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ABSTRACT

Age-related macular degeneration (AMD) is a complex degenerative multifactorial retinal disease, representing a leading cause of legal blindness among elderly individuals. It is well known that age, family history, smoking, nutrition, and inflammation contribute to the development of AMD. Recent studies support the existence of a gut-retina axis involved in the pathogenesis of several ocular diseases, including AMD. High-fat and high simple sugar diets determine a derangement of the gut microbiota, with an increase of gut permeability and systemic low-grade inflammation. Leaky gut is correlated with higher levels of circulating microbial-associated pattern molecules, which trigger the systemic release of potent proinflammatory mediators and stimulate the specific immune cells of the retina, contributing to retinal damage. All these findings suggest that microbiota is closely related to AMD and that it may be targeted in order to influence AMD pathogenesis and/or its clinical course.
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Age-related macular degeneration (AMD) is a complex degenerative multifactorial retinal disease affecting photoreceptors and retinal pigment epithelium (RPE) (1).

AMD represents a leading cause of legal blindness among elderly individuals in the industrialized nations, with a global prevalence of 8.69% (4.26%-17.40%) (2). Sixty-seven million people are affected in Europe, whereas in Asian countries the prevalence is lower (3).

The prevalence of AMD increases with age among all ethnicities and in all geographic regions, contributing to the increase in AMD cases as a result of a growing aging population (Fig. 1). By 2021, we can calculate that the worldwide number of individuals with AMD is expected to reach 196 million; the number is expected to continue increasing, reaching 288 million cases by 2040.

Central vision is key to many daily activities, including a person’s ability to read, drive, and recognize faces. Consequently, the loss of central vision that accompanies AMD pathology greatly affects an individual’ s quality of life. Patients with AMD-associated vision loss have reported experiencing greater emotional distress or depressive disorder than non-visually impaired individuals, because they must rely on others to help them with tasks they previously handled independently.

Currently, the neovascular form (Fig. 2) may be able to be treated with the use of anti-vascular endothelial growth factor (VEGF) drugs, while no effective treatments are available for the dry form (Fig. 3).

Several risk factors have been linked to AMD, such as age, lifestyle (smoking and diet), and family history. Although the etiology of AMD is multifactorial, diet and nutrition have strong epidemiologic associations with disease onset and progression.

Although the precise causes of AMD remain unknown, there is a clear role of inflammation in the pathophysiology of this disease. The initial hypothesis that antioxidant dietary and nutritional factors could influence AMD (4) was based on the known influence of daily insults of free radical formation and oxidation, and that the retina was a set-up for these oxidative processes due to the abundance of polyunsaturated fatty acids (PUFAs) in the photoreceptor outer segment membranes. Thus, it was thought that dietary antioxidants could potentially block the damaging effect of oxidation and scavenge, decompose, or reduce the formation of these harmful compounds in the macula (5).

Diet is an excellent source of antioxidants, vitamins, and minerals necessary for healthy living and a wide variety of nutrients, such as minerals, vitamins, omega-3 (n-3) fatty acids, and various carotenoids, have been associated with reducing the risk of AMD in population-based studies. Nutritional supplements containing antioxidants, minerals, and essential fatty acids can be consumed as an alternative source.
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Fig. 1 - Age-related macular degeneration.

Color photograph and optical coherence tomography of an intermediate AMD.
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Fig. 2 - Wet form of age-related macular degeneration.

Angio-optical coherence tomography shows presence of a macular neovascular complex, associated with multiple intraretinal cysts.
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Fig. 3 - Dry form (geographic atrophy) of age-related macular degeneration.

Optical coherence tomography reveals reduction of external retinal layers associated with retinal pigment epithelium atrophy and backscattering of the signal.


The most important longitudinal studies to prove the effectiveness of vitamins and micronutrients in preventing the worsening of AMD remain the Age-Related Eye Disease Study (AREDS and AREDS2), which were both sponsored by the National Institutes of Health (NIH)(6,7).

The studies showed the effectiveness of micronutrient supplementation in reducing the risk of disease progression. In particular, in the AREDS study report 8 of 2001, it was shown that the intake of high-dose antioxidants (vitamin C, vitamin E, beta-carotene), zinc, and cupric oxide significantly decreases the risk of progression from intermediate to late stages of the disease. A second study, the 2013 AREDS2, evaluated the role of increased intake of different carotenoids (lutein and zeaxanthin, the major components of macular pigment) as well as two specific omega-3 long-chain PUFAs (docosahexaenoic acid [DHA] + eicosapentaenoic acid [EPA]). The addition of lutein + zeaxanthin, DHA + EPA, or both to the original AREDS formulation did not further reduce the risk of progression to advanced AMD but was found to be equally effective. However, the use of lutein and zeaxanthin is definitely recommended in smoking patients instead of beta-carotene, as the latter increases the risk of lung cancer in patients at risk such as smokers and are generally more suitable to replace beta-carotene in each patient (8).

In addition, consumption of green leafy vegetables is recommended if approved by primary care physician (intake of vitamin K decreases effectiveness of warfarin) and fish/fish oils containing high levels of omega-3 fatty acids.

Chiu et al (9) analyzed the eating habits of the patients included in the AREDS study, confirming that Western lifestyle tends to be more associated with AMD. In fact, a body mass index (BMI) greater than 25 is proportionally associated with the risk of AMD. Therefore, obesity and overweight are associated with an increased risk of AMD in a dose-dependent fashion, while a reduction in the waist-to-hip ratio has been demonstrated to decrease the risk of AMD(10,11).

There is a common denominator that connects aging, diet, and obesity, and this is the gut microbiota. Recent studies indicate a role for gut microbiota in the development of AMD in mouse models and in some forms of human AMD (12).

Each healthy individual has a common set of coevolved gut colonizers (the core gut microbiota) that help us in degrading otherwise indigestible food constituents (13). The gut microbiota is a complex ecosystem that colonizes the gastrointestinal tract, composed of Bacteria, Archaea, Fungi, and Viruses (14). There are thousands of bacterial species, but the most represented belong to a few Phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Verrucomicrobia, and Fusobacteria(15,16). The composition of gut microbiota varies with dietary habits and geographical origins (17). The dominant microbiota species in the gut belong to the Bacteroidetes (mainly Gram-negative), and Firmicutes (mainly Gram-positive) divisions, and the presence of food leads to an enrichment of the Firmicutes species that increase the efficiency of intestinal fat absorption (18).

Likewise, the proportion of Firmicutes is significantly higher in obese humans and mice(15,19). These bacteria seem to help their host to get more calories from ingested food that will be used as energy. In fact, Turnbaugh et al showed, in a mouse model, that this “obesity-associated gut microbiome” had an increased capacity to harvest energy from the diet, breaking down otherwise indigestible dietary polysaccharides. This phenotypic trait is transmissible as normal mice colonized with microbiota harvested from obese animals (“obese microbiota”) have a higher abundance of Firmicutes and significantly gain more weight compared to animals that received a “lean microbiota” (15). This implies that the gut microbiota changes rapidly upon dietary intervention and that the obesity-associated gut microbiome primes the host for energy storage. A healthy diet and physiological microbiota are the basis of a balanced host-microbiota interaction that regulates intestinal and systemic immune homeostasis. Other forms of inadequate nutrition may occur during aging, and the microbiota of older people differ significantly from that of younger adults; such a loss of microbiota diversity is regarded as a biomarker of biological aging (20). These findings confirm the pivotal role of the gut microbiota in driving the metabolic pathways of obesity and low-grade inflammation.

High-glucose and fructose diets affect the whole pathophysiological system. Several studies (21) suggest that high-carbohydrate intake directly influences the microbiota, leading to a consequent increase of the intestinal permeability of at least 2.5 times (22). Rowan et al (23) studied mouse models in order to identify consequences of hyperglycemic diet on the retina. Hyperglycemic diet was associated with hypopigmentation of RPE and RPE atrophy, accumulation of lipofuscin, and degeneration of photoreceptors. The switch to a hypoglycemic diet stopped retinal degeneration, leading to an increase of the circulating protective metabolites (e.g., serotonin). The different diets were associated with different microbiota composition: increase in Clostridiales for the hyperglycemic diet, increase in Bacteroidales for hypoglycemic diet. These findings underline the importance of diet and lifestyle in patients with AMD.

Alterations in the composition of the gut microbiota, also termed dysbiosis, markedly affect the intestinal epithelial barrier and challenge the host immune system (24). Gut microbiota influence the pathogenesis of many diseases, as it can determine an increasing of the intestinal permeability (leaky gut), which allows the translocation of bacterial products and toxic substances in the blood. Thus, bacterial products such as the endotoxin lipopolysaccharides (LPS) and pathogen-associated molecular pattern molecules (PAMPs) are translocated into the blood flow, inducing low-grade inflammation in several tissues through the activation of pattern recognition receptors (PRRs); in addition, the metabolites produced by gut microbiota can stimulate the specific immune cells of the retina. Andriessen et al (12), using mouse models for microbiota manipulations, found that microbiota of obese subjects are related to choroidal neovascularization.

A study (25) conducted on 12 patients with advanced neovascular AMD demonstrated the recurrence of some alterations in the microbiota of the subjects in the study: an increasing of the bacterial genera Anaerotruncus, Oscillibacter, Ruminococcus torques, and Eubacterium ventriosum was noted, as well as an upregulation of the genes and pathways related to L-alanine fermentation, degradation of glutamate, and biosynthesis of arginine. Conversely, the activity of genes involved in the elongation of fatty acids was decreased. Another study links the long-term intake of Lactobacillus paracasei KW3110 to the prevention of chronic inflammation and retinal cell loss in aged mice (26).

Another role of gut microbiota is to regulate the absorption of micro- and macronutrients, including those related to AMD. The nutrients taken with the diet act directly as antioxidants and anti-inflammatory agents, and indirectly by modulating the intestinal microbiota. Therefore, the gut microbiota have a complex interaction with the macro- and micronutrients, many of which have been studied in AREDS and AREDS2.

The role of vitamin D has been recently studied (27). Vitamin D presents anti-inflammatory effect, protecting from reactive oxygen species (ROS), inhibiting beta-amyloid deposition, suppressing cytokines, inhibiting angiogenesis and metalloproteases. There are no randomized experimental studies on vitamin D supplementation in patients with AMD, but a protective role has been hypothesized. Furthermore, vitamin D protects the integrity of the intestinal barrier and regulates immunity at the intestinal level. Vitamin D deficiency has been related to the relapse of inflammatory bowel disease (IBD)(28-30).

Studies(31,32) have shown that levels of EPA and DHA in the cell membranes are reduced in AMD patients. Recent studies (33) suggested that the PUFAs, in association with microbiota and immune cells, are crucial to maintaining the homeostasis and the integrity of the intestinal wall. In addition, PUFAs influence the composition of the microbiota. Fish oil, which contains PUFAs, has shown to promote protective and anti-inflammatory species such as Bacteroides, Lactobacillus, and Akkermansia muciniphila in mouse models(34,35).

Recent studies showed how—in fishes—molecules such as astaxanthin, obtained through diet, regulate gastrointestinal immunity and microbiota and retinal mitochondrial dysfunction under hypoxia conditions: high levels of astaxanthin result in a decline in Lactobacillus and Pseudomonas abundance, an increase in Vibrio abundance, and an arousal in oxidative stress and retinal apoptosis (36).

Moreover, another molecule providing this example is perfluorobutane sulfonate—an emerging aquatic pollutant that has been shown to be modulating both gut microbiota and retinoid metabolism in the eye (37).

As previously mentioned, the gut microbiota plays a fundamental role in the maintenance of the intestinal barrier and intestinal homeostasis (38). Gut permeability is measurable and could become a new target for the prevention and treatment of several diseases (39). A proinflammatory intestinal environment attracts immune system cells; calprotectin is a calcium- and zinc-binding protein mainly contained in neutrophils. Calprotectin is then released by neutrophils after they migrate into the gastrointestinal tissues. Fecal calprotectin is commonly used as a marker of inflammation in intestinal inflammatory pathologies, and its local increase is correlated with increased intestinal permeability and transepithelial migration of neutrophils (40).

Immunohistochemical tests (41) showed that patients with AMD present a greater amount of circulating self-reactive autoantibodies against calgranulin B, one of the two components of calprotectin. This protein is able to induce both apoptosis and autophagy, and it contributes to the development of AMD through these mechanisms.

The connection between eye and gut microenvironment can be held by further mechanisms, as the bile acids, recently demonstrated to be neuroprotective therapies in retinal disease (42).

This connection between bowel and eye is related not only to AMD but also to other retinal pathologies: the role of the commensal microflora in the induction of T cells linked to glaucoma neurodegeneration is another example that has been studied (43). Moreover, an altered gut microbiota can lead to the production of autoantibodies and autoreactive T cells linked to primary open-angle glaucoma (44). Another recent study (45) has shown a strong connection between the process of remodeling gut microenvironment and the suppression of development of experimental autoimmune uveitis. Furthermore, there is a finding of response to nutritional therapies in diabetic retinopathy (46).


Conclusions

All this evidence supports the existence of a gut-retina axis involved in the pathogenesis of ocular diseases, mainly AMD. The biological crosstalk among diet, micronutrients, gut microbiota, and host immunity is a new frontier in the diagnosis and treatment of AMD.

Several studies support the evidence that high-fat and high simple sugar diets determine a derangement of the gut microbiota that leads to an increase of intestinal wall permeability and systemic low-grade inflammation. As a consequence, the metabolites produced by gut microbiota stimulate the specific immune cells of the retina, contributing to retinal damage. Further studies are needed to elucidate the complex interactions among the components of the gut-retina axis. In conclusion, nutritional habits and micronutrient intake are able to influence AMD pathogenesis and/or its clinical course.
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