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Objective: Evidence on the individual and combined relationship of physical activity (PA) and fish oil supplement use on the incidence of Parkinson’s disease (PD) risk remains lacking.

Materials and methods: This UK population-based prospective cohort study, involving 385,275 UK Biobank participants, collected PA and fish oil supplement data via touchscreen questionnaires. Using Cox proportional hazards models and restricted cubic splines to examined the associations between use of fish oil supplements, PA and PD risk.

Results: During a median 12.52-year follow-up, 2,131 participants incident PD. Analysis showed that fish oil supplement users had a lower PD risk [hazard ratio (HR), 0.89; 95% confidence interval (CI), 0.82–0.98]. The adjusted HRs for the PD incidence were 0.96 (95% CI, 0.95–0.98) for total PA; 0.93 (95% CI, 0.90–0.96) for moderate PA; 0.95 (95% CI, 0.91–0.99) for vigorous PA and 0.93 (95% CI, 0.89–0.98) for walking activity. Significant interactions were found between fish oil supplement use and total PA (P for interaction = 0.011), moderate PA (P for interaction = 0.015), and walking activity (P for interaction = 0.029) in relation to PD incidence.

Conclusion: Both fish oil supplement use and PA were associated with a reduced risk of PD, and the effect of PA in reducing the risk of PD was more pronounced when fish oil supplement was used.
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1 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder in worldwide (Dorsey et al., 2007). It can cause a wide range of motor and non-motor symptoms, including resting tremors, muscle rigidity, slow movement, postural instability, autonomic dysfunction, cognitive impairment, and mood disorders (Cerri et al., 2019; Tolosa et al., 2021). Since 1990, PD has been the fastest-growing neurological disease in terms of prevalence, disability, and mortality worldwide (GBD 2016 Parkinson's Disease Collaborators, 2018). Considering the disease burden of PD, identifying its modifiable environmental risk factors and developing preventive interventions are important public health issues (Tysnes and Storstein, 2017; Aaseth et al., 2018; Reichmann et al., 2022).

Fish oil mainly contains the long-chain omega-3 polyunsaturated fatty acids (n-3 PUFAs), especially eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Liu et al., 2022). These nutrients have a wide range of biological activities related to cardiovascular health, including lowering blood pressure and triglycerides and improving endothelial vasodilator function. Several prospective observational studies have shown an association between diets rich in n-3 PUFAs and a lower risk of PD (Avallone et al., 2019). Omega-3 fatty acids are also found to be beneficial in alleviating PD symptoms in a randomized clinical trial (RCT) (Taghizadeh et al., 2017). However, in a case–control study based on Japanese population showed that consumption of n-3 PUFAs were not significantly associated with PD risk (Miyake et al., 2010). To provide further evidence, this study explored the association between fish oil supplements and PD risk based on UK Biobank.

Physical activity (PA) has been suggested as a potentially effective means to reduce PD morbidity (Ascherio and Schwarzschild, 2016; LaHue et al., 2016; Reichmann et al., 2022). Epidemiological evidence suggested that higher levels of moderate to vigorous activity associated with a lower risk of PD (Fang et al., 2018). Besides, aerobic exercise has been found to reduce motor and non-motor symptoms in PD patients in some RCTs (van der Kolk et al., 2019; Johansson et al., 2022).

Although a large number of studies have shown that PA is recommended as a robust preventive factor for the development of PD. However, evidence for the protective effect of low-intensity PA and the amount of PA at different intensities is still limited. Considering that vigorous PA may not be feasible for some specific groups, such as morbidly obese or elderly people, and prolonged exercise may not be scientific. It is important to provide information on associations between the amount of PA and the risk of PD for different types of PA. Therefore, the present study explored the association between amount of sum PA and the risk of PD and further explored the association between amount of PA and PD risk for different types of PA (vigorous, moderate, and walking).

Previous studies have not examined the effect of the interaction between fish oil supplementation use and PA on the risk of PD. Dietary intake of fish oil has multiple potential biological mechanisms associated with increased muscle protein synthesis and improved muscle mass, which is strongly associated with loss of physical function (Smith et al., 2011; Rodacki et al., 2012). Therefore, we hypothesized that the effect of PA on the onset of PD would be modified by the intake of fish oil supplementation. Specifically, combining PA with fish oil supplementation may enhance the effect on biological pathways and thus have a greater impact on physical function. In addition, considering potential sex-specific biological responses to PA (Yang et al., 2015; Da Boit et al., 2017), it would be of interest to explore sex differences in the combined effects of fish oil supplementation and PA on the risk of PD. Moreover, as evidence suggested genetic risk may modify the effect environmental factors on PD (Jacobs et al., 2020; Bloem et al., 2021), there is a need to explore whether the relationship between fish oil, PA and PD risk is altered by differential genetic risk.

The aim of this study was to investigate the independent as well as combined effects of fish oil supplementation use and PA on the risk of PD. In addition, we further explored whether there were differences in the associations of fish oil supplement use and PA with PD risk in different sex.



2 Methods


2.1 Study population

UK Biobank is a large prospective study with 502,387 participants designed to collect detailed information on a wide range of phenotypes through questionnaires, physical measurements, sample testing, accelerometry, multimodal imaging, and long-term follow-up of a range of health-related outcomes. After excluding those with baseline PD (n = 900), 501,487 participants remained. We further excluded individuals with missing data for age, sex, race, education, and Townsend deprivation index (TDI), smoking, drinking, and body mass index (BMI), PA, and fish oil supplements use. Ultimately, 385,275 participants were included in this study. The detailed screening process is presented in Supplementary Figure S1.

The North West Multi-Centre Research Ethics Committee approved the UK Biobank study, and all participants provided written informed consent to participate. The study protocol is publicly available on the UK Biobank website.1



2.2 Parkinson’s disease diagnosis

As recommended by the UK Biobank [Algorithmically-defined outcomes (ADOs) Version 2.0, 2022], algorithmically-defined outcomes were used to identify PD onset in the cohort’s participants. PD definition is shown in detail in Supplementary Table S1. The disease information was obtained from inpatient electronic health records and death registers, which are linked to the Hospital Episode Statistics for England, Scottish Morbidity Record, or Patient Episode Database for Wales. The censoring dates for these databases were 31 October 2022, 31 July 2021, and 28 February 2018, respectively. The follow-up time was calculated from baseline to the time of PD diagnosis, death, loss to follow-up, or censorship, whichever occurred first.



2.3 Assessment of fish oil supplement use

Information about fish oil supplement use was collected through a touch screen questionnaire in which participants were asked, “Do you regularly take any of the following supplements?” Various supplements, including fish oil, were listed in this question for the participants to mark the relevant ones. Data on fish oil supplement use collected at baseline were used for analysis.



2.4 Assessment of physical activity

Data on the type (walking, moderate, or vigorous), frequency and duration of PA were obtained from the completed touch screen questionnaires. Furthermore, the metabolic equivalent task (MET) scores were calculated based on the International Physical Activity Questionnaire guidelines. The MET score has been described in detail elsewhere [Guidelines for data processing and analysis of the international physical activity questionnaire (IPAQ)—short and long forms, 2005]. In this study, we assessed the PA types (moderate, vigorous, and walking) using MET minutes per week (MET-minutes/week). The sum of the MET-minutes/week for all three PAs was also calculated (total PA).



2.5 Other measurements

Other assessed variables included age (continuous), sex (male or female), ethnicity (White or non-White), TDI, BMI, smoking status (on most or all days, only occasionally, or never), drinking status (current, previous, or never), disease status, and dietary composition. The TDI was used to identify the socio-economic status. It measures regional deprivation derived from national census data on unemployment, car ownership, household overcrowding, and owner’s occupation. Higher scores indicate higher levels of deprivation (Townsend, 1987). BMI was calculated by dividing the weight (kg) by the height squared (m2). History of diabetes was defined based on self-reported diabetes at baseline, having been diagnosed with diabetes by a physician, or taking medications to treat diabetes. Cardiovascular diseases (CVD) were defined based on self-reported hypertension, heart problems, cerebrovascular disease, peripheral vascular disease, or other cardiovascular-related diseases. Dietary data were obtained from the touch screen food frequency questionnaire. As in previous studies (Wang et al., 2022), we coded the frequency of various food intakes into scores: never = 0, less than once a week = 0.5, once a week = 1, 2–4 times a week = 3, 5–6 times a week = 5.5, and once or more daily = 7. We then calculated the frequency scores for vegetables, fruit, fish, unprocessed red meat, and processed meat by grouping and summarizing the scores obtained from the above coding rules for each food item.



2.6 Polygenic risk score

The polygenic risk score (PRS) shows the correlation between genotype and risk of Parkinson’s disease through a score format. In the present study, we applied the standard PRS for Parkinson’s disease released from the UK Biobank (Field ID: 26260), the calculation of which has been specifically described in the study by Thompson et al. (2022). The study by Thompson et al. calculated polygenic risk scores for 28 diseases and 25 quantitative traits. Standard PRS were generated from an external GWAS meta-analysis dataset and the RPS algorithm was built from trait-specific meta-analyses using Bayesian approach. The PRS value for each individual was calculated as the genome-wide sum of the per-variant posterior effect size multiplied by allele dosage. For the generated raw PRS, centering and standardization steps were followed to generate a corrected PRS for subsequent analysis.



2.7 Statistical analysis

Descriptive statistics are expressed as means [standard deviations (SDs)] for continuous variables and numbers (percentages) for categorical variables. Baseline characteristics of participants with and without PD onset during follow-up were compared by analysis of variance (ANOVA) for normally distributed continuous variables, Mann–Whitney U test for non-normally distributed continuous variables, and chi-squared tests for categorical variables.

First, we used the Cox proportional hazards regression model to assess the relationship between PA and PD incidence. Specifically, we analyzed the association between individual PA types (moderate, vigorous, walking, and total) and PD incidence. When the PA types were analyzed as continuous variables, the results are expressed as the association between change per 1,000 MET-minutes/week and PD incidence. We further divided the PAs into four subgroups based on the quartiles to analyze them as categorical variables, using the lowest quartile subgroup as a reference. Second, we used the Cox proportional hazards regression model to analyze the association between fish oil supplement use and PD incidence. Finally, in search of an interaction between fish oil supplement use and PA in affecting PD incidence, we stratified the participants according to their fish oil supplement use and explored the effect of the various PA levels on PD progression. We used likelihood ratio tests to assess for interaction when PA was considered a categorical variable. When PA was considered a continuous variable, we included a cross-product term for PA and fish oil supplement use in the model to test the interaction. Besides, we used restricted cubic spline to further observe the dose-dependent relationship between PA and PD incidence in participants with different fish oil supplement use status. In this study, model 1 was adjusted for age and sex; model 2 was further adjusted for race, TDI, BMI, smoking status, drinking status, CVD, diabetes, and fish, vegetable, fruit, unprocessed red meat, and processed meat intake frequency scores. Model 2 was further adjusted for fish oil supplement use when analyzing the association between PA and PD progression. Model 2 was further adjusted for total PA when analyzing the association between fish oil supplement use and PD progression. The results are expressed as hazard ratios (HRs) and their 95% confidence intervals (CIs).

In addition, we conducted a series of additional analyses. First, considering the possible sex variability of the above associations, we further explored the associations of fish oil supplement use and PA with PD risk in different sex populations. Second, to test whether the effect of fish oil or physical activity on the occurrence of PD differed across population with different PD genetic risk, we examining the interaction effect of genetic risk and fish oil supplement use or physical activity on the risk of PD separately. Populations with high PD genetic risk, Intermediate PD genetic risk and low PD genetic risk were classified by the PD-PRS tertiles. Finally, we performed a sensitivity analysis by excluding participants who developed Parkinson’s disease in the 2 years prior to study follow-up in order to exclude participants whose occurrence of PD might not be related to PA and fish oil supplements use.

Statistical analysis was performed with R software, Version 4.2.1. Two-sided p < 0.05 was considered statistically significant.




3 Results


3.1 Baseline characteristics

The cohort baseline characteristics were presented in Supplementary Table S2. Participants incident PD during the follow up were more likely to be older, male, white, with higher BMI, and a history of CVD and diabetes (p < 0.001), compared with participants no incident PD.



3.2 Association between fish oil supplement use or physical activity and Parkinson’s disease development

During a median follow-up of 12.52 years, 2,131 participants developed PD. The association between PA or fish oil supplement use and PD incidence was presented in Tables 1, 2. We found that after adjusting for a range of variables, participants using fish oil supplements had a lower risk of developing PD than non-users (HR, 0.89; 95% CI, 0.82–0.98). For each 1,000 MET-minute/week increase, the adjusted HRs for PD occurrence were 0.96 (95% CI, 0.95–0.98) for total PA, 0.93 (95% CI, 0.90–0.96) for moderate PA, 0.95 (95% CI, 0.91–0.99) for vigorous PA, and 0.93 (95% CI, 0.89–0.98) for walking. When the amounts of PA were analyzed as categorical variables, participants with highest PA level (Q4) showed a significantly lower risk of PD occurrence than those with lowest PA level (Q1). The trend analysis showed that the associations between the activity level for all the three types of PA, as well as total PA level and the risk of developing PD showed significant negative linear trends (P for trend < 0.001).



TABLE 1 Associations of physical activity with incident PD (n = 385,275).
[image: Table1]



TABLE 2 Associations of fish oil supplementation use with incident PD (n = 385,275).
[image: Table2]



3.3 Joint effect of fish oil supplement use and physical activity on Parkinson’s disease incidence

The association between PA and the occurrence of PD after stratification by fish oil supplement use was shown in Table 3. When analyzing the PA levels as categorical variables, a significant interaction was noted between total or moderate PA levels and fish oil supplement use (P for interaction <0.05). The HR of the highest total PA level (Q4), when compared to the lowest PA level (Q1), was 0.62 (95% CI, 0.50–0.76) in the fish oil supplement-using population and 0.84 (95% CI, 0.72–0.97) in the non-users. The HR of the highest moderate PA level (Q4), when compared to the lowest PA level (Q1), was 0.59 (95% CI, 0.48–0.73) for the fish oil supplement-using population and 0.86 (95% CI, 0.74–0.99) for non-users. When PA levels was analyzed as a continuous variable, we found a significant interaction between fish oil supplement use and total PA (P for interaction = 0.011), moderate PA (P for interaction = 0.015), and walking activity (P for interaction = 0.029) in their effect on PD incidence. This finding was reflected in the more significant reduction in PD risk in fish oil supplement users than in non-users with increasing of total, moderate, and walking PA levels.



TABLE 3 Joint associations of fish oil supplementation and PA with incident PD (n = 385,275).
[image: Table3]

Restricted cubic splines (Figure 1) examined the dose–response associations between the PA levels and PD occurrence in populations with different fish oil supplement use statuses. We found no significant association between levels of various types of PA and PD risk in the group not using fish oil supplements (P for overall > 0.05). In those using fish oil supplements, for total PA (P for overall < 0.001), and walking (P for overall = 0.004), the risk of PD continued to decrease with increasing PA levels. For vigorous PA, we found a significant negative association between lower vigorous PA levels and PD occurrence in fish oil supplement users. However, this association reversed to a positive correlation and lost statistical significance above a certain PA level (P for overall = 0.007, P for nonlinear = 0.041). In the population using fish oil supplements, moderate PA levels were found to be “U-shaped” associated with the risk of PD (P for overall < 0.001, P for nonlinear = 0.002).

[image: Figure 1]

FIGURE 1
 (A) Dose–response associations between Summed MET-minutes per week for all activity and fish oil supplement with PD incidence. (B) Dose–response associations between MET minutes per week for walking and fish oil supplement with PD incidence. (C) Dose–response associations between MET minutes per week for moderate activity and fish oil supplement with PD incidence. (D) Dose–response associations between MET minutes per week for vigorous activity and fish oil supplement with PD incidence. The analysis was performed after adjusting for age, sex, race, Townsend deprivation index, BMI, smoke, alcohol, cardiovascular disease, diabetes, fish, fruit, vegetable, processed meat, unprocessed meat. 95%CI, 95% confidence interval; HR, hazard ratio; MET, metabolic equivalent task.




3.4 Sex differences in the joint effect of fish oil supplement use and physical activity on Parkinson’s disease

Baseline characteristics for males and females were detailed in Supplementary Tables S3, S4. Supplementary Table S5 shows the association between PA and PD occurrence after stratification by fish oil supplement use in males. We found a significant interaction between the total, walking, and moderate PA levels and fish oil supplement use when PA level was analysed as categorical variables (P for interaction < 0.05). The HR for the highest total PA level (Q4), when compared to the lowest level (Q1), was 0.55 (95% CI, 0.42–0.71) in fish oil supplement users and 0.84 (95% CI, 0.69–1.01) in non-users. The HR for the highest moderate PA level (Q4), when compared to the lowest level (Q1), was 0.51 (95% CI, 0.39–0.66) for fish oil supplement users and 0.82 (95% CI, 0.68–0.99) for non-users. The HR for the highest walking PA level (Q4), when compared to the lowest level (Q1), was 0.56 (95% CI, 0.42–0.75) for fish oil supplement users and 0.92 (95% CI, 0.75–1.13) for non-users. When the PA level was analyzed as a continuous variable, we also found a significant interaction between fish oil supplement use and total PA (P for interaction = 0.0039), moderate PA (for interaction p = 0.0028), and walking activity (for interaction p = 0.0342) in their effect on the incidence of PD.

Supplementary Table S6 shows the association between PA and PD occurrence after stratification by fish oil supplement use in females. No interaction was found between categorical total, moderate, vigorous, and walking PA levels and fish oil supplement use (P for interaction >0.05).

Restricted cubic splines examined the dose–response relationship between PA levels and PD incidence in males and females with various fish oil supplement use statuses (Supplementary Figure S2). The dose–response relationship between the PA level and PD incidence in males with various fish oil supplement statuses resembled that of the total population. In contrast, in the female population, no significant associations were observed for PA levels and PD risk in either those using or not using fish oil supplements (P for overall >0.05).



3.5 Association of fish oil supplementation use or PA with PD risk in participants with different genetic susceptibilities for PD

In this analysis, we did not find a significant interaction between fish oil supplementation use and genetic risk on PD risk (for interaction p = 0.2701) (Supplementary Table S7). Also, we did not find a significant interaction between PA and genetic risk on PD risk (for interaction p > 0.05) (Supplementary Table S8).



3.6 Sensitivity analysis

We further analyzed the cohort after excluding participants who developed PD within 2 years of study. The combined effect of fish oil supplement use and PA on the risk of PD, both in the total population and in the male as well as female populations, was mostly consistent with the results observed in the entire cohort (Supplementary Tables S9–S11).




4 Discussion

This prospective cohort study of 385,275 participants in the United Kingdom found that fish oil supplement use and all PA intensities (total, moderate, vigorous, and walking) were associated with a lower risk of developing PD. Notably, we found a significant interaction between PA levels and fish oil supplement use, with fish oil supplement use enhancing the effect of PA on PD risk. This effect was more pronounced in males than females. In addition, based on the interaction test, we observed that PD genetic risk did not affect the effect of fish oil supplementation use or PA on PD incidence.

Consistent with previous studies (Abbott et al., 2003; de Lau et al., 2005; Gao et al., 2007; Denny Joseph and Muralidhara, 2015; Hernando et al., 2019), our study found a similarly strong association between fish oil supplement use and a reduced risk of PD. Fish oil supplements, particularly omega-3 polyunsaturated fatty acids, are essential lipid nutrients in the human diet and play a key role in cell membrane structure. Omega-3 fatty acids have been shown to inhibit microglial cell activity and neuroinflammation, protect astrocyte function, and produce neurotrophic factors that improve neurodegeneration and normalize neurotransmission (McCarty and Lerner, 2020). Recent studies have also shown that omega-3 fatty acids improve PD by inhibiting pro-inflammatory cytokine release, restoring mitochondrial function and membrane fluidity, and reducing levels of oxidant production (Wu et al., 2021). The omega-3 fatty acid docosahexaenoic acid increases dopamine synthesis in striatal motor areas by phosphorylating the restrictive catecholamine synthase tyrosine hydroxylase in a manner dependent on second messenger-linked protein kinases (PKA and PKC), thus preventing deficits in postural stability, gait integrity, and dopamine neurochemistry (Chitre et al., 2020).

PA protection against PD was first suggested in 1992 (Sasco et al., 1992). Those authors found that increasing levels of PA were associated with a progressively lower risk of PD. Since that initial report, several subsequent epidemiological studies have confirmed this putative relationship (Kyrozis et al., 2013). Our findings are consistent with theirs. A meta-analysis of over half a million adults showed that a higher PA level—particularly moderate to vigorous PA—was associated with a lower risk of PD (Fang et al., 2018). While the importance of moderate to vigorous PA in reducing the risk of PD is widely recognized, little is known about its impact on walking activity. To our knowledge, this was the first study to directly support the protective effect of walking activity on PD development in the general population. In addition, the results of the Cox proportional hazards model revealed that the risk of PD was significantly lower in the group with moderate physical activity above the lowest quartile (120 MET-min/week) compared to the group with moderate physical activity below the lowest quartile. Therefore, adults with limited self-directed time can benefit from a protective effect by choosing moderate exercise at a reduced duration. Several mechanisms have been proposed to explain the neuroprotective effects of PA. For example, PA has been shown to upregulate the production of various growth factors and receptors, maintain dopaminergic function, and reduce cellular inflammation and oxidative stress in animal models of PD (LaHue et al., 2016). Moreover, PA reduces damage to dopaminergic neurons in motor circuits, preserves striatal dopamine levels after treadmill activity in a rodent model of lesion-induced PD, and increases the loss of dopaminergic neurons after forced non-use of the contralateral forelimb (Tillerson et al., 2002).

This study was the first to prospectively and systematically examine the joint association of fish oil supplement use and PA with PD incidence. By using a longitudinal design, fish oil supplement use and PA measurements, and a large sample, this study provided direct and strong evidence of this association. Our findings showed a significant interaction between PA and fish oil supplement use, suggesting that fish oil supplement use improves the protection against and prevention of PD incidence by PA. Increasing the PA level resulted in a significantly lower PD incidence in fish oil supplement users than non-users. At certain activity levels, a significant association between PA and PD was observed only in those using fish oil supplements. These results emphasize the importance of promoting public health strategies of any PA intensity to combat the risk of PD. Given the high prevalence of PD, interventions that include adequate fish oil supplement intake should be particularly emphasized and encouraged for physically inactive people. Protection can also be achieved by consuming fish oil supplements and performing low-intensity or low-frequency PA. Those tolerating high-intensity or high-frequency exercise can be protected even more by consuming fish oil supplements. In summary, the current study highlights the potential benefits of combining fish oil supplement use and PA in PD prevention.

Interestingly, we also found that the combined association of fish oil supplement use and PA with PD incidence differed among the sexes. Our findings showed that males increased the protective effect of PA on PD incidence by consuming fish oil supplements, while females did not. Previous studies have shown a significant association between PA and reduced PD incidence in males but not females (Llamas-Velasco et al., 2021). Furthermore, sex also affects the responsiveness to omega-3 fatty acid supplementation, with higher increases in plasma docosahexaenoic acid and lower triglycerides in males than females (Caslake et al., 2008; Danthiir et al., 2018). A meta-analysis showed that lower total cholesterol, triglycerides, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol levels were associated with PD development (Hong et al., 2022). Maybe it would help to suggest why it happens in males and not females. Our study had multiple strengths. The combined relationship between fish oil supplements and PA and PD onset has been inadequately studied. Our study provided new insights into this joint relationship. The study was based on a prospective cohort from the UK Biobank. This cohort is well-suited for studying exposure-disease relationships because of its large size, long follow-up, detailed and comprehensive information.

Our study had several limitations that should be acknowledged. First, although the questionnaire is widely used to quantify PA, it is a self-report measure that might be subject to reporting bias. Second, the dietary information in the UK Biobank study is self-reported, limited in scope, and might not provide a thorough picture of the overall healthy eating behavior. Third, despite controlling for multiple covariates, residual confounders cannot be completely excluded. Fourth, this study was conducted based on UK Biobank, the main participants of which were from a white ethnic background, so further research is still needed to validate the applicability of the findings of this study to other ethnic populations. Finally, although UK Biobank recruited a sample over 500,000, it actually had a low response rate (5.5%) and there may have been selection bias (Allen et al., 2012). However, by comparison with other studies, risk factor associations in UK Biobank seem to be generalizable (Batty et al., 2020). Future studies, e.g., clinical trials, are needed to confirm and determine the causal relationship of the associations observed in our study.



5 Conclusion

In this UK population-based study, we found that fish oil supplementation and PA reduce the incidence of PD, irrespective of genetic risk. Besides, fish oil supplement use additionally improved the protective effect of PA against PD incidence.



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: the study protocol is publicly available on the UK Biobank website (http://www.ukbiobank.ac.uk/).



Ethics statement

The studies involving humans were approved by the North West Multi-Centre Research Ethics Committee approved the UK Biobank study, and all participants provided written informed consent to participate. The study protocol is publicly available on the UK Biobank website (http://www.ukbiobank.ac.uk/). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

FL: Conceptualization, Data curation, Formal analysis, Methodology, Writing – original draft, Visualization. YS: Conceptualization, Data curation, Formal analysis, Methodology, Visualization, Writing – original draft. JZ: Formal analysis, Methodology, Writing – original draft. YL: Data curation, Investigation, Writing – original draft. XuaC: Data curation, Software, Writing – original draft. XZ: Writing – review & editing. YH: Conceptualization, Writing – original draft. KC: Writing – review & editing. YZ: Writing – review & editing. QY: Writing – review & editing. XiaC: Writing – review & editing, Supervision. XinC: Writing – review & editing, Supervision. YW: Writing – review & editing, Supervision. GC: Writing – review & editing, Supervision, Funding acquisition, Resources.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by grants from the National Key Clinical Specialty (Department of Neurology) (21281003) Fujian Province Key Clinical Specialty (Department of Neurology) (2128100537). The funders played no role in the study design or implementation; data collection, management, analysis or interpretation; manuscript preparation, review or approval; or the decision to submit the manuscript for publication.



Acknowledgments

This study was carried out under UK Biobank resource application number 94166. We would like to sincerely appreciate all the researchers involved in the UK Biobank.



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/fnagi.2023.1304629/full#supplementary-material



Abbreviations


PA, Physical activity; PD, Parkinson’s disease; BMI, Body mass index; TDI, Townsend deprivation index; MET, Metabolic equivalent task; CVD, Cardiovascular diseases; PRS, Polygenic risk score.



Footnotes

1   http://www.ukbiobank.ac.uk/



References

 Aaseth, J., Dusek, P., and Roos, P. M. (2018). Prevention of progression in Parkinson's disease. Biometals 31, 737–747. doi: 10.1007/s10534-018-0131-5 

 Abbott, R. D., Ross, G. W., White, L. R., Sanderson, W. T., Burchfiel, C. M., Kashon, M., et al. (2003). Environmental, life-style, and physical precursors of clinical Parkinson's disease: recent findings from the Honolulu-Asia aging study. J. Neurol. 250 Suppl 3:Iii30-39. doi: 10.1007/s00415-003-1306-7 

 Algorithmically-defined outcomes (ADOs) Version 2.0. (2022) Biobank. Available at: https://biobank.ndph.ox.ac.uk/ukb/ukb/docs/alg_outcome_main.pdf (Accessed March 22, 2023).

 Allen, N., Sudlow, C., Downey, P., Peakman, T., Danesh, J., Elliott, P., et al. (2012). UK Biobank: current status and what it means for epidemiology. Health Policy Technol. 1, 123–126. doi: 10.1016/j.hlpt.2012.07.003

 Ascherio, A., and Schwarzschild, M. A. (2016). The epidemiology of Parkinson's disease: risk factors and prevention. Lancet Neurol. 15, 1257–1272. doi: 10.1016/s1474-4422(16)30230-7

 Avallone, R., Vitale, G., and Bertolotti, M. (2019). Omega-3 fatty acids and neurodegenerative diseases: new evidence in clinical trials. Int. J. Mol. Sci. 20:4256. doi: 10.3390/ijms20174256 

 Batty, G. D., Gale, C. R., Kivimäki, M., Deary, I. J., and Bell, S. (2020). Comparison of risk factor associations in UK Biobank against representative, general population based studies with conventional response rates: prospective cohort study and individual participant meta-analysis. BMJ 368:m131. doi: 10.1136/bmj.m131 

 Bloem, B. R., Okun, M. S., and Klein, C. (2021). Parkinson's disease. Lancet 397, 2284–2303. doi: 10.1016/s0140-6736(21)00218-x

 Caslake, M. J., Miles, E. A., Kofler, B. M., Lietz, G., Curtis, P., Armah, C. K., et al. (2008). Effect of sex and genotype on cardiovascular biomarker response to fish oils: the FINGEN study. Am. J. Clin. Nutr. 88, 618–629. doi: 10.1093/ajcn/88.3.618 

 Cerri, S., Mus, L., and Blandini, F. (2019). Parkinson's disease in women and men: What's the difference? J. Parkinsons Dis. 9, 501–515. doi: 10.3233/JPD-191683 

 Chitre, N. M., Wood, B. J., Ray, A., Moniri, N. H., and Murnane, K. S. (2020). Docosahexaenoic acid protects motor function and increases dopamine synthesis in a rat model of Parkinson's disease via mechanisms associated with increased protein kinase activity in the striatum. Neuropharmacology 167:107976. doi: 10.1016/j.neuropharm.2020.107976 

 Da Boit, M., Sibson, R., Sivasubramaniam, S., Meakin, J. R., Greig, C. A., Aspden, R. M., et al. (2017). Sex differences in the effect of fish-oil supplementation on the adaptive response to resistance exercise training in older people: a randomized controlled trial. Am. J. Clin. Nutr. 105, 151–158. doi: 10.3945/ajcn.116.140780 

 Danthiir, V., Hosking, D. E., Nettelbeck, T., Vincent, A. D., Wilson, C., O'Callaghan, N., et al. (2018). An 18-mo randomized, double-blind, placebo-controlled trial of DHA-rich fish oil to prevent age-related cognitive decline in cognitively normal older adults. Am. J. Clin. Nutr. 107, 754–762. doi: 10.1093/ajcn/nqx077 

 de Lau, L. M., Bornebroek, M., Witteman, J. C., Hofman, A., Koudstaal, P. J., and Breteler, M. M. (2005). Dietary fatty acids and the risk of Parkinson disease: the Rotterdam study. Neurology 64, 2040–2045. doi: 10.1212/01.Wnl.0000166038.67153.9f

 Denny Joseph, K. M., and Muralidhara,. (2015). Combined oral supplementation of fish oil and quercetin enhances neuroprotection in a chronic rotenone rat model: relevance to Parkinson's disease. Neurochem. Res. 40, 894–905. doi: 10.1007/s11064-015-1542-0 

 Dorsey, E. R., Constantinescu, R., Thompson, J. P., Biglan, K. M., Holloway, R. G., Kieburtz, K., et al. (2007). Projected number of people with Parkinson disease in the most populous nations, 2005 through 2030. Neurology 68, 384–386. doi: 10.1212/01.wnl.0000247740.47667.03 

 Fang, X., Han, D., Cheng, Q., Zhang, P., Zhao, C., Min, J., et al. (2018). Association of levels of physical activity with risk of Parkinson disease: a systematic review and meta-analysis. JAMA Netw. Open 1:e182421. doi: 10.1001/jamanetworkopen.2018.2421 

 Gao, X., Chen, H., Fung, T. T., Logroscino, G., Schwarzschild, M. A., Hu, F. B., et al. (2007). Prospective study of dietary pattern and risk of Parkinson disease. Am. J. Clin. Nutr. 86, 1486–1494. doi: 10.1093/ajcn/86.5.1486 

 GBD 2016 Parkinson's Disease Collaborators (2018). Global, regional, and national burden of Parkinson's disease, 1990-2016: a systematic analysis for the global burden of disease study 2016. Lancet Neurol. 17, 939–953. doi: 10.1016/S1474-4422(18)30295-3 

 Guidelines for data processing and analysis of the international physical activity questionnaire (IPAQ)—short and long forms (2005) IPAQ. Available at: https://biobank.ndph.ox.ac.uk/showcase/refer.cgi?id=540 (Accessed March 22, 2023).

 Hernando, S., Requejo, C., Herran, E., Ruiz-Ortega, J. A., Morera-Herreras, T., Lafuente, J. V., et al. (2019). Beneficial effects of n-3 polyunsaturated fatty acids administration in a partial lesion model of Parkinson's disease: the role of glia and NRf2 regulation. Neurobiol. Dis. 121, 252–262. doi: 10.1016/j.nbd.2018.10.001 

 Hong, X., Guo, W., and Li, S. (2022). Lower blood lipid level is associated with the occurrence of Parkinson's disease: a meta-analysis and systematic review. Int. J. Clin. Pract. 2022:9773038. doi: 10.1155/2022/9773038 

 Jacobs, B. M., Belete, D., Bestwick, J., Blauwendraat, C., Bandres-Ciga, S., Heilbron, K., et al. (2020). Parkinson's disease determinants, prediction and gene-environment interactions in the UK Biobank. J. Neurol. Neurosurg. Psychiatry 91, 1046–1054. doi: 10.1136/jnnp-2020-323646 

 Johansson, M. E., Cameron, I. G. M., van der Kolk, N. M., de Vries, N. M., Klimars, E., Toni, I., et al. (2022). Aerobic exercise alters brain function and structure in Parkinson's disease: a randomized controlled trial. Ann. Neurol. 91, 203–216. doi: 10.1002/ana.26291 

 Kyrozis, A., Ghika, A., Stathopoulos, P., Vassilopoulos, D., Trichopoulos, D., and Trichopoulou, A. (2013). Dietary and lifestyle variables in relation to incidence of Parkinson's disease in Greece. Eur. J. Epidemiol. 28, 67–77. doi: 10.1007/s10654-012-9760-0 

 LaHue, S. C., Comella, C. L., and Tanner, C. M. (2016). The best medicine? The influence of physical activity and inactivity on Parkinson's disease. Mov. Disord. 31, 1444–1454. doi: 10.1002/mds.26728 

 Liu, Z., Luo, Y., Ren, J., Yang, L., Li, J., Wei, Z., et al. (2022). Association between fish oil supplementation and cancer risk according to fatty fish consumption: a large prospective population-based cohort study using UK Biobank. Int. J. Cancer 150, 562–571. doi: 10.1002/ijc.33819 

 Llamas-Velasco, S., Contador, I., Méndez-Guerrero, A., Romero Ferreiro, C., Benito-León, J., Villarejo-Galende, A., et al. (2021). Physical activity and risk of Parkinson's disease and Parkinsonism in a prospective population-based study (NEDICES). Prev. Med. Rep. 23:101485. doi: 10.1016/j.pmedr.2021.101485 

 McCarty, M. F., and Lerner, A. (2020). Nutraceuticals targeting generation and oxidant activity of peroxynitrite may aid prevention and control of Parkinson's disease. Int. J. Mol. Sci. 21:3624. doi: 10.3390/ijms21103624 

 Miyake, Y., Sasaki, S., Tanaka, K., Fukushima, W., Kiyohara, C., Tsuboi, Y., et al. (2010). Dietary fat intake and risk of Parkinson's disease: a case-control study in Japan. J. Neurol. Sci. 288, 117–122. doi: 10.1016/j.jns.2009.09.021 

 Reichmann, H., Csoti, I., Koschel, J., Lorenzl, S., Schrader, C., Winkler, J., et al. (2022). Life style and Parkinson’s disease. J. Neural Transm. 129, 1235–1245. doi: 10.1007/s00702-022-02509-1 

 Rodacki, C. L., Rodacki, A. L., Pereira, G., Naliwaiko, K., Coelho, I., Pequito, D., et al. (2012). Fish-oil supplementation enhances the effects of strength training in elderly women. Am. J. Clin. Nutr. 95, 428–436. doi: 10.3945/ajcn.111.021915 

 Sasco, A. J., Paffenbarger, R. S. Jr., Gendre, I., and Wing, A. L. (1992). The role of physical exercise in the occurrence of Parkinson's disease. Arch. Neurol. 49, 360–365. doi: 10.1001/archneur.1992.00530280040020

 Smith, G. I., Atherton, P., Reeds, D. N., Mohammed, B. S., Rankin, D., Rennie, M. J., et al. (2011). Omega-3 polyunsaturated fatty acids augment the muscle protein anabolic response to hyperinsulinaemia-hyperaminoacidaemia in healthy young and middle-aged men and women. Clin. Sci. (Lond.) 121, 267–278. doi: 10.1042/cs20100597 

 Taghizadeh, M., Tamtaji, O. R., Dadgostar, E., Daneshvar Kakhaki, R., Bahmani, F., Abolhassani, J., et al. (2017). The effects of omega-3 fatty acids and vitamin E co-supplementation on clinical and metabolic status in patients with Parkinson's disease: a randomized, double-blind, placebo-controlled trial. Neurochem. Int. 108, 183–189. doi: 10.1016/j.neuint.2017.03.014 

 Thompson, D. J., Wells, D., Selzam, S., Peneva, I., Moore, R., Sharp, K., et al. (2022). UK Biobank release and systematic evaluation of optimised polygenic risk scores for 53 diseases and quantitative traits. medRxiv :2022.06.16.22276246. doi: 10.1101/2022.06.16.22276246

 Tillerson, J. L., Cohen, A. D., Caudle, W. M., Zigmond, M. J., Schallert, T., and Miller, G. W. (2002). Forced nonuse in unilateral parkinsonian rats exacerbates injury. J. Neurosci. 22, 6790–6799. doi: 10.1523/jneurosci.22-15-06790.2002 

 Tolosa, E., Garrido, A., Scholz, S. W., and Poewe, W. (2021). Challenges in the diagnosis of Parkinson's disease. Lancet Neurol. 20, 385–397. doi: 10.1016/s1474-4422(21)00030-2 

 Townsend, P. (1987). Deprivation. J. Soc. Policy 16, 125–146. doi: 10.1017/S0047279400020341

 Tysnes, O.-B., and Storstein, A. (2017). Epidemiology of Parkinson's disease. J. Neural Transm. (Vienna) 124, 901–905. doi: 10.1007/s00702-017-1686-y

 van der Kolk, N. M., de Vries, N. M., Kessels, R. P. C., Joosten, H., Zwinderman, A. H., Post, B., et al. (2019). Effectiveness of home-based and remotely supervised aerobic exercise in Parkinson's disease: a double-blind, randomised controlled trial. Lancet Neurol. 18, 998–1008. doi: 10.1016/s1474-4422(19)30285-6 

 Wang, M., Zhou, T., Song, Q., Ma, H., Hu, Y., Heianza, Y., et al. (2022). Ambient air pollution, healthy diet and vegetable intakes, and mortality: a prospective UK Biobank study. Int. J. Epidemiol. 51, 1243–1253. doi: 10.1093/ije/dyac022 

 Wu, F., Wang, D. D., Shi, H. H., Wang, C. C., Xue, C. H., Wang, Y. M., et al. (2021). N-3 PUFA-deficiency in early life exhibits aggravated MPTP-induced neurotoxicity in old age while supplementation with DHA/EPA-enriched phospholipids exerts a neuroprotective effect. Mol. Nutr. Food Res. 65:e2100339. doi: 10.1002/mnfr.202100339 

 Yang, F., Trolle Lagerros, Y., Bellocco, R., Adami, H. O., Fang, F., Pedersen, N. L., et al. (2015). Physical activity and risk of Parkinson's disease in the Swedish National March Cohort. Brain 138, 269–275. doi: 10.1093/brain/awu323 


Copyright
 © 2024 Lin, Shi, Zheng, Li, Chen, Zou, Hong, Chen, Zeng, Ye, Chen, Chen, Wang and Cai. 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/images/fnagi-15-1304629-t002.jpg
Number Model 1 Model 2

HR p- HR P-
(95%Cl)  value  (95%Cl)  value

Fish oil supplement use
No | 263,747 Ref Ref
Yes 121528 088(0.800.96)  0.004 | 089(0.820.98)  0.016

Model 1: Adjusted for age, sex. Model 2: Adjusted for age, sex, race, Townsend deprivation
index, BMI, smoke, alcohal, cardiovascular disease, diabetes, fish,frui, vegetable, processed
meat, unprocessed meat, sum of PA. Bold represents p-value <0.05.





OPS/images/fnagi-15-1304629-t003.jpg
Category

Q3

P for

interaction

Continues

Per1000 Met P for
increase interaction

Physical activty (sum)

Using fish oil supplement

0.83(0.68,1.01)
Yes Ref
0059
0.95(0.82,1.10)
No Ref

0523

Physical activity (walki

Using fish oil supplement

0.87(0.72,1.05)
0134

Yes Ref

1.03(0.90,1.18)
0683

No Ref

Physical activity (moderate)
Using fish oil supplement

0.83(0.68,1.01)

Yes Ref
0058
0.88(0.77,1.02)
No Ref
0.096
Physical activity (vigorous)

Using fish ol supplement

1.01(0:86,1.19)
0916

Yes Ref

0.93(0.75,1.16)
0541

No Ref

Model: Adjusted for age,sex, ace, Townsend deprivation indes, BMI, smoke, lcohol, cardiovascular discase, diabetes,fish, fruit, vegetable, processed meat, unprocessed meat. Bold represents

p-value <0.05.

0.63(0.51,0.78) <0.001

0.89(0.77,1.04) 0.132

0.85(0.69,1.04) 0.116

0.96(0.82,1.12) 0.579

0.63(0.51,0.78) <0.001

0.84(0.72,0.99) 0.032

L04(0.91,1.19) 0.539

0.84(0.70,1.01) 0.060

0.62(0.50,0.76) < 0.001

0.0275
0.84(0.72,0.97) 0.021
0.64(0.50,0.81) <0.001

0.0683
0.91(0.77,1.08) 0.293.
0.59(0.48,0.73) < 0.001

0.0089
0.86(0.74,0.99) 0.039
0.85(0.73,0.99) 0.041

03278

0.72(0.59,0.89) 0.002

0.93(0.90,0.96) <0.001
00105
0.98(0.96,1.00) 0.044
0.88(0.81,0.95) <0.001
0.0289
0.97(0.92,1.02) 0.183
0.87(0.82,0.93) <0.001
00151
0.96(0.92,1.00) 0066
0.92(0.86,0.99) 0.017
02631

0.97(0.92,1.01) 0.165





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Fish oil supplementation, physical activity and risk of incident Parkinson’s disease: results of longitudinal analysis from the UK Biobank



		1 Introduction



		2 Methods



		2.1 Study population



		2.2 Parkinson’s disease diagnosis



		2.3 Assessment of fish oil supplement use



		2.4 Assessment of physical activity



		2.5 Other measurements



		2.6 Polygenic risk score



		2.7 Statistical analysis









		3 Results



		3.1 Baseline characteristics



		3.2 Association between fish oil supplement use or physical activity and Parkinson’s disease development



		3.3 Joint effect of fish oil supplement use and physical activity on Parkinson’s disease incidence



		3.4 Sex differences in the joint effect of fish oil supplement use and physical activity on Parkinson’s disease



		3.5 Association of fish oil supplementation use or PA with PD risk in participants with different genetic susceptibilities for PD



		3.6 Sensitivity analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Abbreviations



		Footnotes



		References



















OPS/images/fnagi-15-1304629-g001.jpg
Fib s
ot et 0094 B s -0315)
Y v 001, it e 4013

N o ovent 041 et 0.70)
e

e~ 00, ot 021

[ —

vt 007, 0101






OPS/images/fnagi-15-1304629-t001.jpg
Number Model 1 Model 2

HR (95%Cl) p-value HR (95%Cl) p-value

Physical activity (sum)

Continues* 0.96(0.940.98) <0.001 0.96(0.95,0.98) <0.001
Q1(0,810) 96,534 Ref Ref

Q2(810,1773) 96,449 0.89(0.80,1.00) 0056 0.91(0.81,1.02) 0116
Q3 (1773,3,546) 96,094 0.77(0.68,0.87) <0.001 0.79(0.70,0.90) <0.001
Q4 (3,546,19,278) 96,198 0.73(0.65,0.82) <0.001 0.75(0.67,0.85) <0.001
Petrend <0.001 <0.001

Physical activity (moderate)

Continues* 092(0.89,0.95) <0.001 0.93(0.90,0.96) <0.001
Q1(0,120) 102,703 Ref Ref

Q2 (120480) 106907 085(0.76,0.95) 0.005 0.87(0.78,0.98) 0.018
Q3 (480,1,200) 84736 0.74(0.66,0.84) <0.001 0.76(0.67,0.87) <0.001
Q4 (1,200,5,040) 90,929 0.73(0.65,0.82) <0.001 0.75(0.67,0.85) <0.001
P-trend <0.001 <0.001

Physical activity (vigorous)

Continues* 0.94(0.91,0.98) 0.003 0.95(0.91,0.99) 001

Q1 (00) 155914 Ref Ref

Q2(0,240) 53,537 094(0.83,1.07) 0383 0.98(0.86,1.12) 0793
Q3 (240960) 96,116 093(0.83,1.03) 0.167 0.96(0.86,1.08) 0513
Q4 (960,10,080) 79,708 0.77(0.680.87) <0.001 0.80(0.71,0.91) <0.001
P-trend <0.001 <0.001

Physical activity (walking)

Continues® 0.93(0.89,0.97) <0.001 0.93(0.89,0.98) 0.002
Q1(0.297) 97,582 Ref Ref

Q2(297,693) 125,460 0.96(0.86,1.07) 0459 097(0.87,1.08) 059
Q3(693,1,386) 88,853 0.91(0.80,1.02) o111 0.92(0.81,1.04) 0.184
Q4(1,386,4,158) 73,380 0.79(0.69,0.91) <0.001 0.81(0.71,0.93) 0.002
P-trend <0.001 <0.001

Model 1: Adjusted for age, sex. Model 2 Adjusted for age, sex, race, Townsend deprivation index, BMI, smoke, alcohol, cardiovascular disease, diabetes, fish, fruit, vegetable, processed meat,
anprocessed meat, fish oil supplement.

‘Continuous expressed as change per 1,000 units.

Bold represents p-value <0.05.





OPS/images/cover.jpg
, frontiers | Frontiers in Aging Neuroscience

Fish oil supplementation, physical
activity and risk of incident
Parkinson'’s disease: results of
longitudinal analysis from the UK
Biobank












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






