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Age-related macular degeneration (AMD) involves degenerative and neovascular alteration in the macular region of the retina resulting in central vision loss. AMD can be classified into dry (dAMD) and wet AMD (wAMD). There is no established treatment for dAMD, and therapies available for wAMD have limited success. Diagnosis in early AMD stages is difficult due to the absence of clinical symptoms. Currently, imaging tests are used in the diagnosis of AMD, but cannot predict the clinical course. The clinical limitations to establishing a diagnosis of AMD have led to exploration for innovative and more sensitive tests to support the diagnosis and prognosis of the disease. MicroRNAs (miRNAs) are small single-stranded non-coding RNA molecules that negatively regulate genes by post-transcriptional gene silencing. Because these molecules are dysregulated in various processes implicated in the pathogenesis of AMD, they could contribute to the early detection of the disease and monitoring of its progression. Studies of miRNA profiling have indicated several miRNAs as potential diagnostic biomarkers of AMD, but no approved biomarker is available at present for early AMD detection. Thus, understanding the function of miRNAs in AMD and their use as potential biomarkers may lead to future advances in diagnosis and treatment. Here we present a brief review of some of the miRNAs involved in regulating pathological processes associated with AMD and discuss several candidate miRNAs proposed as biomarkers or therapeutic targets for AMD.
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1 Introduction

Age-related macular degeneration (AMD) is the leading cause of central retinal blindness and affects around 200 million older individuals worldwide, a number that is expected to increase in the coming years, given the aging global population (1, 2). AMD manifests as dark spots in the central visual field and an inability to distinguish fine details (3). Currently, the diagnosis of AMD is determined by clinical symptoms, fundus photography, optical coherence tomography (OCT), and fluorescein fundus angiography (4). Multiple risk factors, such as genetics, aging, cigarette smoking, light exposure, and poor nutrition play substantial roles in the pathophysiology of AMD (3–8). The cause of AMD is unknown, but several theories have been proposed and inflammation, oxidative stress, and angiogenesis appear to play important roles in its pathogenesis and progression (9).

The onset of disease usually is asymptomatic and may be an incidental finding of macular pigmentary changes on dilated fundus examination (10, 11). There are two clinical forms of AMD, dry AMD (dAMD) and wet AMD (wAMD). Early stages of AMD are dry forms of disease, which accounts 80-90% of cases (12). dAMD is associated with yellow deposits called drusen in the space between the retinal pigment epithelium (RPE) and Bruch´s membrane, in addition an altered RPE pigment distribution (3, 11). In late stage dAMD there is geographic atrophy (GA) of the RPE (
Figure 1A
) and degeneration of photoreceptors (11, 12). There is currently no approved or effective treatment to prevent the onset or progression of GA (13, 14). Another variant of advanced AMD is wAMD, responsible for 90% of severe central vision loss. Choroidal neovascularization (CNV) is a key feature of wAMD. The hallmark of CNV (
Figure 1B
) is the growth of new abnormal blood vessels from the choroid into and within the sub-RPE or the subretinal space. The new vessels constitute the choroidal neovascular membrane, which can lead to hemorrhaging and exudation in the retina and profound vision loss (15). Inhibitors of vascular endothelial growth factor (VEGF) are used to treat CNV but with limited success (15–18). The success of therapy largely depends on early diagnosis of dAMD with subsequent regular ophthalmologic examination, which, in addition, facilitates early diagnosis of a conversion to wAMD and timely onset of therapy.




Figure 1 | 

(A) Geographic Atrophy. Fundus multicolor photography showing a demarcated area in the macular region, hypopigmented with visible underlying choroidal vessels corresponding to atrophic retina. (B) Wet AMD. Fundus multicolor photography showing subretinal hemorrhage involving most of the macular area with exudation and subretinal fluid.





1.1 MicroRNAs

MicroRNAs (miRNAs) are small (18–22 nucleotide), single-stranded, noncoding RNAs that negatively regulate gene expression post-transcriptionally (19, 20). These are found in various species, impacting a wide range of cellular and developmental processes (21). They can be isolated from tissues and body fluids such as serum, saliva, and urine, and are remarkably stable (22). A single miRNA may regulate the expression of multiple genes and entire pathways by binding on conserved 3´-untranslated regions (3’-UTR) of messenger RNAs (mRNA) (21).

More than 2500 miRNAs have been described in humans. Hundreds of them are expressed in the retina, where they finely regulate gene expression necessary for visual function (23). Different factors can alter the expression or activity of miRNAs in the retina, affecting cellular processes involved in the pathogenesis of AMD (19, 20, 24).

Various studies have shown panels of miRNAs that have been dysregulated, either in AMD subjects or in AMD experimental models. Such miRNAs have been suggested as potential biomarkers, diagnostic tools, or attractive targets for the control and treatment of this disease. Thus, deregulated expression of a miRNA could be related to an increased risk of developing AMD (25–31).

Dysregulated miRNAs have potential for treatment via use of miRNA mimics or anti-miRNAs to modulate cellular function in the retina during AMD (32–34).

This review will briefly describe the current state of knowledge about the influence of the most important miRNAs in the pathogenesis and treatment of AMD, highlighting the need for additional clinical studies to fully understand their importance in ophthalmological practice and to focus on miRNAs as biomarkers and potential therapeutic targets in AMD.




2 miRNAs in AMD

The exact etiology of AMD is unknown. Different mechanisms and pathways have been proposed as possibly involved in the pathogenesis of the disease. Therefore, the molecules participating in these pathways are attractive targets for the control and treatment of AMD (24, 32). Different studies have confirmed the aberrant expression of miRNAs in AMD in animals and humans. miRNAs with dysregulated expression are related to alterations in oxidative stress, inflammation, and angiogenesis, processes involved in the pathogenesis of AMD (
Figure 2
) (23, 35). Clinical studies have been undertaken to elucidate miRNAs specific to patients with any type of AMD compared to controls and in different specimens to identify biomarkers of high sensitivity and specificity in the early stages of AMD (35).




Figure 2 | 
Role of most studied miRNAs deregulated in processes associated with AMD.




Several studies have proposed the detection of dysregulated miRNAs in the early diagnosis of diabetic retinopathy and Alzheimer’s disease (35–37). It is hoped that miRNA profiling will also provide new insights into the pathophysiology of AMD and biomarkers for a more accurate diagnosis and probable prognosis of the course of AMD.

Many dysregulated miRNAs have been identified in AMD. The following sections summarize the work done to profile miRNA dysregulation in AMD patients and prominent miRNAs involved in the most important molecular mechanisms for AMD to identify possible miRNA-based biomarkers.



2.1 miRNAs profiles of AMD patients

dAMD often presents asymptomatically. dAMD can progress to wAMD form, resulting in irreversible changes in central vision. Ophthalmological examination cannot always detect retinal damage.

Molecular studies may find a way to diagnose early AMD and gauge retinal damage. One of the first of several clinical studies on miRNA profile analysis in AMD patients was conducted by Ertekin et al., 2014 and focused on the expression profile in wAMD. In that study, miRNAs in plasma from a cohort of 33 wAMD patients and 31 healthy controls (HC) were evaluated using reverse transcription polymerase chain reaction (RT-PCR) and assessed the potential of these miRNAs as diagnostic biomarkers for AMD. In the patient group, 11 miRNAs were significantly downregulated (miR-21, miR-25-3p, miR-140, miR-146b-5p, miR-192, miR-335, miR-342, miR-374a, miR-410, miR-574-3p, and miR-660-5p), 10 miRNAs were specific to the wAMD group (miR-26b-5p, miR-27b-3p, miR-29a-3p, miR-139-3p, miR-212-3p, miR-324-3p, miR-324-5p, miR-532-3p, miR-744-5p, let-7c). Five dysregulated miRNAs targeting the VEGFA gene were upregulated (miR-20b-5p, miR-24-3p, miR-106a-5p, miR-17-5p) and miR-335-5p was downregulated (25).

A next-generation sequencing study of circulating miRNAs in plasma identified 203 dysregulated miRNAs in wAMD patients, but only three of them (miR-301a-3p, miR-361, and miR-424) were significantly downregulated in wAMD patients compared to HC. These three miRNAs regulate pathways involved in angiogenesis, responses to stress and injury, and the regulation of transforming growth factor-beta (26).

The dysregulated miRNAs in a large cohort of 150 wAMD and 150 dAMD patients have also been analyzed (34). Both groups showed higher expression of let-7, miR-301-5p, miR-424-5p, miR-438, miR-661, miR-889, miR-3121 and miR-4258 in serum compared to 200 HC. The expression of miR-661 and miR-3121 was greater in dAMD than wAMD, while that of miR-4258, miR-889, and let-7 was greater in wAMD than dAMD. No significant differences were found between dAMD and wAMD in the levels of miR-301-5p, miR-424-5p, or miR-438 (34). Furthermore, they found a positive correlation between the expression of Let-7 in wAMD patients and the expression of VEGF at both protein and mRNA levels.

To date, only one study has used vitreous humor to profile miRNAs in a small number of patients with wAMD (13 patients) and a control group (13 individuals) using microarrays. The results showed an increase in the levels of miR-146a-5p and miR-548a but a decrease in miR-106b, miR-152, and miR-205. Interestingly, they profiled the levels of miR-106b, miR-146a, and miR-152 in plasma, and these profiles mirrored the findings in the vitreous humor. These results suggest that certain miRNAs are specific to wAMD, and possibly allow monitoring disease progression to wAMD. In addition, a study using the vitreous humor and receiver operating characteristic curve analysis has shown that the area under the curve for miR-146a/miR-106b is high, at 0.97, indicating its potential to distinguish between wAMD and controls (27).

In one study, blood samples of both dry and wet AMD patients have been used. In both groups of patients, expression of miR-27a-3p, miR-29b-3p, and miR-195-5p was significantly increased. Since miR-27a-3p was significantly higher in the wet AMD group, it may be an indicator of choroidal neovascularization formation. Although changes in the expression of miRNAs were found in the blood samples, this may not be reflected locally during the course of AMD (28).

Pogue et al. using miRNA array analysis of 17 AMD whole retinal tissue samples at the macular region and 10 control retinal tissue samples, found that expression of inflammatory miRNAs such as miR-125b, miR-146a, and miR-155 differed between AMD and control tissue (29). These miRNAs are mainly associated with neuro-inflammatory and/or neurodegenerative processes (30).

Recently, Litwińska et al. analyzed the profile of miRNAs in peripheral blood mononuclear cells (PBMCs) isolated from 175 dAMD, 179 wAMD, and 121 HC subjects. They showed that in PBMCs of wAMD patients, the expression of miR-23a-3p, miR-30b, miR-191-5p, and miR-223-3p was upregulated compared to HC. In dAMD patients, miR-23a-3p, miR-126-3p, miR-126-5p, miR-146a expression was upregulated and miR-16-5p, miR-17-3p, and miR-17-5p expression was downregulated compared to controls. Within the subtypes of AMD, six miRNAs were differentially expressed in PBMCs: two were upregulated in wAMD patients (miR-30b, miR-191-5p), and four were upregulated in dAMD patients (miR-126-3p, miR-126-5p, miR-150-5p, miR-155-5p). Correlations between visual acuity and expression of miRNAs were described. Expression of miR-126-3p, miR-126-5p, and miR-155-5p was positively correlated with visual acuity, whereas miR-191-5p expression was negatively correlated. Such correlations were absent in the control group (31).

Plasma samples from 175 patients with dAMD and 179 with wAMD were compared to those from 121 HC subjects using RT-PCR. The expression of miR-16-5p, miR-17-3p, miR-17-5p, miR-23a-3p, miR-126-5p, miR-146a, and miR-223-3p was upregulated, while miR-21-3p, miR-155-5p, miR-191-5p were decreased in both AMD groups compared with controls. In addition, wAMD patients had significantly higher expression of miR-16-5p, miR-30b, miR-191-5p, and significantly lower expression of miR-23a-3p, than dAMD patients. A negative correlation was reported between visual acuity and blood plasma miR-23a-3p in AMD patients but not in the control group. The expression of these miRNAs was positively correlated with levels of angiogenesis-regulating factors in AMD patients but not in the controls (38).



Table 1
 provides a summary of the miRNAs most frequently detected in the above-mentioned studies.


Table 1 | 
 Summary of identified miRNAs with dysregulated expression in AMD patients.




A very large number of dysregulated miRNAs are common to separate studies. This may be due to the limitations of each study, such as cohort size, patient selection criteria, type of specimen analyzed, molecular methodology used for identifying miRNAs, and other factors. These variables make it difficult to identify a unique miRNA or to identify a SMALL group of them with potential as biomarkers of AMD. However, because miR-27a, miR-146a, miR-23a, miR-34a, miR-126, and miR-155 were the most frequently identified miRNAs in these studies, it has been suggested they have potential as biomarkers in AMD. However, it remains necessary to determine the sensitivity and specificity of miRNA-based tests for the detection and prognosis of AMD. It is worth mentioning that these studies only provide us with insights concerning overall miRNA changes in AMD patients.



2.2 miRNAs and inflammation

One of the immune responses in AMD patients is elicited by the uncontrolled formation of drusen deposited beneath the RPE, which contains complement and other inflammatory components (1). Disruption of RPE/Bruch´s membrane integrity activates the complement system and chronic inflammation that characterizes AMD (1–3). Mutations or polymorphisms in genes coding for the alternative complement pathway regulators, such as factor H (CFH), are associated with AMD (39, 40). It has been found that the expression of CFH is controlled by several miRNAs, among which miR-9, mir-125, miR-146a, and miR-155 have been most studied. Altered upregulation of these miRNAs consistently inhibits CFH activity, promoting the chronic inflammation that characterizes AMD. This has been shown by several clinical studies in which the expression profiles of miRNAs were compared in whole retinal samples from patients with AMD and healthy controls (41, 42).

Functionally, miR-9 plays an essential role in RPE function. It is regulated by reactive oxygen species, retinoic acid, and proinflammatory cytokines such as tumor necrosis factor-alpha and interleukin-1 (IL-1), which are abundantly expressed in the retina under pathological conditions (43). Different studies carried out on ARPE-19 cells, monocytes, and neutrophils or microglial cells have reported the increased expression of miR-9 when exposed to derivatives of retinoic acid or lipopolysaccharide, then linking this microRNA to the innate immune response (43–46).

Various studies have implicated miR-155 in RPE cell preservation and modulation of their response to inflammatory stimuli, as well as in the regulation of the adaptive immune response and immune cell growth (47, 48). Among the targets identified for miR-155 are IL-6 and IL-1β. In clinical studies conducted in patients with uveitis, it was found that the expression of miR-155 is decreased in both blood mononuclear and dendritic cells compared to healthy patients (49). However, as miR-155 regulates multiple targets in a cell type-specific manner, the mechanism of action is unclear.

miR-146a modulates innate immune responses, inflammation, and the microglial activation state, although it is not yet clear whether the induction of miR-146a is protective or detrimental to the cell. It is upregulated by reactive oxygen species, pro-inflammatory cytokines, and amyloid peptides.

Among the main targets identified for mir-146a are CFH and IL-6, and all are involved in the inflammatory immune response. In patients with dAMD or wAMD, miR-146a is upregulated, resulting in the downregulation of CFH and loss of repression of the inflammatory response, thus promoting the pathogenesis of AMD (41). IL-6, which acts as a pro-inflammatory cytokine associated with the progression of dAMD toward wAMD, is downregulated by miR-146a (27) and in patients with wAMD miR-146 upregulation is negatively correlated with IL-6. This effect was not observed in patients with dAMD (27, 50). Different findings between studies may reflect varied inclusion criteria between clinical studies, in addition to the fact that the mechanism of gene regulation of miR-146 is not fully understood in AMD.



2.3 miRNAs in oxidative stress

Oxidative stress has been implicated in the pathogenesis of AMD. The retina has high oxygen metabolism, continual exposure to light, and high concentrations of polyunsaturated fatty acids, so is constantly exposed to oxidative damage generated by reactive oxygen species (51). Several studies have shown that miRNA regulation is involved in cytoprotection in response to oxidative stress (52). miR-23 and miR-184 have been most frequently implicated in genetic regulation and modulation of RPE cell survival in response to oxidative damage (52–54).

miR-23a has been found to be downregulated in human RPE cells from AMD patients. Under normal conditions, it has been observed that miR-23 has a protective role in RPE cells in the presence of oxidative stress (52). In macular RPE cells from donor eyes of AMD patients cultured under different concentrations of H2O2, the expression of miR-23a was upregulated with reduced cell death at low concentrations of H2O2, but its protective effect was abolished when the oxidative stress was significantly increased, and its expression was downregulated (52). A miR-23a binding site has been identified in the 3´-UTR of the Fas gene demonstrating the ability of miR-23a to regulate Fas expression in ARPE-19 cells. These results are consistent with the increased expression of Fas and FasL in photoreceptor monolayers and RPE of neovascular membranes from AMD patients (55). Thus, mir-23a has been suggested as a potential therapeutic target in AMD (55, 56).

RPE cells perform various functions that maintain retinal homeostasis, including disposal of photoreceptors outer segments and retaining recyclable material (52, 54). Therefore, disturbances in RPE function due to dysregulated expression of miRNAs, such as miR-184, may lead to the pathophysiology of AMD.

Studies performed on RPE cell cultures from AMD patients have suggested a potential role for miR-184 in the regulation of phagocytosis. The downregulated expression of miR-184 is correlated with an increase in the level of ezrin, a protein important for actin assembly and regulation of phagolysosomal fusion (57), and a significant reduction of lysosomal-associated membrane protein 1 (LAMP-1). In RPE cells, the interaction between these two proteins is required to form phagocytic vacuoles and is critical to the phagocytic digestion of the external segments of the photoreceptors (58). As a result, the outer segments of unrecycled photoreceptors accumulate between the RPE and Bruch’s membrane, favoring the formation of drusen and promoting the pathophysiology of AMD.



2.4 miRNAs in angiogenesis

Pathological angiogenesis in the choroid is part of wAMD. Neovascularization in the choroid can be induced by inflammatory and apoptotic RPE cells. Both in vitro and in vivo studies have revealed that a number of miRNAs are associated with angiogenesis and CNV mechanisms of wAMD (59, 60). It was found that numerous miRNAs known as “angiomirs” such as miR-17-5p, miR-21, miR-93, miR-126, miR-130a, miR-132, miR-221, miR-296, miR-378, among others, are involved in ocular angiogenic processes and most of these miRNAs target genes related to angiogenesis such as VEGF or insulin-like growth factor 2 (IGF-2) (61).

Recent clinical studies in patients with wAMD showed that dysregulated expression of some miRNAs significantly correlated with angiogenesis regulatory factors such as angiogenin and endostatin. miR-17-5p is upregulated in the blood plasma of AMD patients and is positively correlated with these factors, while upregulated mIR-23a-3p, miR-146a, and miR-223-3p showed a negative correlation (38).

Among the most studied miRNAs, miR-21 was downregulated in plasma from patients with wAMD compared to controls (25). In mice, overexpression of miR-21 reduced laser-induced CNV, suggesting an inhibitory function on neovascularization (62).

miR-93 is predicted to target the 3`-UTR of VEGF-A and is implicated in angiogenesis with controversial roles. Some studies have reported that miR-93 promotes angiogenesis and tumor growth, while others using both in vivo and in vitro models have found that it works by inhibiting neovascularization and angiogenesis (63, 64).

miR-126 is abundantly expressed on endothelial cells. In in vitro assays, its downregulation has been found to inhibit different endothelial cell processes such as cell migration and cell survival (65). Supporting these results, miR-126 knock-out mice is lethal, indicating a crucial role of this miRNA in developmental angiogenesis (32).

These miRNAs are related to the angiogenic process. However, more systematic studies are needed to fully elucidate the molecular mechanisms through which this process is regulated by miRNAs. Since these miRNAs may have multiple target mRNAs in the angiogenic pathways, they may serve as possible therapeutic solution for wAMD.




3 miRNAs as potential therapeutic targets

Many studies have shown that several miRNAs are involved in angiogenesis and inflammation, indicating that they may contribute to AMD pathogenesis and are possible therapeutic targets for AMD (30). Romano et al. suggested that miR-9, miR-23a, miR-27a, miR-34a, miR-146a, which were upregulated in AMD, and miR-155, which was downregulated, should be investigated as potential therapeutic targets. MiR-27a, miR-146a, and miR-155 are reportedly associated with inflammatory pathways such as tumor necrosis factor, nuclear factor-kappaB, and hypoxia inducible factor signaling (66).

Research in AMD is principally aimed at finding effective therapies to counteract the progression of dAMD to wAMD. While intravitreal injections with anti-VEGF agents are currently available for wAMD, they elicit a limited response in some patients. It has been suggested that the monthly application of intravitreal injection results in accumulation of the drug in most patients and that while this affects vision it results in a significant economic burden for both the patient and the health system. Therefore, better treatments for AMD with longer-lasting effects are needed. This goal could be achieved through gene therapy (23). In retinal dystrophies such as Leber congenital amaurosis, gene therapy has been shown to be safe and effective, and therefore its application as a treatment for other diseases causing blindness, such as AMD, has been considered (67, 68). Gene therapy uses viral vectors containing the genetic products that are transferred to target cells, using their biological capacities to enter the cell and deposit the genetic material. Given that miRNAs regulate the expression of genes involved in pathogenic processes associated with AMD and that a single miRNA can regulate several pathways, these small molecules are interesting targets for gene therapy to treat AMD. As discussed above, dysregulation in the expression of some miRNAs affects the behavior of their target mRNAs and, consequently, the development of AMD-associated clinical manifestations. By delivering specific endogenous miRNA in appropriate amounts, pathological changes in the retina could be reversed. This is possible by designing a viral vector containing the coding sequence for the miRNA of choice under the direction of a tissue-specific promoter. A single viral vector can harbor multiple miRNAs that can regulate multiple pathways or may degrade or inhibit translation of a single mRNA (23). miRNA-based therapies involve the modulation of pathogenic pathways through antagonists and mimics, so-called antagomiRs and agomiRs, respectively (59). AntagomiRs are chemically engineered oligonucleotides that effectively and specifically silence endogenous miRNAs. AgomiRs are synthetic miRNAs that function as the corresponding natural miRNAs (69). An example of these was described in the CNV mouse model using short hairpin RNAs (shRNAs) targeting VEGF (23). ShRNAs are artificial small RNA molecules that mimic pri- or pre-miRNAs. Upon release and expression in cells, they are processed and function similarly to endogenous miRNAs. In mice treated with a viral vector encoding shRNAs, CNV may be reduced (23). Similarly, several promising miRNAs could be evaluated for future treatment of wet and dry AMD. For example, overexpression of miR-21, miR-31, or miR-150, or silencing miR-23/27 are potential approaches to the treatment of CNV in wAMD (60, 62, 70). However, the efficacy and safety profiles of these miRNAs need to be rigorously tested using animal models.

Conversely, in the same laser-induced CNV mouse model, intravitreal injections of miR-142-3p inhibitor reduced blood vessel density by 46% and decreased microglia area by 30%. The ability of miR-142-3p to inhibit neovascularization and inflammation suggests that it may be a candidate therapeutic target in AMD (71).

The overexpression of miRNAs can also be regulated by introducing miRNA sponges (72). These are non-coding RNA molecules that competitively sequester miRNAs from their endogenous target. Sponge miRNAs can be designed as dual targeting hairpins to simultaneously suppress two or more miRNAs, making them ideal when the goal is to hijack multiple different miRNAs (73, 74).

miRNA-based therapies seem to be promising targets, but the following limitations need to be considered in their evaluation: a) AMD is a multifactorial disease, which complicates the identification of a single miRNA as a therapeutic target, b) targeting an individual miRNA can produce changes in the expression of various genes and c) possible adverse effects of miRNA therapy should be evaluated (69).

Thus, miRNA-based therapy will have to overcome three main problems: identification of the target miRNAs, delivery method, and specificity (65, 69).

Some miRNA-based therapies have undergone early stages of testing, but none have passed phase I/II clinical trials, so more studies and clinical evaluations are needed before their implementation in clinical practice (65).



4 Conclusion

Different genetic and environmental targets have been studied as AMD risk factors and potential biomarkers. However, in vitro findings have limited application in clinical practice. Dysregulated miRNAs have been observed in various critical processes in AMD pathogenesis. Studies on the profile expression of miRNAs with case-control comparisons have allowed detection of associations between dysregulated miRNAs and AMD, but do not imply causality. Due to their involvement in the central processes of AMD, miRNAs have been suggested as ideal therapeutic treatments and candidates for diagnosis. However, it has been challenging to identify just one or a small group of them, particularly because the individual studies differ in their inclusion criteria, sample types and sizes, and methodology by which miRNAs are identified.

A few studies have tried to identify the specific panel of miRNAs that are differentially expressed in AMD patients. A single study has profiled miRNAs in the vitreous humor, but with a small sample size because samples of diseased eyes or the vitreous humor of patients are difficult to obtain, and detecting miRNAs in serum samples has only generated preliminary, discrepant results. Therefore, further investigation in this area is needed to help identify circulating microRNA biomarkers for both forms of AMD.

Unfortunately, several miRNAs investigated using animal models that mimic AMD do not mirror the miRNAs differentially regulated in AMD patients, so their role in the disease remains unknown.

Further studies are necessary to understand their influence on AMD pathogenesis, to develop feasible methods of application in clinical practice, and to develop future therapies. Although OCT and fluorescein angiography are useful in the diagnosis and monitoring of the progression of AMD, any novel, minimally invasive, and a highly sensitive test would help to assess whether any miRNA dysregulation is detectable before clinical signs of AMD appear. So, it is important to estimate the significance of miRNAs as tools to monitor the progression and predict the course of AMD.

Finally, miRNAs may have important diagnostic or therapeutic applications. To allow significant progress in this field, reproducible miRNA profiles must be established to fully understand their importance in clinical practice.
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