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Abstract

:

Age-related macular degeneration (AMD) is the primary cause of blindness in developed countries. With the progressive aging of the population, AMD is a significant ophthalmological problem in the population over 50 years of age. The etiology of AMD is known to be based on various biochemical, immunological and molecular pathways and to be influenced by a range of genetic and environmental elements. This review provides an overview of the pathophysiological role of oxidative stress and free radicals in the retina with a special focus on the DNA repair efficiency and enzymatic antioxidant defense. It also presents a correlation between miRNA profile and AMD, and indicates their involvement in inflammation, angiogenesis, increased oxidation of cellular components, enzymatic antioxidant capacity and DNA repair efficiency, which play particularly important roles in AMD pathogenesis. Gene silencing by miRNAs can induce changes in antioxidant enzymes, leading to a complex interplay between redox imbalance by free radicals and miRNAs in modulating cellular redox homeostasis.
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1. Introduction


Age-related macular degeneration (AMD) is a progressive, neurodegenerative disease that affects the macula of the retina. The incidence of AMD was estimated to be approximately 170 million people worldwide in 2016, but this number is predicted to increase to 288,000,000 in 2040, thus becoming the third leading cause of vision loss worldwide [1]. AMD is a slow and progressive disease that attacks retinal cells in the macula, the region of the eye responsible for central vision. The macula, which is at the center of retina, is particularly prone to age-related degenerative changes. The retinal pigment epithelium RPE, adjacent to Bruch’s membrane, has many important functions, including light absorption, phagocytosis of photoreceptor outer segments, heat exchange, vitamin A metabolism, retinal outer blood barrier, and maintenance of choriocapillaris.



AMD is a disease affecting four components of the visual organ: photoreceptors, retinal pigment epithelium (RPE), Bruch’s membrane, and choroidal capillaries. This process results in the destabilization of four key physiological functions: homeostasis/stress response, extracellular remodeling, complement-related inflammation, and phagocytosis. Disruption of these functions leads to distortion of Bruch’s membrane, the RPE, and the subretinal space. The pigmentary abnormalities in the RPE, drusen and Bruch’s membrane, and the molecular changes associated with this disease, are believed to be caused by inflammation, angiogenesis, and increased oxidation of cellular components, which play a central role in the pathogenesis and progression of AMD [2].



Although the etiology of AMD is still not well understood, the disease is divided into early and late stages. The early stage is characterized by the accumulation of lipofuscin and drusen deposits between Bruch’s membrane and the RPE, the specialized cells that form the outer blood–retinal barrier. Detection of vision deterioration in early stage of AMD is important for both prevention and treatment.



Late-stage AMD is divided into dry and wet forms, which account for about 85% and 15% of cases, respectively. Dry AMD (geographic atrophy (GA) or exudation-free form) is associated with slowly progressive RPE and choriocapillaris dysfunction, photoreceptor loss, and retinal degeneration. In addition, dry AMD is characterized by the formation of pale or yellow deposits called druses in the space between the RPE and Bruch’s membrane. The drusen are composed of various components, including lipid and amyloid-β deposits [3]. It has been documented that the total number of drusen or the measured area and volume of drusen can be risk factors for progression to dry or wet AMD [4].



Wet AMD, i.e., the neovascular (nAMD) or exudative form, is characterized by subretinal neovascularization that leads to fibrovascular scarring and subsequent loss of central vision. The hallmark of wet AMD is abnormal growth of blood vessels under the macula. In addition, there is pigment epithelial detachment, the presence of intraretinal and subretinal fluid, macular hemorrhage, hard exudates or subretinal fibrovascular scarring. In addition, retinal neovascularization can also take place following the rupture of Bruch’s membrane, which damages the macula and results in blurred or macular vision [2,5].



Poor antioxidant capacity, and the resulting overproduction of free radicals, is thought to be a major factor affecting RPE in the pathophysiology of AMD. This theory is underpinned by both environmental and genetic factors. The macula lives in an environment of high oxidative stress. Normal antioxidant capacity is influenced by the activity of enzymatic and non-enzymatic defense mechanisms, as well as the efficiency of DNA repair. DNA repair efficiency depends on the expression of genes encoding DNA repair proteins, which is mainly regulated by the interaction of regulatory proteins and specific sequences regulatory proteins and specific sequences in DNA repair genes. Changes in miRNA expression profile occur during organ development, aging, or cell death. The expression of miRNAs is also altered in the pathophysiology of complex diseases such as inflammation or neurodegenerative diseases including AMD. Furthermore, in addition to its role in regulating gene expression, miRNAs released into body fluids have emerged as potential blood serum biomarkers. Some researchers have reported that mRNA transcription factors are sensitive to redox status [6,7].




2. AMD—Risk Factors


AMD is believed to arise in response to a combination of environmental, demographic, and genetic risk factors. The most strongly associated environmental factors are age, family history, smoking and previous cataract surgery. Other risk factors include female gender, iris color, white race, high body mass index, history of cardiovascular disease, hypertension, and lifetime exposure to sunlight [8,9,10,11,12]. In addition, dietary factors, eating an unbalanced diet, and high fat intake may also be associated with an increased risk of AMD.



The known genetic risk factors associated with AMD susceptibility include the presence of single nucleotide polymorphisms in Complement factor H identified CFH on chromosome 1q32; LOC387715/ARMS2 on 10q26, associated with susceptibility to age-related maculopathy; HTRA1 on 10q26, a factor that plays a role in extracellular matrix homeostasis and cell growth or survival. In addition, BF and complement component 2 (C2), an activator of the classical complement pathway, are paralogous genes located just 500 bp apart on human chromosome 6p21. These two genes, along with genes encoding complement components 4A (C4A) and 4B (C4B), reside in the C2/BF class III region of the major tissue compatibility complex (MHC) on chromosome 6p21 as major AMD susceptibility genes [13]. In addition, studies of genetic variants in the components of the complement system suggest that immune system disorders and inflammation may influence the development of AMD [14,15,16,17].



The most important risk factor for AMD is age over 50 years. The retina and RPE show structural changes during aging. Moreover, with age, extracellular deposits (drusen) associated with degenerative pathology develop in the retina, inflammatory mediators indicative of local inflammation typically associated with subretinal deposits increase [18,19,20]. It has been found that in Europe, the prevalence of early AMD increases from 3.5% in people aged 55–59 years to 17.6% in people aged 85 years and older, with the prevalence increasing from 0.1% to 9.8%, respectively, for late AMD [21].



It is believed that aging of Bruch’s membrane and RPE, i.e., accumulation of waste material, leads to a decrease in metabolic function, and adds to the potential for new blood vessel growth. Furthermore, dysfunction of retinal pigment epithelial cells with age leads to the accumulation of lipofuscin, a biomarker of aging. It is a yellowish pigment made of free radical-damaged proteins and fat that accumulates gradually mainly in aging post-mitotic cells. This pigment accumulates in RPE cells after birth as byproducts from phagocytosis of photochemically oxidized photoreceptor outer segments. Lipofuscin is composed of visual cycle proteins, membrane proteins, and phospholipids, retinoids formed by incomplete enzymatic degradation in phagolysosomes. Oxidation of N-retinylidene-N-retinyl ethanolamine (A2E), a photocytotoxic component of age pigment, can lead to the formation of toxic free radicals that can damage the structure of RPE cell biomolecules [22,23].



When the eye is exposed to sunlight, in the presence of oxygen, plasma membrane phospholipids i.a. docosahexaenoic acid (DHA) combines with phosphatidylethanolamine PE (DHA-PA) and phosphatidylcholine PC (DHA-PC) and then forms carboxyethylpyrrole-protein adducts (CEPs) when combined with protein. CEP adduct levels are higher in the drusen, Bruch’s membrane, choroid, and retinal pigment epithelium (RPE). It has also been suggested that CEPs may initiate neovascularization in the wet form of the disease [24].



Smoking is an epidemiologically modifiable risk factor for AMD and is associated with a 2–4-fold increased risk of any type of AMD. Smoking and inhaled toxins may also account for the increased AMD risk associated with high levels of reactive oxygen species (ROS) and reactive nitrogen species (RNS), which are known to cause, among other things, oxidative damage to cellular components, RPE cell inflammation, and vascular modifications in choroidal vessels. While oxidative modifications of phospholipids and lipoproteins are generated, they demonstrate pro-inflammatory and atherosclerotic effects by activating macrophages and stimulating foam cell formation. In addition, components of cigarette smoke can cause insulin resistance and dyslipidemia, promote thrombosis and vasculitis, induce abnormal changes in vascular development and angiogenesis, and impair homeostatic and regenerative endothelial functions [9,25].



However, oxidative stress can arise in the eye in many forms due to a variety of causes other than smoking. The retina is the most oxygen-consuming tissue in the body with consumption levels ~50% higher than the brain or kidney. Therefore, it is susceptible to overproduction of free radicals due to its high oxygen consumption, polyunsaturated fatty acid content, and exposure to visible light. Free radicals damage the fats necessary for the proper functioning of photoreceptor outer segments and lead to progressive degradation of the RPE.



In addition, many factors can alter the structure of DNA, including ionizing radiation, ROS and various harmful chemicals. Each type of DNA damage is source-specific. Oxidatively damaged molecules, such as carboxyethylpyrrole, malondialdehyde, malondialdehyde-acetaldehyde, oxidized phosphocholine, carboxymethyllysine, 4-hydroxynonenal, advanced glycation end products, accumulate in the macula and are a source of chronic oxidative stress. AMD is characterized by mitochondrial dysfunction, elevated levels of insoluble protein–fat complex, oxidative stress, redox imbalance of DNA repair systems, and dysregulation of microRNA profile [26,27,28,29,30].




3. AMD—Enzymatic Antioxidant Capacity


Although the macula lives in an environment of high oxidative stress caused by the presence of many sources of reactive oxygen species (ROS), it contains many enzymatic and non-enzymatic antioxidants in the photoreceptor and RPE cells. Macular pigment is a natural barrier that protects the central part of the retina from oxidative damage. It is formed by two dihydrocarotenoids: lutein and zeaxanthin. In addition, the antioxidant defense includes various enzymes including superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx), and non-enzymatic antioxidants such as glutathione, albumin, bilirubin, uric acid, vitamin A, C, E, lipoic acid, carotenoids, plant polyphenols, zinc and selenium, among others.



Antioxidant enzymes reduce lipid hydroperoxide and hydrogen peroxide (H2O2) levels, thus playing an important role in preventing lipid peroxidation and maintaining cell membrane structure and function.



The copper-zinc superoxide dismutase (CuZnSOD) plays a key role in the removal of superoxide anion and protects cells from oxidative injury caused by free radicals. Located in the cytosol and mitochondria, SOD catalytically converts the superoxide anion (O2˙−) to O2 and H2O2 in the presence of metal ion cofactors such as copper (Cu), zinc (Zn) or manganese (Mn). It catalyzes the one-electron dismutation of the superoxide anion. The human SOD1 gene, located on chromosome 21q22.11, is highly polymorphic. Few studies have examined the relationships between SOD1 polymorphisms with AMD. A study conducted in a Polish AMD population [31] reported that a polymorphism in the SOD1 gene protected against AMD. Many works implicate SOD2 polymorphisms as potential determinants of AMD susceptibility. SOD2, a mitochondrial enzyme, has manganese (Mn) in its reactive center and active site, which functions as a metal cofactor. The enzyme scavenges toxic superoxide anions formed as a byproduct of oxidative phosphorylation, which enables the removal of mitochondrial ROS and provides protection against cell death. The SOD2 gene (6q25) encodes MnSOD and has several single nucleotide polymorphisms (SNPs), among which is rs4880 (C/T) (also designated as C47T, Ala16Val, Ala-9Val or A16V). The T allele of this SNP (rs4880-T) has been linked to changes in MnSOD activity due to modification of the mitochondrial target sequence, which may play a role in neurodegenerative processes including primary open angle glaucoma, AMD [32].



Catalase (CAT) is present in the peroxisome, where it converts hydrogen peroxide to water and molecular oxygen. The CAT gene is located on chromosome 11p13 and contains 13 exons. Glutathione peroxidase (GSHPx) is found both in the cytoplasm and extracellularly in almost every human tissue, where it converts H2O2 into water. GSHPx has strong activity against both H2O2 and fatty acid hydroperoxides. It is encoded by the GPX1 gene, located on chromosome 3p21, which contains two exons. The results from previous studies investigating the association between genes encoding antioxidant enzymes as risk factors for the development of eye diseases have gained mixed results [33,34,35,36,37].



Moreover, recent studies indicate that miRNAs play an essential role in ROS generation by targeting genes associated with antioxidant response. Gene silencing by miRNAs can induce changes in antioxidant enzymes, leading to a complex interplay between redox imbalance by free radicals and miRNAs in modulating cellular redox homeostasis. The transcription, biogenesis and translocation of miRNAs, as well as their function, are connected with oxidative stress, and miRNAs can regulate the expression of redox markers such as cellular antioxidant status. Figure 1 shows miRNAs that affect enzymatic antioxidants. Expression analyses indicate that Cu/Zn SOD is downregulated by miRNAs in human bronchial cells [38], and the suppression of miR-146a was found to effectively restore catalase expression [39]. miR-30b downregulated CAT expression in human retinal pigment epithelial cell line [40]. Furthermore, dysregulation of miR-214 affected glutathione peroxidase activity: miR-214 overexpression increased GPx activity and reduced oxidative stress in an in vitro diabetic nephropathy model [41]. In contrast, miR-144 suppressed GPx expression in sickle cell disease [42].




4. AMD—DNA Damage and Repair


An important role in macular function is played by an imbalance between pro- and antioxidant reactions (e.g., during aging), which is associated with oxidative regulation and gene modification. Elevated levels of free radicals can destroy cellular macromolecules, and induce lipid peroxidation and the modification of DNA, RNA, proteins and carbohydrates. Not all ROS damage DNA directly. For instance, superoxide anions and hydrogen peroxide can initiate DNA damage by interacting with transition metal ion chelates. Oxidative stress is thought to play an essential role in the development of AMD. One source of oxidative stress in the macula may be iron ions, which are capable of promoting the generation of hydroxyl radicals through the Fenton reaction. The hydroxyl radical is a harmful species which forms a range of products when it attacks bases in DNA. Major oxidative DNA damage products include 8-hydroxyadenine, 8-oxoguanine (8-OH-G), thymine glycol, and ring lesions: 4,6-diamino-5-formamidopyrimidine or 2,6-diamino-4-hydroxy-5-formamidopyrimidine. Other deamination products, such as uracil, 5-hydroxyuracil (5-OH-Ura), 5-hydroxymethylouracil (5-HMU), hypoxanthine, and xanthine, represent a subset of all ROS-induced base damage. The results of clinical studies have shown that patients with AMD have elevated levels of oxidative DNA damage, and DNA repair efficiency is reduced in these patients [43,44].



Oxidative stress induces different types of DNA damage such as base modifications, DNA breaks and alkali-prone sites. ROS are a known cause of DNA damage, from single base oxidation to single bases and DSBs, indicating that high levels of ROS have inappropriate effects on genome integrity. Base excision repair (BER) is an important pathway involved in the repair of oxidative damage in DNA. A specialized DNA glycosylase recognizes and removes the modified base. This creates a-base or a-purine/pyrimidine (AP) sites in double-stranded DNA. The system also repairs single-stranded DNA breaks that may be caused by free radical reactions. The OGG1 gene located at 3p26.2 on chromosome 3 encodes 8-oxoguanine DNA glycosylase (OGG1), the major human glycosylase that cleaves the glycosyl bond between an oxidase base and a sugar. OGG1 removes oxidized guanine (8-oxoG) causing G:C to T:A transversion [45]. The most common polymorphic variant of OGG1 is the Ser326Cys variant (rs1052133). Homozygous carriers of the OGG1 Ser326Cys variant present a lower ability to remove 8-oxoG and to complete the repair fusion step. In addition, under oxidative conditions, this variant exhibits lower catalytic activity and a higher propensity for dimerization [46]. Recent studies have reported a vital association between the rs1052133 and rs125701 genetic polymorphisms of the OGG1 DNA repair gene and the development of AMD [44,47,48]. Previous literature demonstrates the pathogenic role of oxidative stress in ocular diseases such as glaucoma. The most common type of glaucoma is primary open-angle glaucoma (POAG), which accounts for more than 50% of diagnosed glaucoma cases in developed countries. Szaflik et al. [49] report an association between the OGG1 Ser326Cys polymorphism and POAG progression.



Another important DNA glycosylase is MUTYH (MYH), whose key role is to prevent oxidative DNA damage. The MUTYH gene located on the short arm of chromosome 1p34.1 encodes an A/G-specific adenine DNA glycosylase (MUTYH) that removes adenine paired with 8-oxoG. In humans, two isoforms of MUTYH differing in localization (mitochondrial for type 1 protein and nuclear for type 2 protein) have been documented. MUTYH interacts with proteins belonging to several DNA repair pathways, such as APE1, which induces its glycosylase activity and promotes its turnover, and MMR and PCNA proteins, which ensure its coupling to DNA replication [50]. Mutation of this gene may be bound up with progression of AMD and primary open-angle glaucoma [47,49]. A common polymorphism of the MUTYH gene is also rs10527342 caused by the insertion of an Alu element in the 15th intron of this gene, resulting in increasing levels of genomic 8-oxoG. Individuals homozygous for this variant have been shown to demonstrate low expression of mitochondrial MUTYH type 1 protein and reduced mitochondrial homeostasis, which perhaps may account for the associated age-related diseases [51].



It has been found that the appearance of uracil in DNA is associated with oxidative stress. The presence of uracil in DNA leads to genomic instability; as such, precise mechanisms are needed to remove uracil from DNA, thus preventing its incorporation and maintaining DNA integrity. Under normal conditions, such lesions are repaired by base excision repair, which is initiated by uracil-DNA glycosylases (UDG). In humans, four uracil glycosylases remove uracil from DNA: UNG, SMUG1, MBD4 and TDG.



The potential role of the rs2337395 UNG polymorphism and its connection with SMUG1 rs3087404 SNP has been suggested in the pathogenesis of eye disease resulting in progressive and irreversible loss of central vision (AMD) [52]. Mehdizadeh et al. [53] report that in an Iranian population, heterozygous individuals who carry the AG genotype of -31A>G rs3087404 polymorphism of SMUG1 gene represent a lower risk of AMD.



AP-endonuclease (APE1) is a key enzyme for the next step in the repair pathway by base excision. This step is called short-patch BER, and is predominant in mammalian cells; in contrast, long-patch BER is characterized by the incorporation of a longer fragment into DNA. The APE1 gene, which encodes AP endonuclease in the human body, is located on chromosome 14q11.2. APE1 interacts with DNA polymerase by only one nucleotide embedded in the DNA backbone. Studies have confirmed that the -141 G/G genotype of the rs1760944 APE1 polymorphism appears to play a protective role against cataracts, while the T allele appears to support cataract development [54].



Another key enzyme for BER is the XRCC1 protein encoded by the X-ray repair cross-complementing group 1 (XRCC1) gene. XRCC1 is located on chromosome 19, at position 19q13.2. XRCC1 interacts with DNA polymerase DNAligase III, AP endonuclease and poly(ADP-ribose) polymerase (PARP, ADPRT). XRCC1 attaches to single-stranded DNA breaks upon removal of 5′ deoxyribose phosphate. Previous studies have shown that the inheritance of Arg194Trp, as well as Arg399Glu genotypes of the XRCC1 gene, is associated with the development of neurodegenerative disease of the lung [55] and brain [56], and the growth of head and neck cancers [57]. In addition, in one study, among several studied BER-related factors, only Polβ (DNA polymerase beta) and XRCC1 showed a correlation between expression level and age, and that restoration of XRCC1 or Polβ in old cells failed to restore BER efficiency to a similar repair capacity as observed in young cells [58].



PARP polymerase is encoded by the ADPRT gene located on chromosome 1q42.1. The main role of PARP is to bind to DNA strand breaks and recruit the XRCC1-Lig3 complex. Changes in its function may be associated with the Val726Ala polymorphism of the ADPRT gene.



Wang et al. report reduced gene expression of key DNA repair enzymes in the retinal pigment epithelium cells and choroid of old rodents: OGG1, MUTYH, TDG (DNA thymine glycosylase), PARP1 and NTH1 (they remove modified bases in the first step of the DNA repair process) and therefore may have a relatively lower DNA repair capacity [59,60]. In addition, Zhang et al. note the expression of mRNA genes and proteins of the key BER enzymes OGG1, APE1, and Polgamma (DNA polymerase gamma) in rats decreased with aging, resulting in reduced mtDNA repair capacity and accumulation of mtDNA damage [61]. Other data indicate that patients with colorectal cancer demonstrate changes in the expression of the BER genes APE1, XRCC1, PARP1, OGG1, and APE1 [62]. Interestingly, Haque at al. [40] found that H2O2 increased the mRNA expression of human catalase in a human retinal pigment epithelial cell line (ARPE-19), this being an important component of cellular antioxidant defense that detoxifies hydrogen peroxide radicals.



Regarding the practical applicability of these studies for prognosis and rapid diagnosis, it is important to note that in organisms displaying polymorphisms of genes involved in ROS scavenging, increased levels of oxidative DNA damage are detected not only in tissues and organs, but also in lymphocytes isolated from the peripheral blood of AMD patients.



miRNAs are engaged in the regulation of mitochondrial signaling pathways such as the apoptotic pathway. Several reports have suggested that miRNAs are involved in the redox regulation of DNA damage and DNA repair pathways [63]. Tinaburri et al. [64] report that overexpression of miR-200a downregulates the BER enzymes OGG1, APE1, LIG3 and XRCC1 and the expression of UNG1, FEN1 (flap endonuclease) as well as LIG1; it can also decrease the efficiency of oxidative DNA repair in aging skin. In contrast, overexpression of miR-4673 reduced OGG1 accumulation and induced oxidative stress and ROS generation in a human lung cancer cell line [65].




5. AMD—miRNA Expression and Diagnostic Markers


Patients with this disease usually become dependent on others, and their quality of life is significantly reduced. AMD is also a significant ophthalmological problem in the population under 50 years of age. As in all chronic diseases, early diagnosis and treatment play important roles in the outcome of AMD.



Due to very poor prognosis, lack of causal treatment options and high costs of symptomatic therapy, it is very important to identify new methods of preventing the development of the disease. The discovery of numerous small non-coding RNAs, including microRNAs (miRNAs), has shown that human biology is even more complex than previously thought.



Alterations in the expression profile of miRNAs have been successively demonstrated in many diseases, including AMD. Differences in miRNA gene expression can be accounted for by the localization of genes in disease-related regions, changes in miRNA processing mechanisms, and epigenetic mechanisms.



MicroRNAs (miRNAs) are RNA molecules belonging to a family of small non-coding RNAs 20–25 nucleotides long, located within introns and exons of protein-coding genes or in intergenic regions. MiRNAs are involved in gene silencing by repressing protein synthesis through imperfect binding to the 3’-UTR (untranslated region) of the target mRNA, leading to mRNA degradation. MicroRNAs play a key role in the regulation of gene expression. Moreover, they are involved in many important biological processes such as cell proliferation, differentiation, angiogenesis, growth control, organogenesis, and apoptosis [66].



Studies in recent years have shown dysregulation of microRNAs in AMD. The discovery of new specific microRNAs as biomarkers for AMD facilitates early detection of the disease and constant checking of its progression. Understanding how miRNAs coordinate disease progression may allow for a better understanding of the disease itself and the initiation of new therapeutic approaches.



Researchers have detected hundreds of small RNAs in a spectrum of body fluids, such as whole blood [67], blood plasma [68], blood serum [69], peripheral blood nuclear cells [70], urine, vitreous [71], saliva, cerebrospinal fluid, retinal tissues [72], and various others [73,74]. Studies have shown that in addition to being detectable in blood cells, miRNAs circulate in serum-secreted exosomes [75,76], microtubules, apoptotic bodies [77], associated with the AGO2 complex [78] and in lipoproteins [79].



miRNAs play key roles in regulating pathological processes involved in AMD development, including angiogenesis, the imbalance of complement activation, inflammation and oxidative stress. In addition to vascular endothelial growth factor (VEGF), other growth factors disrupt angiogenesis and vascular balance and may also serve as significant markers in AMD: platelet-derived growth factor (PDGF), fibroblast growth factors (FGFs), placental growth factor (PlGF), hepatocyte growth factor (HGF), fibroblast growth factor-2 (FGF-2), pigment epithelium-derived growth factor (PEDF), and angiopoietins (ANGPTs).



Previous studies have shown a link between oxidative stress and inflammation. It has been indicated that oxidative stress induces inflammation during the pathological process of AMD [80]. Pathological oxidative damage contributes to protein, lipid and DNA damage and mitochondrial dysfunction, and generates toxic free radicals and high concentrations of harmful compounds such as AGEs and MDA; it also induces pro-inflammatory responses, and promotes the recruitment of macrophages, which release pro-inflammatory and pro-angiogenic mediators [81]. Many pro-inflammatory cytokines and chemokines, including IL-1, IL-6, IL-8, TNF, INF-γ, MCP-1, have been shown to accelerate AMD progression [82].



Some of the circulating miRNAs are involved in the regulation of angiogenesis, neovascularization and inflammatory process, which play a role in the pathophysiology of AMD. Recent reviews indicate that dysregulation of miRNAs is associated with the development of retinal disease: miR-9, miR21, miR-23a, miR-27a, miR-126, miR-144, miR-146, miR-150, miR-155 and Let-7. Alterations in these miRNAs are most commonly demonstrated in biological materials from AMD patients (Table 1).



miR-9 is highly expressed in the adult brain and targets several genes that play key roles in neurogenesis. It has been documented that miR-9 can combine neurogenesis with angiogenesis and is potentially associated with the generation of new vasculature [83]. In the eye, this miRNA plays a key role in maintaining RPE cell function. Depending on cell type and developmental stage, miR-9 has been found to be regulated by retinoic acid, pro-inflammatory cytokines and ROS, all of which are found in high concentrations in the diseased retina [72]. Bhattacharjee et al. [84] report that miRNA-9 was upregulated in human retinal tissues.



miR-21 has a very vital function in the regulation of angiogenesis, tumor growth and metastasis. It demonstrates very high expression in endothelial cells and is believed to be involved in endothelial cell differentiation, migration and angiogenesis [85]. Samples from patients with wet AMD showed downregulation of miR-21 and involvement in regulation of blood vessel growth, as indicated by its elevated expression in retinal endothelial cells [68,86].



miR-23a plays an important role in the regulation of development, differentiation, cell growth and apoptosis. Moreover, miR-23a is a key factor in regulating oligodendroglial development and myelin formation [87]. miR-23a was identified as overexpressed in peripheral blood nuclear cells of both dry and wet AMD. Additionally, miR-23a was upregulated in the serum of patients with wet AMD [70,88].



The miRNA-27 family consists of miR-27a and miR-27b, which are transcribed from different chromosomes, and display different nucleotides at the 3’ end. This miRNA has been linked to inflammation, angiogenesis, the oxidative stress response and age-related macular degeneration. Ren et al. [67,89] demonstrate that samples from patients with wet AMD showed an overexpression of miR-27a-3p compared to dry AMD patients, and that whole blood miR-27a could act as a potential diagnostic biomarker of AMD.



miR-126, an endothelial cell-restricted miRNA, was found to regulate developmental angiogenesis. miR-126 is located within intron 7 of epidermal growth factor-like domain 7 (EGFL7). Expression analysis revealed abundant levels of miR-126 in highly vascularized tissues. Previous studies have identified miR-126 as the only miRNA known to be specifically expressed in endothelial cell lines, hematopoietic progenitor cells, and bone marrow-derived endothelial cell lines, which play important roles in blood vessel formation and angiogenesis [89,90]. Recently, Ulańczyk et al. [68] reported that miR-126 expression is increased and promotes angiogenesis in AMD. In addition, a small scale study comprising 11 AMD patients and 11 healthy control subjects, found a higher expression of miR-126 in the blood serum of AMD patients compared to controls [88]. In contrast, however, lower expression of miR-126 has been recorded in blood serum samples from 76 wet AMD and 70 controls [91]. These discrepancies may result from differences in sample size, patient inclusion criteria, the specific arm of the miRNA studied, or the strategies for miRNA quantification.



miR-144 is the only miRNA that is consistently elevated in the brains of elderly humans; it is believed to play a role in connecting the dysregulated antioxidant defense system with the imbalanced redox state in a number of age-related diseases. Jadeja et al. [92] note high expression levels of miR-144-3p and miR-144-5p in an animal model. Nuclear factor erythroid 2-related factor 2 (NRF2), a potential target of miR-144, is believed to be a primary regulator of the antioxidant defense, and to play a significant role in glutathione (GSH) metabolism. The overexpression of the miRNA protects against oxidative stress-induced outer retinal degeneration.



miR-146 is composed of miRNA-146a and miRNA-146b-5p. It has been shown that miRNA-146a and miRNA-146b-5p are involved in inflammation in tissues. miR-146a has been shown to play an important role in modulating the innate immune response. miR-146a is induced in response to lipopolysaccharide (LPS) and pro-inflammatory mediators, and miR-146a induction is controlled by nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). MiR-146a can directly inhibit pro-inflammatory cytokine production by acting as a negative feedback effector of the inflammatory signaling pathway initiated by NF-κB [93].



Samples from AMD patients showed upregulation of miRNA-146a and its involvement in complement factor H induced inflammation. Induction of miRNA-146a has been reported in the PBNCs of patients with dry AMD [70], in the vitreous humor of patients with wet AMD [71] and in patients with diabetic retinas [94], or in whole blood samples of individuals with wet AMD [89]. Moreover, circulating miRNA-146a is upregulated in AMD retinal tissues collected postmortem [72].



miR-150 has been associated with high expression in immune cells and has a function in the maturation, proliferation and differentiation of myeloid and lymphoid cells. Many of the miR-150 target transcripts identified to date are pro-apoptotic and differentiation proteins such as early growth response 2 (EGR2) and c-myb. It is believed that miR-150 plays an essential function in angiogenesis because it is enriched to a greater degree in retinal endothelial cells than in any other nuclear layers of the retina [95]. Furthermore, Lin et al. [96] propose a novel role for miR-150 in macrophages in regulating cholesterol metabolism and lipid trafficking genes involved in AMD. The authors propose that disorders in plasma membrane lipids secondary to the observed miR-150 upregulation in aging macrophages modulate the inflammatory balance of aging macrophages and thereby predispose them toward a pathogenic, pro-angiogenic phenotype. Studies suggest an important role for miR-150 as an intrinsic inhibitor of pathological ocular angiogenesis.



Another miRNA with a possible role in inflammation and ocular angiogenesis in eye diseases is miR-155. This miRNA is upregulated and disturbs the normal retinal vessel growth in mice [97], is upregulated in human patients with AMD and plays an important role in the regulation of several important pathways of immune responses. Research has shown that inflammatory process increased miRNA-155 expression in human RPE cells by activation of the JAK/STAT signaling pathway [98]. Pogue and Lukiw [72] report that miR-155 demonstrates increased expression in AMD tissues compared to controls.



Let-7 (lethal-7) was one of the first miRNAs to be discovered. Among humans, the let-7 family consists of nine mature let-7 miRNAs encoded by 12 different genomic loci, some of which are clustered together. Two major biological roles have been elucidated for let-7 miRNAs: an essential regulator of terminal differentiation and a primary tumor suppressor [99]. Szemraj et al. found let-7 to be expressed at significantly higher levels in wet AMD, and that let-7 expression was positively correlated with VEGF and VEGFR2 expression, at both the mRNA and protein levels [100]. Let-7 family members are known to be pro-angiogenic. These findings strongly indicate that increased Let-7 expression in serum may reflect neovascularization in AMD patients.



microRNAs play key roles in regulating the transcription and translation of genetic material. miRNAs, in contrast to RNA, are very stable, due to the connection with the Ago protein, and are not degraded by RNAse. The high stability of circulating miRNA is mainly due to the encapsulation in lipid vesicles or the formation of complexes with different kinds of proteins that protect them against denaturation. The identification of the miRNA profile in a disease entity and correlation of this profile with the corresponding genes allows for the identification of new, previously unknown pathophysiological processes [101].



miRNAs have also been shown to be a promising target for potential therapeutic intervention. The use of a synthetic, stable antagonist of miRNAs (antagomir) may allow the key gene for the disease development to be regulated [102].



As of today, there is no therapy that can stop or reverse changes caused by neurodegenerative diseases such as AMD, Alzheimer’s or Parkinson’s disease. It is therefore particularly important to identify a biomarker that would counteract the effects of the disease before it progresses to a chronic form. At the moment, no validated biomarker for the early detection of AMD is available. miRNA profiling may disclose potential diagnostic biomarkers of early-stage AMD and exudative AMD. Most of the available research comprises preliminary and experimental studies, in small groups of patients, which do not meet the criteria of validation analyses. In addition, their function can vary according to the stage of the disease, making it difficult to be used as a precise target. As such, the role of miRNAs as biomarkers is not yet clear. The size of the study group, prospective and epidemiological studies and validation are needed to ensure the correct interpretation of miRNA test results.



Previous studies have confirmed the role of microRNAs in the development of neurodegenerative diseases, linking them to chronic inflammation in the elderly. The mechanisms of aging that lead to age-related diseases have been shown to help identify new therapeutic approaches [103]. For example, treatments targeting Alzheimer’s disease may be applicable to AMD [72,84].



Research on miRNAs as biomarkers is still in an early stage, and at present, the findings are predominantly not reproducible. miRNAs can be detected using various sensitive methods, including in situ hybridization [104], real-time PCR [100], Northern blot analysis [105], miRNA microarray [71,84] and next-generation sequencing (NGS) [106].



To be able to apply miRNAs in in vitro diagnostics, it is necessary to discover specific miRNAs that can be used as biomarkers and to introduce a new methodology based on simple and inexpensive methods with standardized procedures before and after analysis.



Moreover, one of the more interesting observations was made by in vivo studies that documented an amelioration of AMD-associated damage with manipulation of miRNAs in AMD mice. Although most of the tested miRNAs were not homologous to those that were dysregulated in the AMD profiling studies, miR-155 and miR-184 were found to overlap [107]. This further demonstrates the potential of miRNAs as a target for treating AMD.



According to the epigenetic hypothesis, a number of environmental stimuli can, through miRNAs, influence the phenotype of an organism. Discovering the phenomena of miRNAs regulation enables understanding of AMD pathomechanism. The characteristic profile of changes in miRNA expression levels may be helpful in early diagnosis. However, the role of miRNAs as biomarkers is not yet clear. Most of the studies presented above are preliminary and experimental studies, in small groups of patients, which did not meet criteria for validation analyses. Undoubtedly, in the coming years many subsequent studies devoted to this issue will be carried out. Whether the altered miRNA expression profile is due to the course or the cause of the disease remains under investigation. Nonetheless, many studies clearly show the usefulness of the analysis of circulating miRNA expression as diagnostic, prognostic, predictive markers and potential therapeutic targets.



However, it should be remembered that single molecule expression may be increased in both types of AMD or other ophthalmic diseases, which significantly limits the diagnostic utility. Therefore, more and more authors emphasize the importance of the greater sensitivity and diagnostic specificity of the selected miRNAs panel analyzed. The advantage of the analyzed selected circulating miRNAs panel of (miR-15b, miR-17, miR21, miR-26b, miR145) over single molecule analysis was, for example, confirmed in colorectal cancer [108]. Perhaps in the near future, the analysis of miRNAs will be an important stage of diagnosis and the introduction to treatment consistent with the endotype of a given disease entity.




6. Conclusions


In chronic diseases, such as AMD, early diagnosis and treatment play an important role in the outcome. AMD is a highly complex disease that is influenced by many factors, such as aging, genetic predisposition, environmental elements, oxidative stress, and inflammatory factors. Despite the fact that AMD is not a classic inflammatory disease, inflammatory cells play a significant role in its pathogenesis and progression [81]. In addition, several risk factors have been presented that are associated with oxidative stress, such as age, smoking, alcohol consumption, diet and obesity [109,110,111]. Elevated levels of oxidative DNA damage connected with polymorphisms of genes involved in ROS inactivation, inefficient enzymatic antioxidant system, ineffective BER repair system, and changes in gene expression may be responsible for degenerative changes in the macula [43,112]. The correlation between miRNA profile and AMD progression indicates their involvement in molecular pathways known to play an important role in AMD pathogenesis, such as inflammation in RPE cells and vascular changes in choroidal vessels, oxidative defense system, and DNA repair efficiency.



The profiling of miRNAs in body fluids offers promise in the diagnosis, monitoring and prognosis of AMD. One of the most important applications of miRNA profiling is the development of clinically useful molecular diagnostic tests; miRNAs are present at relatively stable levels in human serum and plasma, and miRNA level has been reported to be much more stable than mRNA in a variety of sample types—including plasma/serum and urine, and is measurable at much greater sensitivity than proteins. The development of therapeutic strategies based on the analysis of miRNA panels that target inflammation, ROS and repair of oxidative damage in DNA, has the potential to significantly impact the treatment of AMD [107].
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Figure 1. Enzymatic antioxidant capacity and age-related macular degeneration (AMD). 
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Table 1. miRNAs associated with age-related macular degeneration (AMD).
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miRNAs

	
Sample

	
Comparison

	
Effects

	
Reference






	
miR-9

	
Human retinal tissue

	
Dry AMD vs. HC

	
Upregulated

	
Bhattacharjee et al. 2016




	
miR-21

	
Blood plasma

	
AMD vs. HC

	
Downregulated

	
Ulanczyk et al. 2019




	
miR-23a

	
PBNCs

	
Wet AMD vs. HC

	
Upregulated

	
Litwińska et al. 2019




	
Blood serum

	
Wet AMD vs. HC

	
Upregulated

	
Romano et al. 2017




	
miR-27a

	
Blood

	
Wet vs. dry AMD

	
Upregulated

	
Ren et al. 2017




	
miR-126

	
PBNCs

	
Dry AMD vs. HC

	
Upregulated

	
Litwińska et al. 2019




	
miR-144

	
Blood

	
Wet vs. dry AMD

	
Upregulated

	
Ren et al. 2017




	
miR-146a

	
PBNCs

	
Dry AMD vs. HC

	
Upregulated

	
Litwińska et al. 2019




	
Blood plasma

	
Wet AMD vs. HC

	
Upregulated

	
Menard et al. 2016




	
Blood serum

	
Wet AMD vs. HC

	
Upregulated

	
Romano et al. 2017




	
Retinal tissues

	
AMD vs. HC

	
Upregulated

	
Pogue and Lukiw 2018




	
miR-150

	
PBNCs

	
AMD vs. HC

	
Upregulated

	
Lin et al. 2018




	
miR-155

	
Human retinal tissue

	
Dry AMD vs. HC

	
Upregulated

	
Bhattacharjee et al. 2016




	
Let-7

	
Blood serum

	
Wet AMD vs. HC

	
Upregulated

	
Szemraj et al. 2015
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