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Abstract 

Age-related macular degeneration (AMD) is a leading cause of irreversible central vision loss 
characterized by complex multifactorial pathogenesis involving genetic, inflammatory, oxidative, 
and environmental factors. This review provides a comprehensive translational overview of 
biomarkers associated with both dry and wet forms of AMD, integrating evidence across human 
studies and preclinical mouse models, including chemical, genetic, and laser-induced paradigms. We 
summarize key tissue, fluid, and systemic biomarkers linked to oxidative stress, inflammation, 
complement activation, extracellular matrix remodeling, angiogenesis, and gut microbiota 
alterations. Emphasis is placed on parallels and discrepancies between human AMD and animal 
models, highlighting opportunities and challenges in biomarker validation and application. The 
review underscores the potential of integrated biomarker profiles from ocular tissues, blood, tear 
fluid, aqueous and vitreous humor, and gut microbiome samples for advancing early diagnosis, 
therapeutic monitoring, and personalized treatment strategies. Future directions emphasize bridging 
experimental and clinical data to enhance biomarker-driven precision medicine in AMD. 

Keywords: biomarkers; retina; age-related degeneration; Humans and Mice 
 

Introduction 

Dry age-related macular degeneration (dry AMD), the most prevalent form of AMD, represents 
a progressive neurodegenerative condition of the macula, affecting approximately 85–90% of AMD 
patients [1]. Non-exudative AMD is characterized by the gradual accumulation of drusen and 
progressive photoreceptor degeneration. In its advanced stage, known as geographic atrophy (GA), 
there is marked atrophy of the retinal pigment epithelium (RPE) and underlying choroid. GA 
represents a leading cause of irreversible central vision loss in the elderly population [2–4]. Patients 
with AMD may be thus classified as having early stage disease (early/intermediate dry AMD), in 
which visual function is generally not affected, or late AMD (generally characterized as either “wet” 
neovascular AMD, “dry” atrophic AMD or both), in which central vision is severely compromised 
[5]. Currently, wet AMD can be managed with anti-vascular endothelial growth factor (anti-VEGF, 
Vascular Endothelial Growth Factor) therapies, which help control disease progression and preserve 
vision. Although recent FDA-approved therapies for GA, the advanced non-exudative stage of AMD, 
can slow disease progression, no treatments are currently available that restore vision already lost 
due to advanced atrophy, highlighting a critical unmet clinical need [5]. The disease arises from a 
complex interplay of genetic susceptibility, chronic inflammation, oxidative stress, and mitochondrial 
dysfunction, with strong associations identified in genome-wide studies involving variants in CFH, 
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ARMS2/HTRA1, and C3 [6,7]. Despite the significant burden of non-exudative AMD, no approved 
treatments currently exist to halt or reverse disease progression in its early and intermediate stages. 
Although complement inhibitors have recently been approved to slow the progression of GA, the 
advanced form of non-exudative AMD, a critical need remains for effective therapies that restore lost 
vision, as well as for early diagnostic and prognostic biomarkers to improve patient outcomes. 
Biomarker discovery efforts in recent years have focused on a wide array of biological sources, 
including blood, plasma, aqueous humor, tear fluid, and gut microbiota, to identify molecular 
signatures associated with disease onset, progression, and therapeutic response [8–10]. 
Understanding and validating these biomarkers in both human patients and animal models will be 
key to advancing precision medicine and developing targeted interventions for dry AMD. The 
integration of genetic mouse models with the analysis of systemic biofluids and gut-derived 
biomarkers provides a powerful framework for studying AMD pathogenesis. These biomarkers not 
only validate disease mechanisms at the ocular–systemic interface but also offer translational 
potential for the development of early diagnostics and personalized treatment strategies. 

Chemical AMD Models for Biomarker Discovery 

Chemically induced models of AMD provide powerful platforms to study the molecular and 
cellular mechanisms underlying disease progression. These models allow controlled induction of 
oxidative stress, photoreceptor apoptosis, or RPE degeneration, mimicking key features of both dry 
and neovascular (wet) AMD. Importantly, they have been instrumental in identifying tissue and 
circulating biomarkers involved in inflammation, oxidative damage, angiogenesis, and cell death. 
Several chemical agents are used to reproduce different aspects of AMD pathology. Sodium iodate 
(NaIO₃) is the most widely employed compound to selectively damage the RPE, leading to secondary 
photoreceptor degeneration and chronic inflammation, thereby modeling features of dry AMD [11]. 
Moreover, Cho et al. shown that NaIO₃ induces alterations in the expression of microRNAs 
(miRNAs), small non-coding RNAs that regulate gene expression and modulate pathological 
processes. Specifically, NaIO₃-induced RPE dysfunction has been associated with the deregulation of 
miR-146a-5p, which contributes to RPE degeneration and retinal inflammation [12]. miR-21-5p has 
also been identified as a promoter of necroptosis in RPE cells in NaIO₃-induced AMD models, 
through negative regulation of the Peli1 gene, thereby exacerbating cellular damage [13]. N-methyl-
N-nitrosourea (MNU), a DNA-alkylating agent, induces rapid and selective apoptosis of 
photoreceptors, replicating retinal thinning and neuroinflammatory responses [14]. All-trans-retinal 
(atRAL) and bis-retinoids like A2E accumulate in the RPE and contribute to oxidative stress, 
lipofuscin formation, and complement activation, mimicking lipofuscin-driven toxicity observed in 
aging and dry AMD [15,16]. To model oxidative stress–related mechanisms more directly, hydrogen 
peroxide (H₂O₂) is widely used in vitro to induce acute oxidative damage in RPE cells or retinal 
explants [17]. H₂O₂ exposure leads to mitochondrial dysfunction, tight junction disruption, and 
apoptosis, making it a valuable system for studying early degenerative changes and testing 
antioxidant therapies. For modeling neovascular AMD (nAMD), intraocular injections of VEGF, 
Fibroblast Growth Factor 2 (FGF2), or inflammatory cytokines such as Tumor Necrosis Factor (TNF)-
α and interleukin (IL)-1β are used to promote neovascularization and breakdown of the blood–retinal 
barrier [17–19]. Another widely used approach to mimic retinal hypoxia and angiogenic signaling 
involves the use of cobalt chloride (CoCl₂), a hypoxia-mimetic agent that stabilizes HIF-1α and 
induces the expression of VEGF and other pro-angiogenic factors [20]. CoCl₂ administration leads to 
neovascularization, gliosis, and photoreceptor loss, providing a useful model for studying hypoxia-
driven mechanisms in nAMD [20,21]. This section outlines the most relevant chemically induced 
AMD models and summarizes the associated biomarkers across various biological compartments. 

Retina and RPE-Choroid Tissue Biomarkers 

In chemically induced models of AMD, including those using NaIO₃, MNU, atRAL, and bis-
retinoids such as A2E, extensive analyses of retina and RPE–choroid complexes have revealed 
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multiple biomarkers indicative of oxidative stress, inflammation, cell death, and extracellular matrix 
remodeling. In NaIO₃-treated rodents, oxidative stress markers such as 4-hydroxynonenal (4-HNE), 
8-hydroxy-2'-deoxyguanosine (8-OHdG), and nitrotyrosine are consistently upregulated in RPE and 
photoreceptor layers, indicating ROS-mediated cellular injury [22] (Figure 1). Apoptotic markers, 
including cleaved caspase-3, Bcl-2-associated X protein (BAX), and cytochrome c, are also elevated, 
particularly in the outer nuclear layer and RPE, reflecting photoreceptor degeneration [14,23]. 
Inflammatory mediators such as TNF-α, IL-1β, IL-6, Monocyte Chemoattractant Protein (MCP)-1, 
and Glial Fibrillary Acidic Protein (GFAP) (indicative of Müller cell gliosis) are increased in both 
NaIO₃ and MNU models [24] (Figure 1). In models using A2E or atRAL, accumulation of these bis-
retinoids in RPE cells leads to lysosomal dysfunction and upregulation of complement components 
like C3 and CFH, as well as lipid peroxidation products, closely mimicking the chronic features of 
dry AMD [25]. Additionally, altered expression of structural and extracellular matrix proteins such 
as MMP-2, MMP-9, and TIMP-3 has been observed, reflecting Bruch’s membrane (BrM) remodeling 
and RPE–choroid barrier disruption [22,24] (Figure 1). Additional models employing CoCl₂, a 
chemical hypoxia mimetic, simulate ischemic damage and HIF-1α pathway activation, leading to 
VEGF upregulation, glial activation, and neuronal loss in the outer retina [26] (Figure 1). Notably, 
CoCl₂ exposure alters the expression of several microRNAs (miRNAs) involved in the regulation of 
oxidative stress, angiogenesis, and cell survival. Specifically, miR-210-5p, miR-21a-5p, miR-29a-3p, 
and miR-16-5p are significantly upregulated, while miR-183-5p is downregulated, highlighting the 
contribution of non-coding RNA networks to hypoxia-induced retinal damage [27] (Figure 1). 
Similarly, exogenous administration of 4-HNE or H₂O₂ directly induces oxidative stress in retinal 
explants or in vivo, resulting in mitochondrial dysfunction, RPE barrier disruption, and increased 
expression of pro-apoptotic proteins and pro-inflammatory [28]. Additionally, these stressors 
modulate autophagic flux and have been used to study the interplay between oxidative damage and 
defective clearance mechanisms in AMD. Altered expression of structural and ECM proteins such as 
MMP-2, MMP-9, and Tissue Inhibitor of Metalloproteinase (TIMP)-3 has been consistently observed 
across models, reflecting BrM remodeling and RPE–choroid barrier disruption [28,29]. In the VEGF-
induced model, localized overexpression of VEGF leads to RPE and photoreceptor layer 
disorganization, increased levels of the peroxynitrite nitrotyrosine, infiltration of CD68⁺ 
macrophages, upregulation of HIF-1α, ANGPT2, and MMP-9 in the choroid and retina [30–32] 
(Figure 1). 

Blood and Plasma Biomarkers 

In the NaIO₃ model, which induces selective RPE damage and secondary photoreceptor loss, 
systemic analyses of plasma have identified a distinct inflammatory signature. Proteomic and 
cytokine profiling revealed increased levels of complement proteins (C3, C4b, factor B) and serum 
amyloid A (SAA), indicative of innate immune activation [33]. Concurrently, elevated plasma 
concentrations of IL-6 and MCP-1/CCL2 reflect a chronic inflammatory state associated with retinal 
degeneration [33] (Figure 1). Similarly, in CoCl₂-treated animals plasma levels of VEGF, IL-6, and 
erythropoietin (EPO) are significantly upregulated, suggesting systemic responses to oxidative stress 
and Hypoxia-Inducible Factor (HIF)-1α pathway activation [34] (Figure 1). 

Stool and Gut Microbiome Biomarkers 

Emerging evidence from chemically induced models of AMD, particularly those using NaIO₃ or 
oxidative stress-inducing agents, highlights the gut–retina axis as a contributor to retinal 
degeneration. In NaIO₃-treated mice, 16S rRNA sequencing of fecal samples revealed pronounced 
gut dysbiosis, characterized by a decrease in Firmicutes and an increase in Bacteroidetes and 
Proteobacteria, microbial shifts commonly linked to pro-inflammatory states [35]. This imbalance 
was associated with reduced levels of short-chain fatty acids (SCFAs), especially butyrate, and 
elevated concentrations of lipopolysaccharide (LPS) in both stool and plasma, suggesting increased 
intestinal permeability and systemic inflammation. These changes correlated with retinal thinning 
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and enhanced expression of inflammatory cytokines such as IL-6 and TNF-α in the retina [35] (Figure 
1). Therapeutic interventions with probiotics or Short-Chain Fatty Acids (SCFAs) have shown 
protective effects on the retina, supporting a functional connection between gut microbial metabolites 
and retinal health [36]. Notably, in the NaIO₃-induced mouse model, combined treatment with 
Lactobacillus fermentum NS9 and Aronia anthocyanidin extract (AAE) produced beneficial effects both 
at the retinal level and in modulating gut microbiota composition. Fecal metagenomic analysis 
revealed a significant enrichment of the genus Parasutterella, particularly Parasutterella 
excrementihominis, in the AAE+LF group compared to both the disease model and the AAE-only 
group (Figure 1). Parasutterella has been previously associated with immunomodulatory activity and 
the metabolism of bile acids and amino acids, and its increased abundance may contribute to reduced 
oxidative stress and systemic inflammation [35]. 

 

Figure 1. Schematic representation of the main findings regarding biomarkers in chemically -induced AMD mice 
models using ocular tissues/fluids as a source. Created using BioRender.com. 

Genetic Mouse Models for AMD 

Understanding the complex pathophysiology of AMD has greatly advanced through the 
development of genetically engineered mouse models that mimic key features of both dry and 
neovascular AMD. These models enable detailed investigation of the molecular and cellular 
processes underlying disease onset and progression, particularly within the retina and RPE-choroid 
complex. Inflammation-driven models such as CC chemokine ligand 2 (Ccl2)⁻/⁻, C-X3-C Motif 
Chemokine Receptor 1 (Cx3cr1)⁻/⁻, and Ccl2⁻/⁻Cx3cr1⁻/⁻ replicate aspects of dry AMD by exhibiting 
subretinal microglial accumulation, upregulation of pro-inflammatory cytokines, and complement 
activation [37–39]. Oxidative stress models, including Sod1⁻/⁻ mice, demonstrate how impaired 
antioxidant defense leads to RPE degeneration and photoreceptor loss through increased production 
of oxidative biomarkers such as 4-HNE and 8-OHdG [40–42]. Meanwhile, models involving HtrA1 
overexpression and Timp3 mutations (e.g., S179C) highlight the role of extracellular matrix 
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remodeling in AMD pathogenesis [43–45]. On the neovascular front, Very low density lipoprotein 
receptor (Vldlr)⁻/⁻ mice spontaneously develop subretinal neovascularization resembling type 2 
macular neovascularization [46]. Importantly, emerging evidence from C3-deficient and 
Complement factor H (CFH)-variant mouse models suggests a functional link between AMD-
associated genetic variants and alterations in the gut microbiota, reinforcing the role of systemic 
factors in modulating retinal disease [47,48]. Collectively, these models provide a valuable 
experimental framework for dissecting the multifactorial nature of AMD and for identifying novel 
therapeutic targets across inflammatory, oxidative, angiogenic, and systemic pathways. 

Retina and RPE-Choroid Tissue Biomarkers 

Genetically engineered mouse models of AMD have provided valuable insights into molecular 
and cellular alterations occurring within the retina and RPE–choroid complex during disease 
progression. In Ccl2⁻/⁻, Cx3cr1⁻/⁻, and Ccl2⁻/⁻ Cx3cr1⁻/⁻ mice, which exhibit features reminiscent of dry 
AMD, histological and transcriptomic analyses revealed elevated expression of inflammatory 
markers such as TNF-α, IL-1β, and MCP-1 in the RPE and subretinal space, along with microglial 
accumulation and complement activation [38,39,49] (Figure 2). Increased GFAP expression indicates 
Müller cell gliosis, while upregulation of Iba1 and CD68 highlights enhanced microglial activity and 
infiltration. In Sod1⁻/⁻ mice, characterized by impaired oxidative defense, the retina shows elevated 
levels of oxidative stress biomarkers including 4-HNE, 8-OHdG, and nitrotyrosine, particularly in 
the photoreceptor layer and RPE, correlating with progressive degeneration [41,42] (Figure 2). Liu et 
al. [50] identified interleukin-1 receptor–associated kinase M (IRAK-M) as a critical 
immunoregulatory protein in the RPE that progressively declines with age. Rare genetic variants in 
IRAK3, the gene encoding IRAK-M, were found to be associated with an increased risk of developing 
AMD (Figure 2). Analyses of human tissues and genetic mouse models revealed that IRAK-M 
expression in the RPE diminishes with aging and oxidative stress, with a more pronounced reduction 
in AMD-affected tissues. Mice lacking Irak3 exhibited early-onset outer retinal degeneration, which 
was further aggravated by oxidative insults. The loss of IRAK-M disrupted RPE homeostasis, leading 
to mitochondrial dysfunction, cellular senescence, and abnormal cytokine production [50]. 
Conversely, IRAK-M overexpression conferred protection to RPE cells against oxidative and immune 
stress [50]. Notably, subretinal delivery of adeno-associated virus (AAV) expressing human IRAK3 
mitigated light-induced retinal damage in wild-type mice and reduced age-related degeneration in 
Irak3-deficient mice. These findings suggest that restoring IRAK-M levels in the RPE may help 
counteract chronic inflammation and cellular dysfunction in AMD, offering a promising therapeutic 
strategy for retinal degeneration. Models overexpressing HtrA1 or carrying disease-associated 
mutations in Timp3 (e.g., S179C) display thickening of BrM, accumulation of basal deposits, and 
upregulation of extracellular matrix remodeling enzymes such as MMP-2 and MMP-9 in BrM [44,51] 
(Figure 2). In Vldlr⁻/⁻ mice, which spontaneously develop subretinal neovascularization resembling 
wet AMD, there is increased retinal expression of VEGF, HIF-1α, and Angiopoietin (ANGPT) 2, 
alongside infiltration of CD68⁺ macrophages and photoreceptor disorganization [46,52] (Figure 2). 

Despite the extensive use of genetically engineered mouse models to study the molecular and 
cellular mechanisms of AMD, there is a notable lack of published data on body fluid biomarkers, 
particularly in the context of these models. Specifically, blood and plasma biomarkers, such as 
complement components, inflammatory cytokines, or oxidative stress markers, are rarely measured 
or reported in a systematic manner. Similarly, tear fluid biomarkers remain virtually unexplored in 
murine models due to technical limitations in sample collection and the small volume of tears in 
rodents. Additionally, aqueous and vitreous humor biomarkers, which are clinically relevant in 
human AMD for tracking intraocular inflammation, angiogenesis, and complement activity, are 
seldom analyzed in mouse models, largely because of the challenges associated with fluid extraction 
from small eyes. This gap in biomarker profiling in murine systems limits the ability to directly 
translate findings from genetic models to clinical diagnostics and hinders the development of non-
invasive monitoring strategies in preclinical AMD research. Addressing this deficiency through 
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improved micro-sampling techniques and proteomic or transcriptomic analyses could substantially 
enhance the translational value of these models. 

Stool and Gut Microbiome Biomarkers 

Zysset-Burri et al. [53] demonstrated that complement C3-deficient mice exhibited a higher 
Firmicutes-to-Bacteroides ratio compared to wild-type controls, a microbial profile resembling that 
commonly observed in patients with nAMD (Figure 2). In human studies, the CFH3 single nucleotide 
polymorphism (SNP) was significantly associated with nAMD and positively correlated with 
increased abundance of Negativicutes. Additionally, individuals carrying the CFH3 variant showed 
elevated levels of Clostridiales, whereas those with CFH1 and CFH2 variants exhibited a negative 
correlation with this microbial group. These findings support a functional interaction between host 
genetics and the gut microbiome in AMD, suggesting that genetically driven alterations in microbial 
composition may influence complement system activation and contribute to disease progression 
[47,54] A deeper understanding of this gene–microbiota interplay will be essential for developing 
personalized therapeutic strategies targeting AMD pathogenesis. 

 
Figure 2. Schematic representation of the main findings regarding biomarkers in genetic AMD mice models 
using ocular tissues/fluids as a source. Created using BioRender.com. 

Laser-Induced Neovascularization Model 

The laser-induced neovascularization model is the most widely used experimental approach for 
studying wet AMD [55,56]. In this model, laser burns are applied to the mouse retina using a focused 
green Argon laser or a similar photocoagulation system to rupture BrM, which triggers the growth 
of abnormal new blood vessels from the choroid into the subretinal space [57]. As a result, subretinal 
neovascularization develops, often accompanied by vascular leakage and local inflammation [58]. 
This process closely mimics key pathological hallmarks of human wet AMD, such as MNV, vascular 
leakage, and subretinal fibrosis, making the model highly relevant for investigating disease 
mechanisms and testing new therapies [59,60]. 
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The main advantages of the laser-induced neovascularization model are its reproducibility, 
rapid induction of lesions, and compatibility with a wide range of genetic backgrounds and imaging 
techniques [61]. However, it also has limitations: it represents an acute injury rather than the slow, 
age-related progression seen in human AMD, and mice lack a macula, the central retinal region most 
affected in patients [58,62]. Despite these differences, the model reliably recapitulates the angiogenic, 
inflammatory, and fibrotic responses central to human wet AMD, and has been instrumental in the 
preclinical development of anti-VEGF therapies and the identification of disease biomarkers, 
supporting its continued relevance for translational AMD research [63]. 

Because the laser-induced neovascularization closely mirrors the molecular and cellular changes 
seen in human AMD, it serves as a powerful platform for biomarker discovery. Using this model, 
researchers have identified a range of tissue and fluid biomarkers that reflect disease activity and 
offer insights into underlying mechanisms. The sections below highlight key biomarkers identified 
in the retina, blood, tear fluid, ocular humors, and even the gut microbiome, emphasizing their 
relevance for translational AMD research. 

Retina and RPE-Choroid Tissue Biomarkers 

Laser-induced neovascularization in mice leads to profound molecular changes in the retina and 
RPE-choroid complex. Transcriptomic and proteomic analyses reveal upregulation of angiogenic 
genes such as VEGFA, a primary driver of neovascularization and a direct target of anti-VEGF 
therapies in humans [64]. Inflammatory genes, including Ccl2 (MCP-1), Ccl8, and Cxcl9, are also 
highly expressed, reflecting immune cell recruitment and a pro-inflammatory microenvironment 
[65,66] (Figure 3). These responses are not unique to mice; comparative studies show that many of 
these genes are conserved and similarly upregulated in human AMD lesions, underscoring their 
translational relevance [59]. Additionally, extracellular matrix remodeling genes such as Comp, 
Lrcc15, Fndc1, and Thbs2 are elevated, contributing to fibrosis, a process that can limit the effectiveness 
of anti-angiogenic treatments and lead to vision loss in patients [66]. MicroRNAs (miRNAs) including 
miR-505, miR-155, miR-342-5p, and miR-126-3p are also differentially expressed, acting as post-
transcriptional regulators of these pathogenic pathways [30] (Figure 3). The identification of these 
conserved molecular signatures supports the model’s use for identifying new therapeutic targets and 
for understanding the mechanisms underlying neovascularization and fibrosis in AMD. 

Blood and Plasma Biomarkers 

In the laser-induced neovascularization mouse model, the search for systemic, minimally 
invasive biomarkers has focused on circulating miRNAs due to their stability and regulatory roles in 
angiogenesis and inflammation. Recent studies have identified robust dysregulation of mmu-miR-
486a-5p and mmu-miR-92a-3p in both the blood and RPE/choroid tissues following laser-induced 
neovascularization, as confirmed by RNA sequencing and RT-qPCR [67] (Figure 3). These miRNAs 
are functionally relevant, with evidence that mmu-miR-486a-5p and mmu-miR-92a-3p modulate 
microglial cell viability and mobility, processes implicated in neovascularization pathogenesis [67]. 
Importantly, similar miRNA alterations have been reported in plasma samples from patients with 
neovascular AMD, highlighting their translational potential as biomarkers for disease activity, early 
detection, and therapeutic monitoring [67]. The accessibility of blood sampling further supports the 
clinical utility of these biomarkers, allowing for longitudinal assessment without invasive ocular 
procedures. Additionally, panels of miRNAs may improve diagnostic accuracy beyond individual 
markers. The conservation of miRNA dysregulation between the laser-induced neovascularization 
and human AMD underscores the value of this model for biomarker discovery and validation in 
translational research [67]. 
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Tear Fluid Biomarkers 

Tear fluid has recently emerged as a valuable, non-invasive source of biomarkers for neovascular 
AMD. Studies using the mouse model have demonstrated that VEGF concentrations are significantly 
increased in tears following neovascularization induction, mirroring findings in human patients with 
active neovascular AMD [68] (Figure 3). The primary source of this tear VEGF is the choroid-RPE 
complex, and its presence in tears reflects ongoing angiogenic and inflammatory activity within the 
eye. The ease and repeatability of tear sampling make it particularly attractive for longitudinal 
disease monitoring and assessing therapeutic response. Notably, clinical studies have also reported 
that tear VEGF levels can differ by sex, suggesting potential for personalized biomarker strategies. 
The parallel elevation of tear VEGF in both the murine model and human AMD underscores the 
translational promise of tear-based assays, which could facilitate routine, non-invasive monitoring of 
disease activity and treatment efficacy in clinical practice [68]. 

Aqueous and Vitreous Humor Biomarkers 

The analysis of aqueous and vitreous humor has provided important insights into intraocular 
biomarkers for neovascular AMD. In the laser-induced neovascularization model, levels of 
angiogenic and fibrotic proteins such as VEGF and thrombospondin 2 (THBS2) are significantly 
elevated following neovascularization induction [69] (Figure 3). These proteins are well-established 
mediators of pathological neovascularization and tissue remodeling in AMD. Measurement of VEGF 
and related factors in ocular fluids is already integrated into clinical practice, particularly for patients 
undergoing intravitreal injections or ocular surgery. The ability of the murine model to recapitulate 
these biomarker changes further validates its utility for preclinical evaluation of anti-angiogenic and 
anti-fibrotic therapies. Moreover, the parallel findings in both animal models and human patients 
support the ongoing development of aqueous and vitreous fluid-based biomarkers for monitoring 
disease activity and therapeutic response in neovascular AMD [59,70]. 

Stool and Gut Microbiome Biomarkers 

Recent studies using the mouse model have revealed that the gut microbiome may play a 
significant role in retinal disease processes. During neovascularization development, researchers 
have observed notable shifts in the composition of gut bacteria, particularly increases in genera such 
as Lachnospiraceae UCG-001 and Candidatus Saccharimonas, which correlate with distinct changes in 
fecal metabolite profiles [71] (Figure 3). These microbial alterations are thought to influence immune 
cell activation and systemic inflammation, potentially affecting the retinal environment and 
modulating the severity of neovascularization. Members of the Lachnospiraceae family are recognized 
for their ability to produce SCFAs, which can regulate host immunity and maintain epithelial barrier 
integrity [72] (Figure 3). Additionally, metabolic products from these bacteria may impact angiogenic 
signaling pathways relevant to AMD pathogenesis. The gut-retina axis, therefore, represents a 
promising area for biomarker discovery and therapeutic intervention. Although the direct clinical 
application of stool-based biomarkers in AMD patients is still being explored, these findings 
highlight the systemic nature of ocular diseases and suggest that gut microbiome profiling could 
eventually aid in risk assessment, disease monitoring, or even in tailoring microbiome-targeted 
therapies for AMD [73]. 

Together, these findings demonstrate that the laser-induced neovascularization model not only 
recapitulates key features of human neovascular AMD but also provides a robust platform for the 
discovery and validation of clinically relevant biomarkers across multiple tissues and biological 
fluids, advancing both mechanistic understanding and translational research in AMD [67,68]. 
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Figure 3. Schematic representation of the main findings regarding biomarkers in laser-induced 
neovascularization model using ocular tissues/fluids as a source. Created using BioRender.com. 

Biomarkers in “Dry” AMD in Humans 

Dry AMD, also known as non-neovascular or atrophic AMD, is the most prevalent form of the 
disease, accounting for up to 90% of cases. It primarily affects individuals over the age of 60 and is 
characterized by a gradual loss of central vision due to progressive degeneration of the macula, the 
central region of the retina responsible for detailed visual tasks [5]. A hallmark of early dry AMD is 
the accumulation of extracellular deposits known as drusen, which form between the RPE and BrM. 
These deposits, composed of lipids, proteins, and complement factors, are thought to arise from 
impaired fluid and metabolite transport across BrM, leading to metabolic stress in the RPE. The 
pathogenesis of dry AMD begins with a thickening of BrM, primarily due to the buildup of lipid- and 
protein-rich material. This accumulation disrupts the normal exchange of nutrients and waste 
products between the choroid and the retina, compromising RPE homeostasis. As a result, oxidative 
stress increases within RPE cells, leading to the accumulation of lipofuscin, an autofluorescent 
byproduct of incomplete lysosomal degradation, that further impairs lysosomal function and 
cholesterol metabolism. In response to cellular stress, RPE cells may release membranous vesicles 
such as exosomes, which are believed to contribute to sub-RPE deposit formation. Moreover, the 
presence of serum-derived proteins in drusen suggests that systemic factors can infiltrate the sub-
RPE space, likely due to BrM dysfunction, further promoting deposit accumulation [5]. Over time, 
these pathogenic processes can lead to GA, the advanced form of dry AMD, which involves the 
irreversible loss of RPE cells, photoreceptors, and the underlying choriocapillaris. This results in 
permanent central vision loss, for which no approved curative treatments currently exist [74]. Given 
the absence of approved treatments for dry AMD, particularly in advanced stages, there is a growing 
emphasis on the identification of early and predictive biomarkers that can aid in diagnosis, monitor 
disease progression, and guide therapeutic development. 
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Retina and RPE-Choroid Tissue Biomarkers 

Extensive molecular profiling of the retina and RPE-choroid complex in human dry AMD has 
identified numerous tissue-level biomarkers reflecting key pathogenic processes, such as oxidative 
stress, inflammation, lipid metabolism and extracellular matrix remodeling. Clinical studies 
involving AMD patients and post-mortem donor eyes have provided strong evidence for the 
accumulation of oxidative stress-related DNA, protein, and lipid biomarkers in AMD pathology. 
Among these, oxidative DNA damage, particularly the formation of 8-OHdG, has been prominently 
observed in AMD donor eyes, with higher levels detected in cases of dry AMD with RPE atrophy 
[75] (Figure 4). Given the abundance of docosahexaenoic acid (DHA) in the lipid-rich outer segments 
of photoreceptors [76], oxidative degradation of DHA has been implicated in AMD, as demonstrated 
by increased levels of carboxyethyl pyrrole (CEP) protein adducts, a marker of DHA peroxidation, 
within BrM of AMD donor eyes [77,78] (Figure 4). Notably, CEP levels were shown to be 
approximately 60% higher in dry AMD eyes compared to controls, as measured by ELISA [79,80]. 
However, the levels of 4-hydroxy-2-nonenal (4-HNE) modified proteins did not differ significantly 
across retinal regions or among the histological stages of AMD [81]. A separate study integrating 
proteomic and genomic analyses found that increased plasma CEP levels in AMD were associated 
with elevated expression of associated with age-related maculopathy susceptibility 2 (ARMS2), CFH, 
and complement C3, further linking oxidative stress to genetic susceptibility in dry AMD [82] (Figure 
4). In addition to ocular findings, systemic markers of oxidative stress such as malondialdehyde 
(MDA), 8-OHdG, and protein carbonyls were significantly elevated in the serum of AMD patients, 
suggesting that oxidative damage in AMD is not confined to the retina but reflects a broader systemic 
oxidative imbalance [83] (Figure 4). Additionally, impaired extracellular matrix (ECM) turnover and 
thickening of BrM are early hallmarks of AMD, closely associated with altered activity of MMPs. 
Analyses of human AMD eyes have demonstrated elevated expression and accumulation of MMP-2 
and MMP-9 in BrM and RPE choroid tissue, accompanied by deposit buildup beneath the RPE, 
evidence of disrupted ECM remodeling [6,84] (Figure 4). MMP-2, primarily secreted by RPE cells, 
becomes dysregulated in AMD, leading to excessive collagen IV accumulation and basal deposits 
[84]. Although total levels of activated MMP-2 and MMP-9 may actually decrease in AMD donor 
eyes, an increase in high-molecular-weight proenzyme complexes likely hinders their activation, 
contributing to ECM thickening [85]. Collectively, these findings highlight the critical disruption of 
MMP-mediated ECM turnover as a key tissue biomarker and potential therapeutic target. 

Blood and Plasma Biomarkers 

In AMD, increasing evidence suggests that systemic biomarkers detectable in blood and plasma 
reflect underlying pathogenic processes such as complement activation, oxidative stress, and chronic 
inflammation. Among the most consistently reported are components of the complement system, 
including elevated levels of C3a, C5a, and factor B, as well as reduced levels or functional impairment 
of CFH, particularly in individuals carrying the AMD-associated CFH Y402H polymorphism [86,87]. 
Inflammatory markers such as C-reactive protein (CRP), IL-6, and TNF-α are also elevated in the 
plasma of patients with dry AMD and have been linked to disease progression and genetic [88] 
(Figure 4). Oxidative stress-related plasma biomarkers, including malondialdehyde (MDA), 8-
OHdG, and CEP-adducts, are found at significantly higher levels in dry AMD patients compared to 
age-matched controls, indicating systemic lipid peroxidation and DNA damage [77,89] (Figure 4). 
Multivariate analysis revealed that dry AMD was an independent factor associated with increased 
expression of miR-23a-3p, miR-126-3p, miR-126-5p, miR-146a, miR-191-5p and decreased expression 
of miR-16-5p, miR-17-3p, miR-17-5p. Six miRNAs were differentially expressed in peripheral blood 
nuclear cells of AMD subtypes: four were increased in dry AMD patients (miR-126-3p, miR-126-5p, 
miR-150-5p, miR-155-5p) whereas two were increased in wet AMD patients (miR-30b, miR-191-5p) 
[90]. Visual acuity and expression of miR-126-3p, miR-126-5p, miR-155-5p were positively correlated, 
whereas visual acuity and miR-191-5p expression were negatively correlated [90–92] (Figure 4). In 
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addition, miR-27a-3p was suggested as a potential diagnostic biomarker for both wet and dry AMD 
in whole blood [90]. 

These circulating biomarkers not only provide insights into systemic disease mechanisms but 
may also serve as accessible, non-invasive tools for risk stratification, early detection, and monitoring 
of therapeutic response in dry AMD. 

Tear Fluid Biomarkers 

Tear fluid biomarkers have emerged as a promising, non-invasive source for detecting molecular 
changes associated with AMD. A study from Winiarczyk et al. [93] analyzed tear films from a total 
of 22 patients (8 with wet AMD, 6 with dry AMD, and 8 control individuals. 2D electrophoresis was 
used to separate tear film proteins prior to their identification with matrix-assisted laser 
desorption/ionization time of flight spectrometer (MALDI-TOF/TOF). They observed that dry AMD 
patients showed 97 specific proteins related to 44 pathway patterns and that these proteins were 
involved in more pathways than those identified in the wet AMD [93]. The two most widely 
expressed pathways were the Wnt signaling pathway and the Huntington disease pathway. It is 
noteworthy that there was a major representation of proteins involved in oxidative stress, 
inflammation, and proteolysis, e.g., the autophagy-related PI3K pathway. Autophagy failure has 
been reported to be associated with AMD development [94]. Notably, eight proteins, including 
shootin-1, histatin-3, and prolactin-inducible protein 1, were uniquely upregulated in AMD tears, 
suggesting their potential as disease-specific biomarkers [93] (Figure 4). These proteins are involved 
in pathways related to inflammation, apoptosis, and angiogenesis, reflecting underlying AMD 
pathophysiology. The study also highlighted the presence of signaling molecules such as STAT3 and 
FGFR1 linked to neovascular processes in wet AMD [93,95] (Figure 4). Mass spectrometry-based 
proteomics has further advanced tear biomarker discovery, enabling sensitive and quantitative 
profiling of tear proteins in ocular diseases including AMD [96]. These findings underscore the utility 
of tear fluid proteomics for early diagnosis, monitoring disease progression, and evaluating 
therapeutic response in AMD. 

Aqueous and Vitreous Humor Biomarkers 

Aqueous and vitreous humor biomarkers have gained increasing attention in dry AMD research 
due to their proximity to retinal tissues and potential to reflect local pathological changes. Proteomic 
analyses of aqueous humor from AMD patients have identified significant alterations in proteins 
involved in inflammation, extracellular matrix remodeling, and immune regulation. For example, 
Huang et al. [97] used affinity-based proteomics to discover 82 proteins significantly altered in 
geographic atrophy (GA), a late dry AMD form, highlighting Secreted Modular Calcium-binding 
protein 2 (SMOC2) and IL-6 as promising biomarkers linked to RPE dysfunction and inflammation 
(Figure 4). Other studies confirmed elevated levels of complement and coagulation cascade proteins, 
such as clusterin and serpin A4, in aqueous humor, in dry AMD patients suggesting dysregulated 
protein metabolism and immune activation [98,99] (Figure 4). Additionally, increased VEGF levels 
have been detected in aqueous humor of dry AMD patients with subretinal drusen deposits, 
implicating angiogenic signaling even in early disease [100]. Although vitreous humor is less 
frequently studied in dry AMD, proteomic profiling indicates changes in complement factors and 
neurodegeneration-related proteins, supporting its role as a biomarker source [101]. Collectively, 
aqueous and vitreous humor biomarker studies provide valuable insights into local molecular 
alterations in dry AMD, offering potential for improved diagnosis and monitoring of disease 
progression. 

Stool and Gut Microbiome Biomarkers 

Emerging evidence from recent studies supports a significant association between gut 
microbiota composition and dry AMD. Using metagenomic and Mendelian randomization 
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approaches, specific gut microbial taxa have been causally linked to dry AMD risk. Notably, families 
and genera such as Peptococcaceae, Bilophila, Faecalibacterium, and Roseburia have been associated with 
an increased risk of developing dry AMD, whereas Candidatus Soleaferrea, Desulfovibrio, and the 
Eubacterium ventriosum group appear to exert protective effects [102] (Figure 4). These microbial shifts 
are thought to contribute to systemic inflammation and retinal degeneration via the gut-retina axis. 
Mechanistically, dysbiosis may promote increased gut permeability and elevated lipopolysaccharide 
(LPS) translocation, triggering chronic low-grade inflammation that affects retinal health. 
Metabolomic analyses of stool samples from dry AMD patients reveal altered profiles of microbial 
metabolites, including bile acids, tryptophan catabolites, and branched-chain amino acids, which are 
involved in immune regulation and oxidative stress pathways relevant to AMD pathogenesis 
[53,103]. Moreover, metabolomic analyses of fecal samples from patients with dry AMD reveal 
altered profiles of microbial metabolites such as bile acids, tryptophan catabolites, and branched-
chain amino acids, all of which are involved in immune regulation and oxidative stress pathways 
relevant to the pathogenesis of the disease [102]. 

 

Figure 4. Schematic representation of the main findings regarding biomarkers in human dry AMD using ocular 
tissues/fluids as a source. Created using BioRender.com. 

Biomarkers in “Wet” AMD in Humans 

Neovascular, or wet AMD is a leading cause of irreversible central vision loss in the elderly 
population worldwide. The disease is characterized by the growth of abnormal choroidal blood 
vessels through BrM into the subretinal space, resulting in exudation, hemorrhage, and ultimately 
fibrotic scarring that damages the macula [104]. While anti-VEGF therapies have transformed the 
management of wet AMD, inter-individual variability in disease progression and treatment response 
remains a significant challenge. This has driven the search for robust biomarkers that can support 
early diagnosis, predict prognosis, guide therapeutic decisions, and monitor disease activity. In 
humans, biomarker discovery has leveraged advances in ocular imaging, molecular profiling of 
ocular and systemic fluids, and genetic analysis, providing a multidimensional understanding of 
disease pathogenesis and progression. 

Retinal and RPE-Choroid Tissue Biomarkers 

Direct sampling of retinal and RPE-choroid tissues in human patients is limited to rare surgical 
specimens or postmortem studies, but advances in non-invasive imaging have enabled the 
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identification of surrogate tissue biomarkers. Spectral-domain optical coherence tomography (SD-
OCT) has become central to the clinical management of wet AMD, offering high-resolution 
visualization of retinal and subretinal structures. Key SD-OCT biomarkers include the presence and 
volume of intraretinal fluid (IRF), subretinal fluid (SRF), and pigment epithelial detachments (PEDs), 
all of which are strongly associated with active neovascularization and worse visual prognosis [105]. 
Quantitative changes in central retinal thickness and the dynamics of fluid compartments are 
routinely used to guide anti-VEGF therapy and assess treatment response [106]. Hyperreflective foci, 
seen as discrete hyperreflective dots within the neurosensory retina, have been linked to activated 
microglia or lipoprotein aggregates and are associated with chronic inflammation, photoreceptor 
degeneration, and progression to fibrosis [107]. Outer retinal tubulations and subretinal 
hyperreflective material are additional OCT features that reflect photoreceptor degeneration and 
chronicity of disease [108]. Beyond OCT, fundus autofluorescence and fluorescein angiography 
provide further insight into RPE health and the extent of neovascularization, although their use as 
quantitative biomarkers is more limited [109]. While direct molecular profiling of retinal tissue is rare 
in humans, transcriptomic and proteomic studies of surgically excised neovascularization 
membranes have revealed upregulation of angiogenic (VEGFA), inflammatory (CCL2, CXCL9), and 
extracellular matrix remodeling genes (THBS2, MMPs), mirroring findings in animal models [110] 
(Figure 5). 

Blood, Plasma, and Serum Biomarkers 

Systemic biomarkers, particularly circulating miRNAs, have emerged as promising minimally 
invasive tools for wet AMD. Multiple studies have identified distinct miRNA signatures in whole 
blood, plasma, and serum of patients with neovascular AMD. For example, elevated levels of miR-
27a-3p, miR-29b-3p, and miR-195-5p have been reported in whole blood, while miR-23a-3p, miR-30b, 
miR-191-5p, and miR-223-3p are upregulated in peripheral blood nuclear cells [67] (Figure 5). 
Conversely, miR-16-5p, miR-17-3p, miR-150-5p, and miR-155-5p are downregulated in wet AMD 
compared to healthy controls [67]. In plasma, increased miR-16-5p, miR-30b, and miR-191-5p, along 
with decreased miR-23a-3p, have been observed, with several miRNAs (such as miR-26b-5p and miR-
27b-3p) appearing specific to the neovascular form of the disease [111]. Serum analyses have revealed 
reduced levels of miR-34a-5p, miR-126-3p, miR-145-5p, and miR-205-5p, some of which target 
VEGFA, the principal driver of neovascularization [92] (Figure 5). These miRNAs are functionally 
implicated in angiogenesis, inflammation, and extracellular matrix remodeling, and their 
conservation between human patients and animal models underscores their translational potential. 

Beyond miRNAs, systemic markers of inflammation and oxidative stress have been investigated 
in wet AMD. Elevated plasma levels of CRP, complement activation fragments (e.g., C3a, C5a), and 
pro-inflammatory cytokines (such as IL-6 and TNF-α) have been associated with increased risk and 
activity of neovascular AMD, reflecting the role of systemic immune dysregulation in disease 
pathogenesis [112] (Figure 5). Markers of oxidative stress, including malondialdehyde and advanced 
glycation end products, are also elevated in AMD patients, supporting the contribution of chronic 
oxidative injury to retinal degeneration [113]. 

Tear Fluid Biomarkers 

Tear fluid has recently gained attention as a non-invasive source of biomarkers for wet AMD. 
Elevated concentrations of VEGF have been detected in the tears of patients with active neovascular 
AMD, paralleling findings from preclinical models [68] Tear VEGF levels correlate with intraocular 
disease activity and may exhibit sex-specific differences, suggesting potential for personalized 
disease monitoring [68] (Figure 5). The accessibility and repeatability of tear sampling make it 
particularly attractive for longitudinal studies and for assessing therapeutic response in clinical 
settings. Other tear-based markers, such as inflammatory cytokines and matrix metalloproteinases, 
are under investigation, but their diagnostic and prognostic value in AMD remains to be fully 
established [68]. 
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Aqueous and Vitreous Humor Biomarkers 

Analysis of intraocular fluids, particularly aqueous and vitreous humor, has provided direct 
evidence of the molecular milieu associated with wet AMD. VEGF levels are consistently elevated in 
both aqueous and vitreous samples from patients with neovascular AMD, reflecting ongoing 
angiogenic activity and forming the basis for anti-VEGF therapeutic strategies [114]. In addition to 
VEGF, increased concentrations of fibrotic mediators such as thrombospondin 2 (THBS2), as well as 
various interleukins and matrix metalloproteinases (MMP-9), have been reported [115,116] (Figure 
5). These factors are involved in tissue remodeling, inflammation, and fibrosis, processes central to 
disease progression and vision loss. Proteomic analyses of vitreous samples have further identified 
dysregulation of proteins involved in complement activation, lipid metabolism, and extracellular 
matrix turnover, highlighting the complex molecular environment of the neovascular retina [117]. 

Genetic Biomarkers 

Genetic association studies have identified several robust risk loci for AMD, most notably single 
nucleotide polymorphisms in the CFH gene and the ARMS2/HTRA1 locus (Figure 5). These variants 
account for a substantial proportion of the heritable risk for AMD and are increasingly used to stratify 
patients in both clinical and research settings [6]. Additional genetic markers under investigation 
include variants in genes involved in lipid metabolism (e.g., APOE, LIPC), extracellular matrix 
regulation (e.g., TIMP3), and angiogenic signaling pathways (e.g., VEGFA), further expanding the 
landscape of genetic risk assessment in AMD [118–120] (Figure 5). Polygenic risk scores integrating 
multiple loci are being developed to improve predictive accuracy for disease onset and progression 
[121]. 

Gut Microbiome Biomarkers 

Emerging evidence suggests that the gut microbiome may influence AMD pathogenesis in 
humans, as in animal models. Distinct microbial signatures and metabolite profiles have been 
associated with AMD risk, although the clinical application of stool-based biomarkers remains in its 
infancy [47]. Studies have reported alterations in the relative abundance of specific bacterial genera, 
such as increased Lachnospiraceae and decreased Bacteroidetes, in AMD patients compared to controls 
(Figure 5). These microbial shifts may modulate systemic inflammation and immune responses, 
ultimately impacting retinal health through the gut-retina axis [122]. 

Collectively, these findings demonstrate that wet AMD in humans is associated with a diverse 
array of biomarkers detectable through advanced imaging, systemic and ocular fluid analysis, and 
genetic profiling. Many of these biomarkers are conserved across preclinical models and human 
disease, supporting their utility in translational research and personalized medicine for AMD [68]. 
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Figure 5. Schematic representation of the main findings regarding biomarkers in human wet AMD using ocular 
tissues/fluids as a source. Created using BioRender.com. 

Comparative Analysis of Biomarker Profiles in Chemically Induced Models and Human Dry AMD 

Comparative analyses between chemically induced mouse models and human dry AMD 
revealed substantial overlap in biomarker profiles across species and systems. For example, oxidative 
stress markers such as 8-OHdG and lipid peroxidation products like 4-HNE and CEP are consistently 
elevated in both human AMD donor tissues and chemically treated animal models [75]. Similarly, 
upregulation of pro-apoptotic markers (cleaved caspase-3, Bcl-2-associated X protein) and 
inflammatory cytokines (IL-6, TNF-α, MCP-1) is observed in the retina and plasma of AMD patients 
as well as in NaIO₃ and MNU models [24]. Matrix metalloproteinases (MMP-2, MMP-9) involved in 
BrM remodeling are also dysregulated across both settings [84]. Furthermore, complement activation 
(e.g., C3, Factor B), systemic oxidative stress markers (MDA, 8-OHdG), and specific microRNAs such 
as miR-21 and miR-146a are common to both human AMD and chemically induced models 
[33,90,123]. While direct proteomic profiling of tear fluid and intraocular humors has been 
extensively performed in AMD patients, such analyses remain limited or absent in mouse models. 
Nonetheless, gut microbiota alterations and reduced SCFA levels observed in NaIO₃-treated mice 
closely mirror findings in human dry AMD, supporting the relevance of the gut-retina axis in disease 
progression [35,102]. 

Comparison of Biomarker Findings in the Genetic Mouse Model and Human Dry AMD 

Comparative studies between genetic mouse models and human dry AMD have revealed 
substantial overlap in molecular biomarkers associated with disease pathogenesis, particularly in the 
areas of oxidative stress, complement activation, and inflammation. In both human donor eyes and 
mouse models such as Sod⁻/⁻ and Sod2 knockdown, oxidative stress biomarkers, including 4-HNE, 8-
OHdG, and CEP adducts, are elevated in the retina and RPE-choroid complex, reflecting conserved 
mechanisms of photoreceptor and RPE damage [41,42,124]. Pro-inflammatory cytokines such as IL-
6, IL-1β, and TNF-α are consistently upregulated in both human dry AMD tissues and inflammatory 
mouse models like Irak3⁻/⁻, supporting a shared inflammatory signature [38,39,50]. However, 
discrepancies remain; for instance, while human studies report elevated plasma CRP and systemic 
oxidative markers, these are not consistently measured in mouse models due to sampling limitations. 
Additionally, features like geographic atrophy, a hallmark of late-stage dry AMD in humans, are 
incompletely replicated in mice. Nevertheless, the convergence of key biomarkers across species 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 July 2025 doi:10.20944/preprints202507.2645.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.2645.v1
http://creativecommons.org/licenses/by/4.0/


 16 of 23 

 

underscores the translational value of murine models for elucidating mechanisms and testing 
potential therapies in dry AMD. Emerging evidence from both human studies and genetic mouse 
models supports a critical role for the gut microbiota in modulating AMD, particularly through 
biomarkers linked to inflammation, complement activation, and metabolic imbalance. In human 
AMD patients, especially those with nAMD, gut microbiome profiling has revealed an increased 
Firmicutes/Bacteroidetes (F/B) ratio, reduced microbial diversity, and enrichment of pro-inflammatory 
taxa such as Proteobacteria, Actinobacteria, and Clostridiales [53,54,125]. These microbial shifts are often 
accompanied by decreased levels of SCFA-producing bacteria, such as Akkermansia muciniphila and 
Ruminococcaceae, which are known to maintain gut barrier integrity and regulate immune responses. 
Remarkably, similar dysbiotic signatures have been observed in genetically modified mouse models, 
such as Cfh⁻/⁻, Cfh-H402H, and C3⁻/⁻ mice, particularly when combined with high-fat or high-glycemic 
diets [47,53,54,72]. These models demonstrate elevated F/B ratios, loss of A. muciniphila, and increased 
abundance of Negativicutes and Clostridiales, echoing the gut microbial imbalances seen in AMD 
patients [53,103,126]. Furthermore, certain CFH genetic variants in humans have been correlated with 
specific microbiome alterations, suggesting a gene–microbiota interaction that may influence 
systemic inflammation and complement dysregulation [53,126]. Collectively, these findings 
underscore the potential of gut microbiota-derived biomarkers, detectable in stool or plasma, as non-
invasive indicators of AMD risk and progression, while also highlighting the value of murine models 
for mechanistic studies of the gut-retina axis. 

Comparison of Biomarker Findings in the Mouse Model and Human Wet AMD 

The laser-induced neovascularization in mice and human wet AMD share fundamental 
pathological features, including abnormal angiogenesis, inflammation, and extracellular matrix 
remodeling, which are reflected in their biomarker profiles. Both systems exhibit marked 
upregulation of VEGF, a critical driver of neovascularization targeted by current therapies [127]. 
Inflammatory chemokines such as CCL2 and CXCL9 are elevated in both the mouse model and 
human disease, facilitating immune cell recruitment and sustaining a pro-inflammatory 
microenvironment [128,129]. Similarly, proteins involved in extracellular matrix remodeling, 
including HBS2 and matrix metalloproteinases, are increased, contributing to fibrosis and tissue 
remodeling in both contexts [115,130]. At the systemic level, miRNAs dysregulated in the blood and 
ocular tissues of mice, such as miR-155 and miR-126-3p, have also been identified in the plasma or 
serum of patients with wet AMD, supporting their conserved role as regulators of angiogenesis and 
inflammation [67]. Elevated VEGF levels in ocular fluids, including aqueous humor, vitreous, and 
tear fluid, are consistently observed in both models, underscoring their translational relevance as 
minimally invasive biomarkers [68]. Additionally, oxidative stress markers and complement 
activation components are implicated in disease pathogenesis in both species [131]. 

Despite these parallels, important differences limit the direct translation of findings from the 
mouse model to human disease. Anatomically, mice lack a macula, the specialized central retinal 
region predominantly affected in human AMD, restricting the model’s ability to fully replicate the 
spatial and functional consequences of macular pathology [132]. The laser-induced 
neovascularization represents an acute injury with rapid lesion formation and resolution, whereas 
human wet AMD is a chronic, progressive disorder characterized by sustained low-grade 
inflammation and gradual tissue remodeling over years [55]. Species-specific differences in immune 
system regulation, lipid metabolism, and extracellular deposit formation further complicate direct 
comparisons. Notably, mice do not develop drusen, the extracellular deposits that are hallmark 
features of early and intermediate human AMD but instead accumulate basal laminar deposits with 
only partial compositional overlap [40]. The complexity of gene expression changes in human AMD, 
influenced by genetic risk factors such as variants in CFH and ARMS2/HTRA1 and environmental 
exposures, is not fully recapitulated in the mouse model [133]. Furthermore, systemic biomarker 
profiles in humans are affected by aging, comorbidities, and genetic diversity, factors that are 
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controlled or absent in laboratory mice, which may result in species-specific differences in circulating 
miRNAs and protein biomarkers [134]. 

Conclusions 

The identification and validation of reliable biomarkers are crucial for improving the diagnosis, 
monitoring, and treatment of AMD, particularly in its dry form, which still lacks curative therapies. 
Different biomarkers, linked to oxidative stress, inflammation, complement activation, extracellular 
matrix remodeling, angiogenesis, and gut microbiota alterations, are conserved across human AMD 
and preclinical models, including genetically engineered mice, chemically induced models, and laser-
induced neovascularization. Each model captures specific aspects of disease pathophysiology; 
chemically induced models offer a reproducible platform for dissecting molecular mechanisms. A 
notable overlap in biomarker signatures across retina/RPE–choroid tissue, blood, aqueous and 
vitreous humor, tear fluid, and feces emphasizes their translational relevance. Nonetheless, 
limitations persist, especially concerning the analysis of body fluids in animal models and the 
incomplete representation of human macular anatomy and disease chronicity. While the mouse 
model shares key angiogenic, inflammatory, and remodeling features with neovascular AMD, 
anatomical and temporal discrepancies, along with interspecies differences, require careful 
interpretation [67]. Thus, although preclinical models remain indispensable for mechanistic and 
biomarker discovery, their findings must be validated in human cohorts to ensure clinical 
applicability. Ultimately, integrating experimental and patient-derived data will advance the 
development of non-invasive, accessible, and personalized biomarker-driven strategies for AMD 
management. 
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