0.995 (0.893-1.110) —— 0933  10.8% ANGST Consortium 12 1.004 (0.935-1.078) —— 0914 5.8%
UK Biobank 11 0.977 (0.928-1.028) —— 0363  48.9% UK Biobank 13 0.941 (0.883—1.002) —— 0.084 73%
FinnGen 11 0.956 (0.904-1.012) - 0.120  40.3% FinnGen 13 0.997 (0.979-1.015) L] 0.722  86.9%
Overrall effect (Fixed Model) 0.970 (0.936—-1.006) > 0.099 100.0% Overrall effect (Fixed Model) 0.993 (0.976-1.010) < 0.413 100.0%
Heterogeneity: 7= 0.0%, P =10.768 Heterogeneity: I°=34.8%, P=0.216
MDD MDD
PGC 11 0.999 (0.973-1.027) " 0963  99.3% PGC 13 0.985 (0.971-0.999) > 0.033%  62.1%
UK Biobank 11 1.045 (0.762—-1.433) 0.786 0.7% UK Biobank 13 0.878 (0.785-0.982) +—e— 0.023*%  37.9%
Overrall effect (Fixed Model) 1.000 (0.973-1.027) L 2 0982 100.0% Overrall effect (Random Model) 0.943 (0.846-1.052) ——— 0.293 100.0%
Heterogeneity: 7= 0.0%, P =0.784 Heterogeneity: I=75.0%, P =0.046
P 1P
PGC 11 1.015 (0.984-1.048) L g 0346  78.9% PGC 13 1.013 (0.990-1.038) L g 0273  62.2%
UK Biobank 11 1.069 (0.930-1.230) —— 0.349 4.0% UK Biobank 13 0.992 (0.926—1.064) —— 0.829 7.2%
FinnGen 11 0.992 (0.927-1.062) —— 0825 17.0% FinnGen 13 1.016 (0.982—-1.050) - 0366  30.6%
Overrall effect (Fixed Model) 1.014 (0.985-1.042) 4 0.350 100.0% Overrall effect (Fixed Model) 1.013 (0.994-1.032) > 0.191 100.0%
Heterogeneity: = 0.0%, P =0.624 Heterogeneity: 7= 0.0%, P =0.836
CZ SCZ
PGC 11 0.992 (0.964-1.022) 1 0.608  89.0% PGC 13 1.001 (0.987-1.016) » 0.851  88.9%
UK Biobank 11 0.948 (0.788-1.142) — 0.576 22% UK Biobank 13 0.985 (0.898—1.080) —— 0.744 22%
FinnGen 11 0.886 (0.808—0.972) —— 0.011*  8.8% FinnGen 13 1.009 (0.963—1.056) —— 0.711 8.9%
Overrall effect (Fixed Model) 0.982 (0.955-1.009) - 0.186 100.0% Overrall effect (Fixed Model) 1.002 (0.988-1.016) + 0.811 100.0%
Heterogeneity: I7=62.5%, P =0.070 Heterogeneity: 7= 0.0%, P =0.895
PTSD PTSD
PGC 11 1.024 (0.973-1.077) o 0362 82.9% PGC 13 1.014 (0.988—-1.040) L g 0299 82.1%
UK Biobank 11 0.868 (0.607-1.241) + 0.438 1.7% UK Biobank 13 1.206 (1.009—1.442) _— 0.039%  1.7%
FinnGen 11 1.018 (0.906—1.145) —— 0.761 15.5% FinnGen 13 1.002 (0.945-1.061) —— 0955 16.2%
Overrall effect (Fixed Model) 1.020 (0.974-1.068) -« 0.396 100.0% Overrall effect (Fixed Model) 1.015 (0.991-1.039) g 0.218 100.0%
Heterogeneity: 7= 0.0%, P = 0.669 Heterogeneity: I°=47.6%, P =0.148
OCD OCD
IOCDF-GC & OCGAS 11 0.927 (0.825-1.040) —— 0.198  50.9% IOCDF-GC & OCGAS 13 0.974 (0.921-1.031) —— 0365  51.6%
UK Biobank 11 1.196 (0.840—-1.703) * 0.320 5.5% UK Biobank 13 0.983 (0.824-1.172) +———— 0.845 5.3%
FinnGen 11 0.962 (0.849-1.090) —— 0.540 43.6% FinnGen 13 1.002 (0.942—1.065) —— 0960 43.1%
Overrall effect (Fixed Model) 0.955 (0.879-1.037) - 0.276 100.0% Overrall effect (Fixed Model) 0.986 (0.947-1.027) - 0.507 100.0%
Heterogeneity: 7= 0.0%, P = 0.400 Heterogeneity: 7= 0.0%, P = 0.810
T T T T T T T T T T
0.6 038 1 1.2 : 08 09 1 1.1 12 13
Odds ratio (95%ClI) Odds ratio (95%CI)
Ascorbate D Retinol
Outcome No. SNPs  Odds ratio (95%CI) P-value Weight Outcome No. SNPs  Odds ratio (95%CI) P-value Weight
AD AD
ANGST Consortium 13 1.225 (0.965—1.556) —— 0.095 5.4% ANGST Consortium 20 1.014 (0.897-1.147) —_—— 0.825 2.9%
UK Biobank 14 1.029 (0.940-1.126) - 0533 37.8% UK Biobank 24 0.993 (0.959-1.028) —— 0.699 36.4%
FinnGen 14 1.014 (0.942—-1.091) B g 0714  56.9% FinnGen 25 0.972 (0.946-0.998) - 0.037% 60.8%
Overrall effect (Fixed Model) 1.030 (0.975-1.089) > 0.296 100.0% Overrall effect (Fixed Model) 0.981 (0.961-1.002) <> 0.068 100.0%
Heterogeneity: 7=9.7%, P =0.331 Heterogeneity: 7= 0.0%, P = 0.540
MDD MDD
PGC 14 1.061 (1.000-1.126) - 0.050  58.7% PGC 25 0.982 (0.963-1.001) L g 0.067  99.1%
UK Biobank 14 0.657 (0.442-0.976) +—e— 0.037%* 41.3% UK Biobank 24 0.901 (0.737-1.101) + 0.309 0.9%
Overrall effect (Random Model) 0.871 (0.548-1.383)  ——mmm— 0.557 100.0% Overrall effect (Fixed Model) 0.981 (0.963-1.000) < 0.055 100.0%
Heterogeneity: I =81.9%, P =0.019 Heterogeneity: I = 0.0%, P = 0.402
BIP IP
PGC 14 1.037 (0.974-1.105) L g 0258  77.6% PGC 24 0.992 (0.970-1.015) L g 0.484  788%
UK Biobank 14 0.883 (0.690—1.129) —— 0.320 5.1% UK Biobank 24 1.046 (0.951-1.150) —— 0.354 4.5%
FinnGen 14 1.045 (0.914-1.196) —— 0517  17.3% FinnGen 25 0.943 (0.898-0.991) —— 0.020% 16.7%
Overrall effect (Fixed Model) 1.030 (0.974-1.089) » 0.298 100.0% Overrall effect (Fixed Model) 0.986 (0.966—1.006) - 0.168 100.0%
Heterogeneity: I7=0.0%, P =0.448 Heterogeneity: I°=59.1%, P =0.087
SCZ SCZ
PGC 14 1.004 (0.948—1.064) L 2 0.883  88.5% PGC 24 0.994 (0.965-1.024) - 0.682  80.1%
UK Biobank 14 0.812 (0.585-1.125) —— 0.210 2.8% UK Biobank 24 0.975 (0.860—1.105) —— 0.689 4.4%
FinnGen 14 1.121 (0.931-1.348) —— 0.227 8.7% FinnGen 25 0.978 (0.915-1.047) —— 0526  15.4%
Overrall effect (Fixed Model) 1.008 (0.954-1.065) > 0.776  100.0% Overrall effect (Fixed Model) 0.991 (0.965-1.017) o g 0.484 100.0%
Heterogeneity: I7 = 32.6%, P =0.227 Heterogeneity: 7= 0.0%, P = 0.887
PTSD PTSD
PGC 14 0.972 (0.878-1.076) —— 0.588  81.9% PGC 23 0.994 (0.958-1.032) —— 0.760  82.2%
UK Biobank 14 0.814 (0.434-1.529) + 0.523 2.1% UK Biobank 24 0.906 (0.711-1.154) + 0.424 1.9%
FinnGen 14 1.166 (0.927-1.469) —— 0.190  16.0% FinnGen 25 0.962 (0.884—1.047) —— 0370  15.9%
Overrall effect (Fixed Model) 0.997 (0.910-1.093) < 0.952 100.0% Overrall effect (Fixed Model) 0.987 (0.955-1.021) - 0.456 100.0%
Heterogeneity: 7= 17.2%, P=0.299 Heterogeneity: I°=0.0%, P =0.613
OCD OCD
IOCDF-GC & OCGAS 14 0.906 (0.563—1.459) * 0.692 18.9% IOCDF-GC & OCGAS 24 0.984 (0.905-1.070) —— 0.706  50.4%
UK Biobank 14 1.555 (0.835-2.897) * 0.164 11.1% UK Biobank 24 0.955 (0.752-1.213) * 0.707 6.2%
FinnGen 14 1.071 (0.836—1.372) —— 0.588  70.0% FinnGen 25 0.919 (0.840—1.006) —— 0.068  43.4%
Overrall effect (Fixed Model) 1.081 (0.879-1.330) ————— 0.459 100.0% Overrall effect (Fixed Model) 0.954 (0.899-1.012) — 0.118 100.0%
Heterogeneity: /7 = 0.0%, P =0.397 Heterogeneity: = 0.0%, P=0.557
T T T T T T T T T T T
05075 1 125 15 175 07 08 09 1 1.1 12
Odds ratio (95%CI) Odds ratio (95%CI)





media/file3.jpg





media/file1.jpg





