[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Hlk66685553]Dietary omega-3 polyunsaturated fatty acids and fish intake and risk of age-related macular degeneration

Hong Jianga,b,c, Xin Shic, Yahui Fanc, Duolao Wangd, Baoyu Lic, Jin Zhoue, ***, Cheng Peia,**, Le Mac,f,*

Author Affiliations:
[bookmark: _Hlk82264929]a the First Affiliated Hospital, Xi’an Jiaotong University Health Science Center, Xi’an, China;
b Key Laboratory of Shaanxi Province for Craniofacial Precision Medicine Research, College of Stomatology, Xi’an Jiaotong University, Xi’an, China
c School of Public Health, Xi’an Jiaotong University Health Science Center, Xi’an, China; 
d Department of Clinical Sciences, Liverpool School of Tropical Medicine, Liverpool, UK;
e Beijing Zhongyinghui Nutrition and Health Research Institute, the Chinese Nutrition Society Academy of Nutrition and Health, Peking, China;
f Key Laboratory of Environment and Genes Related to Diseases (Xi’an Jiaotong University), Ministry of Education of China, Xi’an, China

*Correspondence Author. School of Public Health, Xi’an Jiaotong University Health Science Center, 76 Yanta West Road, Xi’an, China.
** Correspondence Author. Department of Ophthalmology, the First Affiliated Hospital of Xi’an Jiaotong University Health Science Center, Xi’an, China.
*** Correspondence Author. Beijing Zhongyinghui Nutrition and Health Research Institute, the Chinese Nutrition Society Academy of Nutrition and Health, Peking, China.
E-mail address: male@mail.xjtu.edu.cn (L. Ma), peich71@163.com (C. Pei), zj@cnsoc.org (J. Zhou)




28

Abstract:
[bookmark: _Hlk67585225][bookmark: _Hlk67585231]Background & aims: Epidemiologic studies are inconsistent regarding the association of dietary omega-3 polyunsaturated fatty acids (PUFA) and/or fish intake with risk of age-related macular degeneration (AMD) incidence and progression. The objective was to determine these associations by conducting a meta-analysis of available studies.
Methods: Three electronic databases were searched for studies that quantified dietary omega-3 PUFA and/or fish intake from inception to December 2020 without language restriction. Three investigators independently assessed for inclusion and extracted data. Study-specific risk estimates were combined using random-effects model. Potential dose-response associations were explored with the use of generalized least-squares trend estimation.
[bookmark: _Hlk67088697][bookmark: _Hlk67585343][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Results: 21 studies were included in the meta-analysis. Higher dietary intakes of omega-3 PUFA was significantly associated with 14% (relative risk [RR]: 0.86, 95% confidence interval [CI]: 0.77, 0.96) and 29% (RR: 0.71, 95% CI: 0.55, 0.91) lower risk of early and late AMD, respectively. The dose-response analysis showed a 6% and 22% decrease in the risk of early and late AMD for each additional 1g/d omega-3 PUFA intake. For individual omega-3 PUFA, the intake of eicosapentaenoic acid and docosahexaenoic acid was inversely associated with lower AMD risk, whereas no association was found for the alpha-linolenic acid. Consistent inverse associations were also found between fish intake and AMD. The pooled RRs comparing extreme categories of fish intake were 0.79 (95% CI: 0.70, 0.90) and 0.71 (95% CI: 0.60, 0.85) for early and late AMD risk, respectively. Every 15 g/d of fish consumption was associated with 13% and 14% lower early and late AMD. In addition, fish intake was associated with a significantly reduced risk of AMD progression (RR: 0.73, 95% CI: 0.53, 1.00).
Conclusions: A high intake of dietary omega-3 PUFA or fish was associated with a reduced risk of developing of AMD, which further supports that consumption of omega-3 PUFA-rich foods may be a new avenue nutritional approach to preventing AMD. 
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1. Introduction
Age-related macular degeneration (AMD) was the leading cause of irreversible visual impairment and blindness among people 55 years or older in industrialized countries [1]. It has been estimated that AMD affects 8.7% of the worldwide population and the number of people with the disease is expected to increase to 288 million in 2040[1,2]. Although promising new therapies for AMD have emerged, these treatments are only partially effective for a few patients with exudative AMD, and the identification of modifiable risk factors is the substantial strategy available to prevent the onset and progression of the disease [3,4].
[bookmark: _Hlk67585261][bookmark: _Hlk84329430][bookmark: _Hlk84329871][bookmark: _Hlk67585287][bookmark: _Hlk67585282][bookmark: _Hlk65778695]Cumulative oxidative stress in the retinal pigment epithelium (RPE) is hypothesized to be the main mechanism in AMD pathogenesis and progression. Marine-based omega-3 polyunsaturated fatty acids (PUFA; eicosapentaenoic acid [EPA] +docosahexaenoic acid [DHA]) in the retina has been suggested to decrease the risk of AMD based on their anti-oxidative and anti-inflammatory properties [5,6]. As major lipid components of retinal photoreceptor outer segments, DHA is also thought to have the beneficial effects on maintaining retina photoreceptor cell development [7]. Meanwhile, available evidence seems to suggest that EPA may have anti-inflammatory roles in AMD prevention by improving immune response [7+X]. PUFA has been widely recommended in numerous dietary guidelines for decreasing the risk of cardiac deaths among individuals with cardiovascular disease (CVD). CVD shares a similar pathogenesis of AMD, suggesting that dietary intake of omega-3 PUFA and/or their main dietary sources (e.g. fish) might also have the capacity to reduce the risk of AMD development [8-10]. To date, results from epidemiologic studies on omega-3 PUFA intake and/or fish consumption and risk of AMD have reported mixed results [11-13]. Although a previous meta-analysis of nine studies in 2008 has suggested that consumption of omega-3 PUFA and foods rich in it may be associated with a reduced risk of AMD, it is not clear whether the observed association was in a dose response manner. In addition, data are limited for the association of omega-3 PUFA with a lower risk of progression of AMD [14].
[bookmark: _Hlk65784004][bookmark: _Hlk65792865]Therefore, we aimed to conduct this comprehensive meta-analysis to examine the association of dietary omega-3 PUFA and fish intake with the primary and secondary prevention of AMD.
2. Methods
[bookmark: _Hlk79761368]The present study was registered in PROSPERO International Prospective Register of Systematic Reviews (www.crd.york.ac.uk/PROSPERO/; registration code CRD42021267311) and reported following the MOOSE (Meta-analysis of Observational Studies in Epidemiology) [15].
2.1 Literature search strategy
The electronic databases of PubMed, ISI Web of Science, and Embase were searched from inception to December 2020 for observational studies examining the association of fish and/or omega-3 fatty acids with AMD by using the following search keywords: “fatty acid” or “omega-3 fatty acid” or “n-3 fatty acid” or “α-linolenic acid” or “polyunsaturated fatty acid” or “eicosapentaenoic acid” or “docosapentaenoic acid” or “docosahexaenoic acid” or “long-chain n-3” or “long-chain omega-3” or “fish” or “seafood” in combination with “age-related macular degeneration” or “neovascular age-related macular degeneration” or “age-related maculopathy” or “choroidal neovascularization” or “geographic atrophy” or “macular degeneration”, and “drusen”. The research was conducted to human studies without language or publication date restriction. Additionally, reference lists from relevant articles and reviews were manually scanned to identify any missing related manuscripts. Investigators of the eligible articles were also contacted for further information. 
2.2 Study Selection
[bookmark: _Hlk82123146]Studies were considered for inclusion if they satisfied the following criteria: 1) the study design was the cohort study, case-control study, or cross-sectional study; 2) the exposure of interest was fish consumption and total or individual omega-3 PUFA (alpha-linolenic acid [ALA], EPA, DHA) from diet. Omega-3 PUFA consumption from supplements would have been considered, but none were found; 3) the outcome of interest was the incidence of AMD (early or late AMD) and progression of AMD; 4) risk estimates (odds ratios [ORs] or relative risks [RRs]) with corresponding 95% confidence intervals (CIs) were reported or could be calculated. If multiple articles were on the same study population, only the one with the largest number of cases or the most informative was retained. Three investigators (HJ, XS, and YHF) assessed all identified relevant studies for eligibility independently with disagreements resolved by discussion.
2.3 Data Extraction and Quality Assessment
The following information were extracted from selected observational study using a specially designed data-collection form: the first author, publication year, country of origin, study name, participant mean age or age range, sex, dietary assessment method, types of omega-3 PUFA intake, follow-up duration for cohort study, AMD clarification criteria, number of cases and participants, risk estimate, and potential covariates adjusted for in the statistical models. For articles that reported results only by subgroups, risk estimates were combined using fixed-effects model.
[bookmark: _Hlk67585302][bookmark: _Hlk67585297]Methodological quality of cohort and case-control study was assessed according to Newcastle-Ottawa Scale (NOS) [16]. A maximum of 9 points coming from three domains were assigned to each study: selection, comparability, and ascertainment of exposures (for case-control study) or outcomes (for cohort study), with a score 0-3, 4-6, and 7-9 reflecting low, moderate, and high quality, respectively. The Agency for Healthcare Research and Quality (AHRQ) was used to assess the quality of included cross-sectional studies, with 0-3 points, 4-7 points, and 8-11 points reflecting low, moderate, and high quality, respectively [17]. Three researchers (XS, YHF and BYL) separately performed the extraction of data and conducted the quality assessments. Any discrepancy was primarily resolved by consensus or adjudicated by a senior investigator if necessary (LM).
2.4 Statistical analysis
[bookmark: _Hlk79831884][bookmark: _Hlk65796125]RRs were used as measures of the association between dietary omega-3 PUFA or fish intake with the primary and secondary prevention of AMD. In case-control/cross-sectional studies, reported ORs were assumed to approximate RRs. Random effects model was used to estimate an overall summary effect size for the associations between AMD and the highest compared with the lowest intake category of omega-3 PUFA or fish intake. Heterogeneity was assessed based on Cochran Q test and I2 statistic, where P<0.1 from Q test and I2 value >50% indicated substantial heterogeneity [18]. To further investigate the possible sources of heterogeneity, pre-specified subgroup analyses were then performed by study design (cohort, case-control, or cross-sectional), location (United States, Australia, Europe, or Japan), participants type (population-based, volunteer based, or hospital-based), AMD classification criteria (Clinical Age-Related Maculopathy Staging System; International Classification and Grading System, Wisconsin Age-Related Maculopathy Grading System, or Age-Related Eye Disease Study classification system), and adjusting for the supplement use of omega-3 PUFA (yes or no). Potential dose-response relationship was estimated by using the method previously described [19]. Studies that reported fewer than three quantitative categories risk estimate were not included in the dose-response analyses. The mean or median exposure values in each quantile was assigned to the corresponding estimate. For studies that reported consumption by ranges, the midpoint of the upper and lower cut-oﬀ point in each category was assumed as a proxy for the median of closed categories. When the highest category was open ended, the midpoint of the category was set at the 1.5 times lower boundary. When the extreme lower category was open ended, zero was assigned to the lower boundary [20]. For fish consumption, different units in individual studies were standardized for analyses, for example, serving/week or g/day was converted to g/day using the approach described in detail elsewhere [21]. For omega-3 PUFA, dose-response analysis was only conducted among studies presented units as g/day. Sensitivity analyses by systematically removing a single study in each turn were performed to test the robustness of findings. Visual inspection of funnel plots and Begg’s and Egger’s tests were used to test the presence of publication bias. All statistical analyses were performed by using Stata software version 12.0 (Stata Corp, College Station, TX, USA). P value less than 0.05 was considered statistically significant, except where otherwise specified.

3. Results
3.1 Literature search
The literature search strategy identified a total of 4,876 potentially eligible citations, with 4,484 records remained after exclusion of duplicates. A further 4,381 citations were excluded after initial screening, leaving 103 publications for more detailed reviews. Of these reports, 20 observational articles (21 studies) met the inclusion criteria and included in the present study (Figure 1) [11,12,22-39].
[image: C:\Users\Administrator\Desktop\Figure 1.jpg]
Figure 1. Flow diagram for the literature search and study selection in meta-analysis of omega-3 polyunsaturated fatty acids and fish intake and risk of age-related macular degeneration.

3.2 Study characteristics
[bookmark: _Hlk65793253]The characteristics of the selected studies were presented in Table 1 and Table 2, respectively. Ten studies were prospective cohort studies, three were case-control studies, and the other eight were cross-sectional studies. Among the included studies, 13 studies were carried out in the United States, four in Australia, three in European countries, and one in Japan. Most included studies (n=17) enrolled participants of both sexes, apart from two studies concerned only women, and two concerned only men. The primary outcome of 17 studies was the primary prevention of AMD, while the remaining studies were mainly focus on the secondary prevention of AMD. Dietary information was assessed by food frequency questionnaires (FFQ) in all studies. All of the included studies matched or adjusted for age and smoking, and other adjustment factors included gender (n=15), body mass index (n=11), energy intake (n=9), and alcohol consumption (n=7). Most studies (n=16) were deemed to be of high quality, and the others (n=5) was judged to be of medium quality.
3.3 Dietary omega-3 PUFA and fish intake and risk of early AMD 
Seven studies reported data on dietary omega-3 PUFA consumption and the risk of early AMD [11,23,24,29,30,32]. The pooled results revealed that dietary omega-3 PUFA intake was associated with a significantly reduced risk of early AMD (RR: 0.86, 95% CI: 0.77, 0.96) without significant heterogeneity (I2 = 0.0%, Pheterogeneity =0.55; Figure 2). When each individual omega-3 PUFA was evaluated, increased dietary intakes of EPA (RR: 0.85; 95% CI: 0.76, 0.95; Supplemental Figure 1) and DHA (RR: 0.79, 95% CI: 0.70, 0.90; Supplemental Figure 1) were inversely associated with the risk of early AMD, whereas increased intake of ALA was not associated with early AMD risk (RR: 1.03, 95% CI: 0.84, 1.26; Supplemental Figure 1). The additional dose-response analysis indicated that the risk of developing early AMD decreased significantly by 6% for every 1g/d increase in dietary omega-3PUFA intake (RR: 0.94, 95% CI: 0.88, 1.00; Figure 4A). In terms of specific types of omega-3 PUFA, the summary RRs were 0.88 (95% CI: 0.80, 0.96; Supplemental Figure 3A) and 0.91 (95% CI: 0.87, 0.97; Supplemental Figure 3B) for per 0.15g/d increment in EPA or DHA consumption.
[bookmark: _Hlk79832104]Ten studies contributed to the summary estimate of the association between dietary fish intake and early AMD risk [11,22-25,31-35]. The combined RR for the highest versus the lowest category of intake was 0.79 (95% CI: 0.70, 0.90; I2=27.6%, Pheterogeneity =0.19; Figure 2). The dose-response analysis showed that each 15 g/d increase in dietary fish intake was significantly associated with a 13% (95% CI: 4%, 21%; Figure 4B) reduction in early AMD risk. In the stratified analysis by study design, stronger findings were noted in cohort studies (RR: 0.69; 95% CI: 0.58, 0.83) than among cross-sectional studies (RR: 0.89, 95% CI: 0.78, 1.02). No significant difference was found for other prespecified subgroup analysis (Supplemental Table 2). 
[image: ]
Figure 2. Pooled RRs of early age-related macular degeneration comparing the highest with the lowest categories of dietary intake of omega-3 polyunsaturated fatty acids and fish. The size of the black squares indicates the relative weight of each estimate, horizontal lines indicate 95% CIs, and diamonds indicate the synthesized RR estimates with 95% CIs. 
CC, case-control study; CI, confidence interval; CS, cross-sectional study; PC, prospective cohort study; RR, relative risk.

[bookmark: _Hlk65796811]3.4 Dietary omega-3 PUFA and fish intake and risk of late AMD 
Nine studies were included to evaluate the association between dietary omega-3 PUFA intake and risk of late AMD [11,12,24,26-29,32]. The pooled RR for late AMD comparing the highest with the lowest category of omega-3 PUFA was 0.71 (95% CI: 0.55, 0.91), with little evidence of statistical heterogeneity (I2 = 52.3%, Pheterogeneity =0.03) (Figure 3). Among the specific omega-3 PUFA examined, the associations were consistent in the protective direction, but they tended to be weak and statistically nonsignificant (Supplemental Figure 2). In the dose-response analysis, an increment of 1g a day of dietary omega-3 PUFA was associated with 22% (95% CI: 3%, 36%) reduced risk of late AMD (Figure 4C). For individual omega-3 PUFA, each 0.13g/d increase of daily EPA or DHA was associated with a 15% (1%, 27%) and 11% (3%, 18%) lower risk of late AMD, respectively (Supplemental Figure 2C and 2D).
The association between dietary fish consumption and late AMD incidence was evaluated in nine studies [11,12,26-28,31,32,34,35]. No evidence of heterogeneity was detected across these studies (I2=0.0%, Pheterogeneity =0.76) and the results indicated a reduced risk of late AMD when extreme fish intake levels were compared (RR: 0.71, 95% CI: 0.60, 0.85). The dose-response analysis found that each increment of 15g/d in fish intake corresponded to a 14% reduction in late AMD risk (95% CI: 10%, 18%; Figure 4D). In stratified analyses, no significant heterogeneity was detected by any of potential risk factors with late AMD risk.
[image: ]
Figure 3. Pooled RRs of late age-related macular degeneration comparing the highest with the lowest categories of dietary intake of omega-3 polyunsaturated fatty acids and fish. The size of the black squares indicates the relative weight of each estimate, horizontal lines indicate 95% CIs, and diamonds indicate the synthesized RR estimates with 95% CIs. 
[bookmark: _Hlk82190280]CC, case-control study; CI, confidence interval; CS, cross-sectional study; PC, prospective cohort study; RR, relative risk. 
[image: ]
Figure 4. Dose-response relationship of dietary omega-3 polyunsaturated fatty acids and fish consumption with early age-related macular degeneration (AMD) (4-A and 4-B) and late AMD (4-C and 4-D). Circles represent point estimates plotted over precision measures. The solid line and the dotted lines represent the estimated relative risks and their 95% confidence interval.

3.5 Dietary omega-3 PUFA and fish intake and AMD progression
Two studies assessed the association between intake of omega-3 PUFA from diet and the progression of AMD [36,37], and the pooled results showed a nonsignificant estimated risk of AMD progression for intake of dietary omega-3 PUFA (RR:1.12, 95% CI: 0.52, 2.41; I2=67.0%, Pheterogeneity =0.08; Figure 5). For individual omega-3 PUFA, dietary intake of EPA (RR: 0.83, 95% CI: 0.74, 0.93) and DHA (RR: 0.83, 95% CI: 0.74, 0.93) appeared to have a nonsignificant inverse association with AMD progression.
Three studies examined associations between fish intake and risks of the AMD progression [22,38,39]. Consumption of fish was significantly associated with a 36% lower risk of progression to advanced AMD when comparing the highest to the lowest category (RR: 0.73, 95% CI: 0.53, 1.00; I2 = 51.2%, Pheterogeneity =0.13; Figure 5).
3.6 Sensitivity analysis and publication bias
[bookmark: _Hlk65797022]In sensitivity analyses, the significance or direction of the association did not significantly change when omitting one study at a time, which indicated the robustness of the results. No indication of publication bias was found with respect to fish and omega-3 PUFA intake from diet in relation to risk of AMD incidence or progression by using Egger’s test (P ≥ 0.05) and Begg’s test (P ≥ 0.05) and visual inspection of the funnel plot (Supplemental Figure 3).
[image: ]
[bookmark: _Hlk82125641]Figure 5. Pooled RRs of age-related macular degeneration progression comparing the highest with the lowest categories of dietary intake of omega-3 polyunsaturated fatty acids and fish. The size of the black squares indicates the relative weight of each estimate, horizontal lines indicate 95% CIs, and diamonds indicate the synthesized RR estimates with 95% CIs.
CI, confidence interval; PC, prospective cohort study; RR, relative risk.

4. Discussion
In the present meta-analysis, a higher dietary omega-3 PUFA intake was associated with a significant decrease in the risk of AMD. Significant inverse association was also consistently observed for dietary fish consumption with risk of developing or progression of AMD. Our results support a protective effect of greater consumption of omega-3 PUFAs and their predominant source, which raise the possibility of generating public health recommendations and nutritional guidelines in AMD prevention.
Numerous studies over the past decades showed that omega-3 PUFA and fish, the main source of omega-3 PUFA in the diet, were significantly associated with a reduced risk of CVD, which not only promotes these nutrients included in the current healthy eating guidelines for preventing noncommunicable diseases, but also leads to the detection of potential effect of omega-3 PUFA on AMD on the basis of notion that cardiovascular episodes and AMD share similar pathophysiological determinants [8,10]. SanGiovanni et al. reported an inverse association of omega-3 PUFA and fish intake and prevalence of late AMD among 4,519 individuals in the Age-Related Eye Disease Study case-control study [26]. Similarly, among 39,876 females in the Women’s Health Study without AMD at baseline, Christen et al. found an approximately 35% to 45% reduction in early AMD risk corresponding to regular DHA and EPA and fish consumption as compared with those who rarely consumed it [23]. Nonetheless, in another cohort study conducted among 3,654 Australia residents, a modest non-significant inverse relationship with AMD was found among persons with relatively high dietary omega-3 PUFA intake over 10 years [24]. A meta-analysis of nine observational studies published in 2008, finding that high dietary intakes of fish was associated with a 24% decrease in the risk of early AMD, which was similar to that of the association of fish and foods rich in omega-3 PUFA with late AMD [14]. A meta-analysis conducted by Zhu et al. evaluated findings from observational studies on fish consumption and the risk of AMD and found that fish consumption could reduce AMD risk [40]. Our results are consistent with those of the previous meta-analysis that found a clear benefit of increasing dietary intake of omega-3 PUFA and the main sources of omega-3 PUFA in the diet on the primary prevention of AMD. This result was supported by our dose-response analysis that increment in omega-3 PUFA and fish intake corresponded to the reduction in AMD risk. The strength of the inverse associations with risk of early and late AMD were similar for fish and omega-3 PUFA, indicating that the potential benefit of fish consumption may mainly be attributed to omega-3 PUFA.
[bookmark: _Hlk83797741][bookmark: _Hlk83826614][bookmark: _Hlk83733295][bookmark: _Hlk65972207][bookmark: _Hlk83912898][bookmark: _Hlk84329922]Several mechanisms have been suggested to be underlying the protective effects of omega-3 PUFA and fish on the AMD prevention, including alleviation of oxidative stress and inflammation, and improvement of photoreceptor cell function [5-7]. Accumulating evidence suggests that oxidative damage and inflammation might play a central role in the RPE injury and the accumulation of degradative end-products in the retina, which directly contribute to the formation of drusen [41]. It has been proposed that omega-3 PUFA have active biological properties relevant to inhibiting the expression of inﬂammation-related gene. Oh et al. demonstrated that EPA and DHA could inhibit both TLR and TNF-α inflammatory signaling pathways by signaling through GPR120 in obese WT and GPR120 knockout mice [42]. In CCL2−/−/CX3CR1−/− induced AMD animal model, Tuo et al. reported that treatment with high levels of omega-3 PUFA could neutralize the underlying detrimental effect of these vivo derivatives by decreasing the pro-inflammatory derivatives derived from arachidonic acid and increasing anti-inflammatory derivative, which further mitigate the progression of retinal lesions [43-45]. Using a NaIO3-induced retinal damage rat model, Qiu et al. observed a substantial increase in superoxide dismutase activity and Nrf2 expression after intravitreal DHA injection, suggesting that DHA could attenuate oxidative stress in the retina [46]. Another probable mechanism by which omega-3 PUFA may affect AMD development is through influence biochemical and biophysical properties of photoreceptor cells. DHA is a major structural component of the retinal outer segments of photoreceptor, accounting for more than 80% of PUFAs in photoreceptor disk membranes, and therefore, the deficiency of this nutrients might impair retinal function and promote AMD [47]. As another important component of omega-3 PUFA, EPA have been shown to suppress the formation of a vascular endothelial growth factor directly via downregulating activation and expression of tyrosine kinase receptor that decreases the probability of endothelial cell migration and proliferation [7+X]. Results from a four-week EPA and DHA supplementation trial (3 g/day) suggested that EPA had more prominent effect on anti-inflammatory cytokine balance, while DHA appeared to be more favorable in inhibiting pro-inflammatory cytokines of peripheral immune system [7+XX].
[bookmark: _Hlk82262654]In the present study, no significant inverse association was found between dietary omega-3 PUFA intake and progression of AMD, which was in line with the result from observed in the Age-Related Eye Disease Study (AREDS) 2 that supplementation with DHA and EPA did not reduce risk of progression to advanced AMD [48]. The inconsistent association of AMD risk and AMD progression may be explained by changes in diet as a consequence of development of AMD. If participants reported a diagnosis of AMD, they could have changed dietary and lifestyle patterns, and substantially increased omega-3 PUFA consumption. Thus, changes in diet after development of AMD may confound the relationship between diet and AMD progression. Previous studies had found that no significant inverse association was observed between coffee consumption and deaths attributed to colorectal cancer (CRC); however, intake of coffee after diagnosis of CRC was associated with lower risk of CRC-specific death and overall death [49, 50]. For most included studies examining the association between dietary omega-3 PUFA intake and AMD progression, dietary omega-3 PUFA consumption was measured only once at baseline and pre- and post-diagnostic omega-3 PUFA intake were not accounted for. Further prospective cohort studies in AMD patients are warranted to confirm our findings and needed to better understand the potential role of pre- and post-diagnostic omega-3 PUFA intake in the progression to advanced AMD.
Increasing omega-3 PUFA consumption has been considered as part of an important modifiable prevention strategy for preventing or delaying the onset of chronic disorders [51, 52]. Dietary guidelines of the International Society for the Study of Fatty Acids and Lipids (ISSFAL) recommend a daily consumption of at least 500 mg EPA and DHA for cardiovascular health [53]. However, it has been estimated that over 80% of the world population consumes less than 250 mg/d of seafood omega-3 PUFA [54]. Considering the global high prevalence of AMD and low intake of omega-3 PUFA, increasing intake of foods rich in omega-3 PUFA in the general population is of great public health significance in terms of AMD prevention. For the majority of the subjects who consumed a low omega-3 PUFA diet, the favorable effect seems to exist persistently with increasing values of omega-3 PUFA. Because of the relatively small sample size of participants with a dietary EPA and DHA intake above 500 mg, our study had limited power to study associations with more extreme categories (i.e., beyond 500 mg/d) of EPA and DHA consumption. Further studies are needed to investigate the additional benefit from consuming EPA and DHA above the recommended level.
[bookmark: _Hlk80706594][bookmark: _Hlk80703810]Several limitations of the current study should be mentioned. First, although all included studies took into account known confounding factors, the possibility of other unknown or residual confounding covariates could not be excluded. For instance, individuals with higher omega-3 PUFA and fish intake often clusters with healthier background characteristics, such as higher physical activity and less smoking, and were more likely to result in an attenuation of the association [55]. Second, all studies included in our analysis assessed levels of dietary omega-3 PUFA and fish intake using self-report FFQ. Even though several of which were relied on validity of questionnaires, measurement error in assessment was inevitable. Moreover, the contents of omega-3 PUFA could alter depending on different cooking methods of food, which might have confounded the true associations [56]. Third, the definition of AMD varied across different studies. Although subgroup analysis by the definition of AMD showed no statistically significant variation in risk of AMD among subgroups with different classification and grading systems for AMD, we cannot fully exclude the possibility of the discrepancy of AMD definition, which might have led to underestimation or overestimation of the association. Fourth, omega-3 PUFA supplement use may also have a potential effect on the outcome of interest. The included studies did not examine the association of the omega-3 PUFA supplement use with AMD risk, and we could only investigate the pooled risk estimate of AMD associated with dietary omega-3 PUFA intake. Although our subgroup analysis further suggested that adjustment for omega-3 PUFA supplement use did not significantly alter the association between dietary omega-3 PUFA intake and AMD risk, the possibility that nutritional supplements might affect the AMD risk interactively with dietary omega-3 PUFA cannot completely rule out in the present study. Future research may be needed to evaluate the interaction between omega-3 PUFA supplement use and dietary omega-3 PUFA intake in relation to risk of AMD. Fifth, as the participants of the included studies were predominantly Caucasian, the generalizability of the observed associations may be limited to similar populations. Finally, although no indication of publication bias was found with statistical tests and visual inspection, the likelihood of publication bias cannot be fully ruled out.
5. Conclusion
In summary, results from the present study suggest that dietary omega-3 PUFA and fish intake was inversely associated with risk of both early and late AMD. These findings not only provide a foundation of knowledge on which public health benefits at the population level can be discussed but also expand existing evidence of dietary omega-3 PUFA on health outcome. However, considering the potential limitations of the current study, additional studies that provide a more accurately quantified estimates of dietary omega-3 PUFA consumption were required.
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Table 1. General characteristics of included studies evaluating omega-3 fatty acids and fish intake for the developing of AMD
	Characteristics of the study
	Characteristics of the participant
	Characteristics of the exposure
	Characteristics of the outcome
	Adjustment for confounding
factors
	Study quality*

	[bookmark: _Hlk82259924]Author, publication year, country
	Study name
	Design
	Follow up (year)
	Participants
	Men (%)
	Exposure assessment
	Exposure
	Clarification
criteria
	Cases of AMD (n)
	
	

	Wu et al, 2017, United States [11]
	Nurses’ Health Study
(VBS)
	Prospective cohort
	28.0
	75,889 women aged ≥ 50y
	0.0
	130-item validated FFQ
	Fish, omega-3, ALA, EPA, DHA
	NR
	1,209 early AMD, 1,010 late AMD
	Age, race, smoking, BMI, physical activity, aspirin use, HT use, postmenopausal status, energy intake, history of hypertension and hypercholesterolemia
	High

	Wu et al, 2017, United States [11]
	Health Professional Follow-up Study (VBS)
	Prospective cohort
	24.0
	38,961 men aged ≥ 50y
	100.0
	130-item validated FFQ
	Fish, omega-3, ALA, EPA, DHA
	NR
	380 early AMD, 346 late AMD
	Age, race, smoking, BMI, physical activity, aspirin use, energy intake, history of hypertension and hypercholesterolemia
	High

	Joachim et al, 2015, Australia [22]
	Blue Mountains Eye Study (PBS)
	Prospective cohort
	15.0
	2,474 men and women aged ≥ 49y
	42.4
	145-item validated FFQ
	Fish
	WARMGS
	463 early AMD
	Age, sex, smoking, CFH, ARMS2 polymorphisms
	High

	Christen et al, 2011, United States [23]
	Women’s Health Study (VBS)
	Prospective cohort
	10.0
	38,022 women aged ≥ 45y
	0.0
	131-item validated FFQ
	Fish, omega-3, ALA, EPA, DHA
	NR
	235 early AMD
	Age, smoking, alcohol, BMI, aspirin and vitamin E treatment assignment, menopausal status, HT use, multivitamin use, saturated fat, monounsaturated fat, and trans unsaturated fats intake, history of diabetes, hypertension, high cholesterol, and eye examination
	High

	Tan et al, 2009, Australia [24]
	Blue Mountain Eye Study (PBS)
	Prospective cohort
	10.5
	2,454 men and women aged ≥ 49y
	51.8
	145-item validated FFQ
	Fish, omega-3, ALA
	WARMGS
	220 early AMD, 59 late AMD
	Age, sex, smoking
	High

	Arnarsson et al, 2006, Iceland [25]
	Reykjavik Eye Study
(PBS)
	Prospective cohort
	5.0
	1,045 men and women aged ≥ 50y
	NR
	16-item FFQ
	Fish
	ICGS 
	233 early AMD
	Age, sex, smoking
	High

	SanGiovanni et al, 2007, United States [26]
	AREDS (VBS)
	AREDS 1 and 2
	-
	4,519 men and women aged 60-80y
	NR
	90-item FFQ
	Fish, omega-3, ALA, EPA, DHA
	AREDS classification system
	658 late AMD
	Age, sex, race, smoking, alcohol, education, refractive error, BMI, lutein, zeaxanthin, and energy intake, history of hypertension and lens opacity
	High

	Seddon et al, 2006, United States [27]
	United States Twin Study of AMD (PBS)
	Case-control
	-
	681 men aged ≥ 60y
	100.0
	FFQ
	Fish, omega-3
	CARMS
	222 late AMD
	Age, smoking, alcohol, education, BMI, physical activity, SBP, β-carotene, zinc, vitamins E and C, and energy intake, history of CVD
	Medium

	Seddon et al, 2001, United States [28]
	Eye Disease Case Control Study (HBS)
	Case-control
	-
	853 men and women aged 55-80y
	NR
	FFQ
	Omega-3
	NR
	349 late AMD
	Age, sex, smoking, alcohol, education, BMI, physical activity, clinic, carotenoid and energy intake, history of hypertension
	High

	Roh, et al, 2020, United States [29]
	United States cohort (VBS)
	Cross-sectional
	-
	483 men and women aged ≥ 50y
	39.4
	86-item validated FFQ for the Portuguese population; 61- item validated FFQ for the American population  
	Omega-3
	AREDS classification system
	95 early AMD, 77 late AMD 
	Age, sex, race, smoking,
physical activity, history of hypertension
	High

	Sasaki et al, 2020, Japan [30]
	Tsuruoka Metabolomics Cohort Study (PBS)
	Cross-sectional
	-
	4,010 men and women aged 35-74y
	44.5
	Validated FFQ
	Omega-3
	WARMGS
	447 early AMD
	Age, sex, BMI, smoking, hypertension, dyslipidemia, β-carotene, vitamin C, and vitamin E intake, history of diabetes
	Medium

	Swenor et al, 2010, United States [31]
	Salisbury Eye Evaluation Study (PBS)
	Cross-sectional
	-
	2,520 men and women aged 65-84y
	42.8
	91-item validated FFQ
	Fish
	NR
	380 early AMD, 68 late AMD
	Age, sex, race,
smoking, correlation between eyes
	High

	Chong et al, 2009, Australia [32
	Melbourne Collaborative Cohort Study (VBS)
	Cross-sectional
	-
	6,734 men and women aged 66-85y
	38.9
	121-item FFQ
	Omega-3, ALA, EPA, DHA
	ICGS
	2,590 early AMD, 77 late AMD
	Age, sex, smoking, dietary vitamin C, vitamin E, β-carotene, zinc, lutein, zeaxanthin, and energy intake, supplements use
	High

	Augood et al, 2008, Europe [12]
	European Eye Study (PBS)
	Cross-sectional
	-
	2,276 men and women aged ≥ 65y
	44.9
	130-item FFQ
	Fish, omega-3, EPA, DHA
	ICGS
	105 late AMD
	Age, sex, smoking, aspirin use, energy intake, history of diabetes
	Medium

	Delcourt et al, 2007, France [33
	Pathologies Oculaires Lie´es a` l’Age study (PBS)
	Cross-sectional
	-
	701 men and women aged ≥ 60y
	NR
	165-item validated FFQ:
	Fish
	ICGS
	38 early AMD, 10 late AMD
	Age, sex, smoking, BMI, history of CVD
	Medium

	Heuberger et al, 2001, United States [34]
	National Health and Nutrition Examination Survey 3 (PBS)
	Cross-sectional
	-
	7,883men and women aged 40-79y
	NR
	66-item validated FFQ:
	Fish
	Modified WARMGS
	644 early AMD, 53 late AMD
	Age, race, smoking
	Medium

	Mares-Perlman et al, 1995, United States [35]
	Beaver Dam Eye Study (PBS)
	Cross-sectional
	-
	2,152 men and women 45-84y
	NR
	Validated FFQ
	Fish
	WARMGS
	314 early AMD, 30 late AMD
	Age, smoking, alcohol
	High


ALA, alpha -linolenic acid; AMD, age-related macular degeneration; AREDS, Age-Related Eye Disease Study; ARMS2, age-related maculopathy susceptibility gene 2; BMI, body mass index; CARMS, Clinical Age-Related Maculopathy Staging System; CFH, complement factor H; CVD, cardiovascular disease; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; FFQ, food frequency questionnaire; HBS, hospital-based study; HT, hormone therapy; ICGS, International Classification and Grading System; NR, not reported; PBS, population-based study; SBP, systolic blood pressure; VBS, volunteer-based study; WARMGS, Wisconsin Age-Related Maculopathy Grading System.
*Study quality for cohort and case-control studies was assessed with the use of Newcastle-Ottawa Scale and cross-sectional studies was assessed with the use of Agency for Healthcare Research and Quality.

Table 2. General characteristics of included studies evaluating omega-3 fatty acids and fish intake for the progression of AMD
	Characteristics of the study
	Characteristics of the participant
	Characteristics of the exposure
	Characteristics of the outcome
	Adjustment for confounding
factors
	Study quality*

	Author, publication year, country
	Study name
	Design
	Follow up (year)
	Participants
	Men (%)
	Exposure assessment
	Exposure
	Clarification
criteria
	Cases of AMD (n)
	
	

	Agrón et al, 2020, United States [36]
	AREDS 1 and 2 (VBS)
	Prospective cohort
	10.2
	8,130 men and women aged 50-85y
	43.5
	90-item FFQ (AREDS); 131 FFQ (AREDS2)
	Omega-3, EPA, DHA
	AREDS classification system
	4,658 late AMD
	Age, sex, geographic region, smoking, BMI, correlation between eyes, energy intake
	High

	Robman et al, 2007, Australia [37]
	Cardiovascular Health and Age-Related Maculopathy Study (VBS)
	Prospective cohort
	7.0
	252 men and women aged 51-89y
	47.0
	121-item validated FFQ
	Omega-3
	ICGS
	82 late AMD
	Age, smoking, source study, follow-up duration, family history of AMD
	High

	Joachim et al, 2015, Australia [22]
	Blue Mountains Eye Study (PBS)
	Prospective cohort
	15.0
	2,474 men and women aged ≥ 49y
	42.4
	145-item validated FFQ
	Fish
	WARMGS
	165 late AMD
	Age, sex, smoking, CFH, ARMS2 polymorphisms
	High

	Keenan et al, 2020, United States [38]
	AREDS 1 and 2 (VBS)
	Prospective cohort
	10.2
	7,756 men and women aged 50-85y
	43.5
	90-item FFQ (AREDS); 131 FFQ (AREDS2)
	Fish
	AREDS classification system
	4,521 late AMD
	Age, sex, smoking, BMI, correlation between eyes, calorie intake
	High

	Seddon et al, 2003, United States [39]
	Progression of Age-Related Macular Degeneration Study (VBS)
	Prospective cohort
	4.6
	261 men and women aged ≥ 60y
	38.7
	61-item FFQ
	Fish
	AREDS classification system
	101 late AMD
	Age-sex group, smoking, alcohol, education, BMI, physical activity, SBP, log energy, protein and energy-adjusted log β-carotene intake and log zinc, vitamin C, and vitamin E intake, initial AMD status, history of CVD
	High


AMD, age-related macular degeneration; AREDS, Age-Related Eye Disease Study; ARMS2, age-related maculopathy susceptibility gene 2; BMI, body mass index; CVD, cardiovascular disease; CFH, complement factor H; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; FFQ, food frequency questionnaire; ICGS, International Classification and Grading System; NR, not reported; PBS, population-based study; SBP, systolic blood pressure; VBS, volunteer-based study; WARMGS, Wisconsin Age-Related Maculopathy Grading System.
*Study quality was assessed with the use of Newcastle-Ottawa Scale.
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Seddon et al, 2006 (26) cc 222/681 4 0.64 (0.41, 1.00) 15.20
Heuberge et al, 2001 (33) cs 53/7,883 ¢ W——— 0.40 (0.20, 1.20) 3.76
Seddon et al, 2001 (27) cc 349/853 ~.— 0.86 (0.58, 1.27) 19.67
Mares-Periman et al, 1995 (34) CS 30/2,152 ¢——m—— 0.80 (0.20, 2.50) 1.89
Subtotal (I-squared = 0.0%, p = 0.758) o3 0.71 (0.60, 0.85) 100.00
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Omega-3 polyunsaturated fatty acids

1

:

1
Agrén et al, 2020 (35) PC 4,658/8,130 B 0.85 (0.76, 0.96) 65.98
Robman et al, 2007 (36) PC 82/252 ——l—  1.93(0.77, 4.81) 34.02
Subtotal (I-squared = 67.0%, p = 0.082) <> 1.12 (0.52, 2.41) 100.00

1

Fish |
Keenan et al, 2020 (37) PC 165/2474 . 0.81(0.72, 0.91) 56.36
Joachim et al, 2015 (21) PC 4,521/7,756  ——! 0.48 (0.29, 0.79) 24.14
Seddon et al, 2003 (38) PC 101/261 —a— 0.88 (0.49, 1.60) 19.50

Subtotal (I-squared = 51.2%, p = 0.129) 0.73 (0.53, 1.00) 100.00
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