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Editorial on the Research Topic
 Regulation of inflammation and metabolism in retinal neurodegenerative disorders





Inflammation and metabolic alterations are two significant contributors to retinal degenerative disorders (RD) including diabetic retinopathy (DR), retinopathy of prematurity (ROP), glaucoma, and age-related macular degeneration (AMD). To facilitate research on new potential therapeutic targets, in this Research Topic we highlighted the role of inflammation and metabolism, as well as their interaction in disease progression.


Inflammation

DR and AMD are leading causes of vision loss in working-age adults and seniors, respectively (Bressler, 2004; Lee et al., 2015). DR initially manifests with cellular features of an inflammatory phenotype and reduced retinal blood flow due to arteriopathy, leading to hypoxia. Ischemia and reperfusion (I/R) injury can be used to model the hypoxic condition and screen therapeutic approaches to inhibit DR (Zheng et al., 2007). Goit et al. showed that anti-inflammatory α-melanocyte-stimulating hormone (α-MSH) alleviated I/R-induced retinal damage in diabetic mice under hyperglycemic condition. A follow-up study in non-diabetic conditions is warranted to better understand the mechanism, and local vs. systemic effects α-MSH should be clarified.

The degeneration of retinal pigment epithelium (RPE) cells results in the death of photoreceptors and to the loss of central vision in AMD (Kauppinen et al., 2016). Wong et al. provided an update about the interplay of RPE dysfunction and the innate immune system in AMD. It has long been held that the healthy eye is an immune-privileged environment and the subretinal space is devoid of microglia/macrophages. However, following the RPE damage, circulating mononuclear phagocytes (MP) can infiltrate into the subretinal space. The accumulation of MPs is likely meant to be a defense mechanism resulting in low-grade inflammation, called para-inflammation, maintaining tissue homeostasis. However, if the normal inflammation resolution mechanism fails, for instance, due to abnormal complement function, inflammation can shift from beneficial para- to detrimental pro-inflammatory state. Accordingly, MP factors that maintain the adaptive para-inflammation in aging RPE vs. those that trigger an overt pro-inflammatory response is a promising strategy for developing therapies to slow vision loss in AMD. Certain complement pathway inhibitors have slowed down dry AMD-associated geographic atrophy progression in Phase II trials. However, the clinical risk-to-benefit profile of these approaches requires close monitoring (Lin et al., 2021; Tolentino and Tolentino, 2022). Tao et al. reviewed the role of receptor-interacting protein kinase (RIPK)-dependent necroptosis in RD. Accumulating data from experimental models suggest that RIPK inhibition can reduce inflammation and necroptosis, phenomena that enhances each other, in various types of RD, including dry AMD. More research is needed to understand whether RIPK-dependent necroptosis could be a feasible drug target in AMD and/or other types of RD.

In retinal disorders, such as AMD, RPE cells suffer from the dysfunctionality of autophagy and mitochondria both of which contribute to the induction of inflammation and disturbed cellular metabolism (Kauppinen et al., 2016). Liu et al. suggested that suppressor of cytokine signaling 2 promotes autophagy activation by regulating glycogen synthase kinase 3β and mammalian target of rapamycin. Autophagy and inflammation are known to regulate each other in RPE cells and therefore autophagy activation could reduce inflammation (Kauppinen et al., 2016). Shu et al. demonstrated that the central pro-inflammatory cytokine tumor necrosis factor-alpha (TNF-α) enhanced inflammation and disturbed glycolysis and mitochondrial morphology in primary human RPE cells, suggesting an interaction between inflammation and metabolism. They also showed that the pre-treatment of RPE cells with dimethyl fumarate (DMF) prevented TNF-α-induced mitochondrial dysfunction and morphological abnormalities. In an animal model of Parkinson's disease, DMF protected the brain by activating autophagy and modulating neuroinflammation (Lastres-Becker et al., 2016). DMF has been associated with autophagy activation in human RPE cells (Catanzaro et al., 2020).



Metabolism

Metabolic alterations in the neural retina and the supporting cells (glia and RPE) contribute to retinal abnormalities including retinal vessel regression and proliferation (Joyal et al., 2018; Fu et al., 2019, 2021). Nilsson et al. provided an insight into the serum metabolome of extremely premature infants, which changed substantially in the neonatal period. No significant association between serum metabolome and retinopathy of prematurity and bronchopulmonary dysplasia was identified. Interestingly, circulating lipid and amino acid profile correlated with enteral energy intake. Further exploration of enteral vs. parenteral energy intake on premature complications is needed to personalize nutritional management in premature infants during the neonatal period. Shahandeh et al. summarized retinal iron metabolism and the clinical phenotypes of retinal changes including drusen-like deposits and progressive loss of visual function in iron disorders. Experimental studies also showed RPE damage and retinal dysfunction in mouse mutants with systemic iron loading and in mice with administration of exogenous iron. Further understanding of retinal pathology in systemic iron loading disorders is needed to develop therapies aimed at restoring retinal iron homeostasis. Pappenhagen et al. found that primary rat optic nerve head astrocytes had increased glycolysis under stretch stress, mimicking those findings that have been seen in glaucoma. Interestingly, the dependency of pyruvate and fatty acid as mitochondrial fuel increased in stretched optic nerve head astrocytes. Further validation in animal models in vivo would solidify the finding.



Clinical features and animal models of eye diseases

The increasing recognition that animals develop retinal diseases with similar traits to humans has provided a means for testing possible treatments and successful gene therapy trials. These animal models provided much insight into the underlying pathological mechanisms. Qiang et al. summarized the clinical, multimodal imaging, and pathological features of Type 3 macular neovascularization (MNV3), described the diversity of animal models, and compared their strengths and limitations. These models have revealed the roles of retinal hypoxia, inflammation, lipid metabolism, von Hippel–Lindau (VHL)–hypoxia-inducible factor (HIF) pathway, and retinoblastoma tumor suppressor (Rb)–E2F cell cycle pathway in the development of MNV3.

Collectively, this Research Topic includes original research and review articles regarding the contribution of inflammation and metabolic alterations to retinal disorders. Improved understanding of the disease mechanisms is indispensable to the exploration of new potential therapeutictargets.
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Type 3 macular neovascularization (MNV3), or retinal angiomatous proliferation (RAP), is a distinct type of neovascular age-related macular degeneration (AMD), which is a leading cause of vision loss in older persons. During the past decade, systematic investigation into the clinical, multimodal imaging, and histopathological features and therapeutic outcomes has provided important new insight into this disease. These studies favor the retinal origin of MNV3 and suggest the involvement of retinal hypoxia, inflammation, von Hippel–Lindau (VHL)–hypoxia-inducible factor (HIF)–vascular endothelial growth factor (VEGF) pathway, and multiple cell types in the development and progression of MNV3. Several mouse models, including the recently built Rb/p107/Vhl triple knockout mouse model by our group, have induced many of the histological features of MNV3 and provided much insight into the underlying pathological mechanisms. These models have revealed the roles of retinal hypoxia, inflammation, lipid metabolism, VHL/HIF pathway, and retinoblastoma tumor suppressor (Rb)–E2F cell cycle pathway in the development of MNV3. This article will summarize the clinical, multimodal imaging, and pathological features of MNV3 and the diversity of animal models that exist for MNV3, as well as their strengths and limitations.

Keywords: age-related macular degeneration (AMD), animal model, Type 3 macular neovascularization, retinal angiomatous proliferation (RAP), multimodal imaging, von Hippel – Lindau, hypoxia inducible factor (HIF), retinoblastoma gene (Rb1)


INTRODUCTION

Type 3 macular neovascularization (MNV3) is a unique form of late-stage age-related macular degeneration (AMD), which has been discovered three decades ago, but its pathogenic mechanism is still elusive.


Age-Related Macular Degeneration

Age-related macular degeneration is the leading cause of legal blindness in aged individuals in developed countries (Klein et al., 2002; Mitchell et al., 2018; Fleckenstein et al., 2021). AMD is a multifactorial disease related to aging, genetic susceptibility, and environmental risk factors. AMD affects photoreceptors, retinal pigment epithelium (RPE), Bruch membrane, and the choriocapillaris around the macular area (Fleckenstein et al., 2021). A systematic review showed that ∼8.7% of the worldwide population has AMD; there are nearly 196 million AMD patients all over the world in 2020, and this number will increase to ∼288 million in 2040 (Wong et al., 2014). According to the characteristics of the disease, AMD can be divided into two types: dry AMD and wet AMD (Ferris et al., 2013). Dry AMD accounts for about 85%, manifested as degeneration of RPE cells and photoreceptors; in severe cases, geographic atrophy (GA) forms. Wet AMD, also known as neovascular AMD (nAMD), accounts for about 15%, manifested as macular neovascularization (MNV). More than 80% of patients blinded by AMD are due to wet AMD (Miller, 2013). Clinically, AMD can be classified as early-stage (medium-sized and large drusen, pseudodrusen, and/or retinal pigment anomalies) and late-stage (nAMD and GA) (Klein et al., 2014; Mitchell et al., 2018).

Traditionally, nAMD is considered choroidal neovascularization (CNV) and is divided into occult (type 1) and classical (type 2) CNV (Macular-Group., 1991). Type 1 CNV refers to neovascular vessels confined to the sub-RPE space, and Type 2 refers to vessels proliferating above the RPE in the subretinal space (Gass, 1997). Recently, nAMD is renamed as MNV and classified into type 1 MNV, type 2 MNV, and type 3 MNV; polypoidal choroidal vasculopathy (PCV) is considered a subtype of type 1 MNV (also called aneurysmal type 1 neovascularization) (Spaide et al., 2020). Type 1 MNV is the occult (type 1) CNV, type 2 MNV is the classical (type 2) CNV, and type 3 MNV is retinal angiomatous proliferation (RAP) (Spaide et al., 2020).



Type 3 Macular Neovascularization

Type 3 macular neovascularization is an important subtype of nAMD (Figure 1), different from the type 1 or type 2 MNV as mentioned earlier (Yannuzzi et al., 2001; Freund et al., 2008). It was first reported in 1992, in which unusual RPE detachments were associated with retinal vessels that dove down into the deep retina and formed an angiomatous lesion (Hartnett et al., 1992). Kuhn et al. (1995) also described similar lesions by fluorescein and indocyanine green angiography and termed such lesions as chorioretinal anastomosis. Subsequently, it has also been referred to as deep retinal vascular anomalous complexes (RVACs) (Hartnett et al., 1996). Based on their clinical observation of 143 AMD eyes with intraretinal neovascularization (IRN), Yannuzzi et al. (2001) named this disease as RAP to suggest an intraretinal origin and proposed a three-stage model of progression including IRN (stage 1), subretinal neovascularization (SRN; stage 2), and CNV (stage 3). Gass et al. (2003) proposed a different explanation and suggested the term occult chorioretinal anastomosis (OCRA) to emphasize the choroidal origin of the intraretinal complex. Lacking a definitive sequential histopathologic evidence of its intraretinal vs. choroidal origin, in 2008, type 3 neovascularization was proposed for this entity (Freund et al., 2008) to emphasize the intraretinal location of the vascular complex and distinguish this type from type 1 and type 2 CNV previously described (Gass, 1997) rather than the clinically debated origins (Yannuzzi et al., 2008). MNV3 is the consensus term for this disease entity now (Spaide et al., 2020).
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FIGURE 1. Schematic showing type 1, type 2, and type 3 MNV. (A) Type 1 MNV is an ingrowth of vessels originating from the choriocapillaris into the sub-RPE space. (B) Type 2 MNV is the proliferation of new vessels arising from the choroid into the subretinal space. (C) Type 3 MNV is a downgrowth of vessels from the retinal vascular plexus toward the outer retina. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; MNV, macular neovascularization.




Epidemiology of Type 3 Macular Neovascularization

Type 3 macular neovascularization accounts for 15–20% of nAMD patients in white populations (Yannuzzi et al., 2008) and 4.5–11.1% among Asians (Song et al., 2009). When dye-based angiography and optical coherence tomography (OCT) were combined to identify lesion composition, MNV3 was found to be the presenting lesion type in 34.2% of eyes with newly diagnosed nAMD (Jung et al., 2014; Li et al., 2018). MNV3 usually occurs in individuals older than 75 years and is popular in women; the male-to-female ratio is about 1:2 (Marticorena et al., 2011; Tsai et al., 2017). There is a tendency toward bilateral involvement. It was found that 40% of the patients with unilateral MNV3 developed an MNV3 lesion in the fellow eye by 1 year, 56% by 2 years, and 100% by 3 years (Gross et al., 2005). The risk of fellow-eye involvement in MNV3 patients is significantly higher than that in typical nAMD patients (Yannuzzi et al., 2001).



Clinical Features of Type 3 Macular Neovascularization

The main clinical signs of MNV3 include superficial intraretinal hemorrhages and edema, hard exudates, pigment epithelial detachment (PED), and reticular pseudodrusen (RPD) (Maruko et al., 2007; Berenberg et al., 2012; Ueda-Arakawa et al., 2013; Kim et al., 2014, 2015; Ravera et al., 2016; Tsai et al., 2017). The combination of intraretinal hemorrhages, hard exudates, and PED is strongly associated with the presence of a connection between the retinal vasculature and the neovascular complex (Donati et al., 2006). The presence of small retinal hemorrhages, macular soft drusen, and RPD is highly predictive of MNV3, and especially intraretinal hemorrhages are a distinguishing feature from typical CNV (Yannuzzi et al., 2001; Kim et al., 2014; Tsai et al., 2017). RPE atrophy, GA, and focal hyperpigmentation are common features in the fellow eyes of MNV3 (Martins et al., 2018). RPD and a large area of soft drusen are risk factors for bilateral MNV3 (Miki Sawa et al., 2014; Marques et al., 2015; Chang et al., 2016).



Classification and Multimodal Imaging of Type 3 Macular Neovascularization

The three-stage classification proposed by Yannuzzi et al. (2001) is the most commonly used classification in clinical studies of MNV3, mainly based on clinical findings, fluorescein angiographic (FA), and indocyanine green angiographic (ICGA) findings (Yannuzzi et al., 2001; Tsai et al., 2017). FA revealed a feeding retinal arteriole dipping toward the RPE, forming “an angiomatous lesion” in the subretinal space. The FA features include intraretinal and subretinal leakage with indistinct margins or a vascularized PED, which simulates an occult (type 1) CNV pattern. With ICGA, the MNV3 is seen as a focal area of intense hyper-fluorescence corresponding to the neovascularization (“hot spot”). There is a late extension of the leakage within the retina from the IRN. Recently, multimodal imaging is also being widely applied in the diagnosis and classification of MNV3, including spectral domain optical coherence tomography (SD-OCT) and OCT angiography (OCT-A) (Ravera et al., 2016; Su et al., 2016).

Optical coherence tomography indicates that MNV3 is a focal hyperreflective lesion in the neurosensory retina with surrounding serous fluid (Brancato et al., 2002; Tsai et al., 2017). On high-resolution SD-OCT, the precursor lesion of MNV3 is punctate hyperreflective foci (HRF) in the outer retina (Nagiel et al., 2015). HRF represents two cell types, RPE cells that migrated into the outer retina and lipid-filled cells (Nagiel et al., 2015; Querques et al., 2015; Li et al., 2018). The IRN corresponded to a hyperreflective mass from the outer plexiform layer to the deeper layers and generally originated outside the fovea avascular zone (Matsumoto et al., 2010). The hyperreflective lesion often developed into sub-RPE within underlying drusen or drusenoid PED (Querques et al., 2013). These findings confirm the intraretinal localization of the MNV3, which is always associated with impressive exudative phenomena such as fluid, RPE elevation, and PED. Disruption of the external limiting membrane (ELM) and intraretinal edema internal to the PED are also common in MNV3 (Tsai et al., 2017). OCT-based classification suggested that the origin of MNV3 is from the deep retinal vascular plexus, followed by a disruption of outer retinal layers and penetration through the RPE (Su et al., 2016).

Spectral domain optical coherence tomography also revealed that the subfoveal choroid of MNV3 lesion is significantly thinner than that of age-matched control eyes (Yamazaki et al., 2014). Subfoveal choroidal thickness is considered a predictor of visual outcome and treatment response after anti-vascular endothelial growth factor (VEGF) treatment for typical exudative AMD. A thick choroid was correlated with a better treatment response (Kang et al., 2014). Anti-VEGF therapy on MNV3 can reduce the choroidal thickness significantly for a short time, and a thick choroid has been associated with a higher rate of recurrence of MNV3 (Kim et al., 2016). Thus, OCT is particularly suitable in planning the treatment of MNV3 and monitoring the disease, especially in the context of anti-VEGF therapy (Politoa et al., 2006; Fleckenstein et al., 2021).

Optical coherence tomography angiography is a non-invasive tool and provides independent analysis of blood flow based on motion contrast in the various retinal and choroidal layers (Fingler et al., 2008; Spaide et al., 2015). High-resolution volumetric blood flow information can be obtained to generate angiographic images in a matter of seconds, but no information on vascular wall integrity can be obtained; thus, OCT-A allows a detailed characterization and detection of MNV3, as the vessel structure is not obscured by dye leakage or dye staining of drusen (Perrott-Reynolds et al., 2019). OCT-A illustrates MNV3 lesions as distinct high-flow, tuft-like capillary networks (Borrelli et al., 2018). In the early stage of MNV3, there are frequently small claw-like lesions, which represent the sub-RPE neovascular tissues, connecting to high-flow, tuft-like lesions (Miere et al., 2015). In some cases, a “feeding” vessel can be observed in the neovascular complexes that communicated with inner retinal circulation (Kuehlewein et al., 2015).

Hyperreflective foci on structural SD-OCT represents a precursor lesion of MNV3 (Su et al., 2016). The relationship between HRF on SD-OCT and flow on OCT-A had also been studied. It was demonstrated that HRF on structural OCT corresponds to a small tuft of vessels on OCT-A but only after the development of intraretinal edema, a sign of active MNV3 (Kuehlewein et al., 2015; Tan et al., 2017). However, for nascent MNV3 lesions, detectable flow on OCT-A corresponded to intraretinal HRF on SD-OCT, although no signs of active MNV3 (i.e., intraretinal fluid or serous PED) were noted (Sacconi et al., 2018). Surprisingly, a recent observation suggested that intraretinal edema is not a sign of active MNV3. In that study, the fellow eyes of MNV3 patients had been monitored by structural SD-OCT and OCT-A. It was found that macular edema could occur before neovascularization, and in eyes with MNV3, there was widespread edema with a greater area than that of neovascularization. The intraretinal edema before the formation of MNV3 lesion may be related to VEGF-mediated retinal vessel leakage (Spaide, 2019). Thus, the relationship between flow on OCT-A, HRF, and intraretinal fluid needs further investigation.



Histopathological Studies of Type 3 Macular Neovascularization

Surgically excised neovascular membranes from MNV3 eyes (a total of 15 specimens) were histopathologically analyzed in two reports (Lafaut et al., 2000; Shimada et al., 2006). It was found that neovascularization was growing out of the neuroretina into the subretinal space (Lafaut et al., 2000). The neovascular masses expressed VEGF and included macrophages and RPE cells. VEGF was also expressed in retinal vessels above the RPE and fibroblasts below the RPE. Hypoxia-inducible factors (HIF-1a and HIF-2a) were expressed in vascular endothelial cells and macrophages (Shimada et al., 2006). None of the cases of stage II lesions showed vascular connections to the choroid, which only was observed in stage III lesions (Shimada et al., 2006). These findings confirm that the initial lesion of MNV3 is IRN, which advances into the sub-RPE space and forms retinochoroidal anastomoses (RCAs).

Postmortem histopathological study of both eyeballs with MNV3 from an 87-year-old woman showed intraretinal vascular complexes in the outer retina and adjacent to the inner portion of the Bruch membrane. The complex had a circumscribed mass of endothelial cells and was surrounded by an eosinophilic matrix. The RPE cells enveloped the lesion. Cells of the angiomatous lesion expressed VEGF, although not as strong as the adjacent neurosensory retina. The RPE was also strongly positive for VEGF, but the choroid exhibited little VEGF expression (Monson et al., 2008; Klein and Wilson, 2011). Similar retinal glomerular angiomatous lesions with encapsulation are also reported in two MNV3 eyes with hematoxylin and eosin (H&E) staining (presented in Figure 1-supplement 4 of Luo et al., 2013). In one eye with MNV3, the glomerular IRN lesion had decreased expression of soluble vascular endothelial growth factor receptor 1 (sVEGFR1) (Luo et al., 2013). Interestingly, the above described retinal glomerular angiomatous lesion with encapsulation in four MNV3 eyes is similar to the concentric layers of proliferating endothelial cells induced by intravitreal injections of VEGF in the eyes of adult primates (Tolentino et al., 1996). It is also similar to the pathological structures of von Hippel–Lindau (VHL) gene mutation-related retinal capillary hemangioblastoma (RCH), which mainly have proliferating-endothelial cells and VHL-deficient foamy (lipid-filled) stromal cells (Park and Chan, 2012).

Postmortem histopathological features of an eye with MNV3 from a 93-year-old man treated with serial ranibizumab injections revealed a vascular complex located from the inner plexiform layer to the inner portion of the Bruch membrane. There were only sparse cells present within the structure of the complex. The RPE monolayer underlying the lesion was disrupted; however, the inner portion of the Bruch membrane was intact. The histopathologic findings corresponded to an area of hyperreflectivity on SD-OCT imaging, confirming the reported tomographic appearance of MNV3 lesions (Skalet et al., 2017).

Serial anti-VEGF treatment likely causes the decreased cellularity in the MNV3 lesion. Postmortem histopathological study of an eye with MNV3 from an 86-year-old woman treated with six intravitreal injections of bevacizumab revealed similar results (Li et al., 2018). High-resolution epoxy resin histologic results indicated that the retinal vascular complex was implanted into the sub-RPE basal laminar deposit. No connection between the choriocapillaris and the sub-RPE space was observed. Both RPE-derived and lipid-filled cells were correlated with clinical intraretinal hyperreflective foci. The sub-RPE space contained macrophages, lymphocytes, Müller cell processes, and subducted RPE cells (Li et al., 2018). The lipid-filled cells are similar to foamy cells found in RCH, which may indicate deregulated lipid metabolism and the VHL–HIF hypoxia pathway (Park and Chan, 2012; Wei et al., 2019).

These pathological studies are consistent with the multimodal imaging findings (Borrelli et al., 2018) and reinforce the proposed retinal (but not choroidal) origin of MNV3 and suggest the involvement of retinal hypoxia, inflammation, and multiple cell types (such as photoreceptors, Müller cells, RPE cells, macrophages, microglial cells, lipid-filled cells, and fibroblasts) in the development and progression of MNV3. The expression of VEGF/HIFs in the MNV3 lesion and/or surrounding cells (Shimada et al., 2006), decreased expression of sVEGFR1 in the MNV3 lesion (Luo et al., 2013), the structure of glomerular IRN (Monson et al., 2008; Klein and Wilson, 2011; Luo et al., 2013), and the existence of intraretinal lipid-filled cells beside IRN (Li et al., 2018) support the idea that the VHL–HIF–VEGF hypoxia pathway mediates the pathogenesis of MNV3.



Anti-vascular Endothelial Growth Factor and Anti-inflammation Therapy of Type 3 Macular Neovascularization

Before the advent of intravitreal anti-VEGF therapy, treatment outcomes were generally poor. Most MNV3 patients declined to 20/200 or worse visual acuity because of subretinal fibrosis or disciform scar formation (Bottoni et al., 2005). Thus, MNV3 was considered a particularly treatment-resistant form of AMD (Scott and Bressler, 2009), which may not be true now.

Intravitreal injection of triamcinolone acetonide (IVTA) in combination with photodynamic therapy (PDT) or focal laser photocoagulation is an option for treating retinal neovascularization before the advent of anti-VEGF therapy. Triamcinolone can suppress the inflammation cascade and reduce intraretinal vascular leakage. PDT/IVTA treatment had been used in many clinical studies treating MNV3, especially for stages II and III MNV3 (Gupta et al., 2010). The results were generally promising, as many eyes had stable or improved visual acuity or had complete resolution of vessel leakage (Freund et al., 2006; Montero et al., 2009). A study with a 3-year follow-up compared the therapeutic effects between anti-VEGF alone, PDT with anti-VEGF, and PDT with IVTA treatment of MNV3. Vision improved only in the group treated with PDT/IVTA, although the group treated with PDT/anti-VEGF had the best anatomical outcome. However, more patients who received IVTA developed GA and underwent cataract surgery (Rouvas et al., 2012).

Anti-VEGF therapy has achieved favorable outcomes in MNV3, especially if treatment was initiated during the early stage of the disease (stages I and II). Early diagnosis of MNV3 is possible using multimodal imaging such as OCT/OCT-A now. For instance, 1 year after anti-VEGF treatment, the communication between deep retinal capillaries and the RPE/sub-RPE space on OCT-A disappeared, while the neovascular tuft persisted at the level of the deep retinal capillaries (Miere et al., 2017; Sacconi et al., 2021). Anti-VEGF treatment induced about 70% complete occlusion of the lesion at 2–3 years, and stable or improved visual acuity was obtained in 95% and 100% of eyes at 2 years and 3 years, respectively (Gharbiya et al., 2014).

However, anti-VEGF therapy can induce the development of GA and RPE rip. The long-term visual outcome of stage III lesions is still poor (Daniel et al., 2016), and recurrences are common after the cessation of treatment (Baek et al., 2016). In stage III, the lesion showed persistent leakage after treatment, and the rate of lesion occlusion is low (Malamos et al., 2018). Patients with MNV3 who had no lesion on an OCT-A scan after anti-VEGF treatment showed a lower recurrence rate and maintained visual acuity with fewer injections than those with persistent high-flow lesions on an OCT-A scan (Han et al., 2020). The incidence rate of massive subretinal hemorrhage increased steadily with time for stage III MNV3 (Lee et al., 2017; Han et al., 2020). The early sign of recurrence is detectable flow deepening from the deep retinal capillaries to the RPE/sub-RPE space using OCT-A (Sacconi et al., 2021).



ANIMAL MODELS OF TYPE 3 MACULAR NEOVASCULARIZATION

While epidemiological, pathological, multimodal imaging and therapeutic studies in humans have provided important clues toward the potential causes of MNV3, elucidation of its underlying mechanisms has only been possible using experimental animal models. Based on the pathological studies, retinal hypoxia and inflammation are obviously involved in the development of MNV3 through multiple cell types. Currently, there are seven major types of mouse model commonly used in the field, including three models directly related to the hypoxia pathway (retina-specific VhlKO mice, Vegf overexpression, and sVEGFR1 knockout in mouse photoreceptors), two models related to abnormal lipid metabolism (Vldlr–/– mice and Cyp27a1–/– mice), one model related to cell migration pathway (endothelial cell-specific Srf knockout mice), and RNV3 (JR5558) mice that have mutations in genes regulating retinal polarity and inflammation (Table 1).


TABLE 1. Animal models of MNV3.
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Retina-Specific Vhl Knockout Mice With or Without Rb Gene Knockout

As discussed above, the expression of VEGF/HIFs in MNV3 lesions and surrounding cells (Shimada et al., 2006) and the decreased expression of sVEGFR1 in MNV3 lesions (Luo et al., 2013) support the idea that the VHL–HIF–VEGF hypoxia pathway mediates the pathogenesis of MNV3. HIF is the master regulator of the response to hypoxia because HIF-α induces the transcription of genes involved in hypoxia adaptation, including erythropoietin (EPO) and VEGF (Schofield and Ratcliffe, 2004; Semenza, 2004). VHL tumor suppressor protein is a component of the E3 ubiquitin ligase complex that targets HIF-α for proteasomal degradation. Human VHL gene mutations cause VHL disease, a multisystem tumor syndrome associated with many tumors, such as brain hemangioblastoma and clear cell renal cell carcinomas (CCRCCs) (Lonser et al., 2003). RCH is the hallmark lesion of ocular VHL disease (Park and Chan, 2012). Histologically, RCH mainly consists of vascular endothelial cells and vacuolated “foamy” lipid-filled stromal cells likely due to VHL deficiency-induced abnormal lipid metabolism, also seen in the CCRCC and liver hemangioblastoma (Haase et al., 2001). The foamy stromal cells are considered the actual tumor cells in the hemangioblastoma (Park and Chan, 2012). These histological features of RCH are similar to the pathological finding of retinal specimens from MNV3 patients, including glomerular IRN (Monson et al., 2008; Klein and Wilson, 2011; Luo et al., 2013) and intraretinal lipid-filled cells beside IRN (Li et al., 2018).

Several retina-specific Vhl knockout mice have been established using different Cre mouse lines and Vhl floxed mice. These studies shed great light on the action of the hypoxia pathway in the retina and elucidate many aspects of the pathogenesis of MNV3. Three studies using Pax6 α-Cre or Chx10-Cre to knockout (KO) Vhl in retinal progenitors found that VhlKO delays the regression of hyaloid vessels and the development of retinal vessels (Kurihara et al., 2010; Lange et al., 2011a) or prompt retinal capillary dropout (Wert et al., 2016). Retinal vessel density was notably reduced in the Cre-expression area, while a few vessels were penetrating the outer nuclear layer (ONL) (Kurihara et al., 2010; Lange et al., 2011a). Both Pax6 α-Cre and Chx10-Cre-mediated VhlKO retinas have upregulated Hif expression, severe retinal degeneration, and reduced electroretinogram (ERG) response. While these phenotypes resemble the early stage of human MNV3, paradoxically, high Hif does not induce extensive angiogenesis as expected but instead inhibits retinal angiogenesis in the murine Vhl null retina. Deleting Vhl in all retinal cells and vascular endothelial cells using UBC-CreER also suppresses retinal angiogenesis (Arreola et al., 2018). The mechanism is unknown, but we figured this out (Wei et al., 2019).

We showed that retinoblastoma tumor suppressor (Rb) constrains the expression of some Hif target genes in the Vhl–/– retina. Deleting Rb induced extensive retinal neovascularization and autophagic ablation of photoreceptors in the Vhl–/– retina. Unexpectedly, triple knockout (Rb/p107/VhlTKO) mice do not develop retinoblastoma as expected (Chen et al., 2004) but generate subretinal vascular growths resembling MNV3 and RCH (Wei et al., 2019). The subretinal MNV3/RCH-like lesions broke the RPE and Bruch membrane to form RCA. Most stromal cells in the MNV3/RCH-like lesions were Sox9+, suggesting a Müller glia origin, and expressed Gal3, a marker of human brain hemangioblastoma (Al-Salam et al., 2013). RNA sequencing revealed that the complement pathway, extracellular matrix pathway, and phosphoinositide 3-kinase (PI3K) pathway are activated (Wei et al., 2019). This model has important implications in understanding the pathogenesis of MNV3, as this model mimics some important environmental risk factors such as smoking, which can inactivate the Rb gene (Dasgupta et al., 2006), and retinal hypoxia, which can inactivate the Vhl gene (Lonser et al., 2003).

Ptf1a-Cre-mediated VhlKO in amacrine and horizontal cells induced overdevelopment of deep and intermediate vascular plexuses without neovascularization (Usui et al., 2015). Two studies knocked out the Vhl gene in rod cells using opsin-Cre (Lange et al., 2011b) or Pde6g-CreERT2 mice (Zhang et al., 2019). Opsin-Cre-induced photoreceptor hypoxia had no noticeable retinal vascular changes but had retinal degeneration at a late stage (Lange et al., 2011b; Barben et al., 2018a). Tamoxifen-induced CreERT2-mediated photoreceptor hypoxia can cause IRN/SRN, resembling the early stage of human MNV3 (Zhang et al., 2019). Knocking out Vhl in cone cells using cone-opsin Cre (BP-Cre) and R91W;Nrl–/– mice demonstrated that cone hypoxia could cause IRN, resembling early MNV3 (Barben et al., 2018b). All major phenotypes of VhlKO in retinal progenitors, amacrine and horizontal cells, rod, and cones can be rescued by Hif1a knockout, but not Hif2a knockout (Kurihara et al., 2010; Usui et al., 2015; Barben et al., 2018a; Barben et al., 2018b). Knocking out Vhl in RPE cells using Trp1-Cre induced IRN, SRN, and RCA, which cannot be rescued by Hif1a knockout, indicating these MNV3-like lesions are mediated by Hif2a (Lange et al., 2012).

These VhlKO models confirm the importance of retinal hypoxia, especially hypoxia of outer retinal cells, including photoreceptors and RPE cells, in the pathogenesis of MNV3. The Rb–E2F pathway can modulate the hypoxia response by regulating the expression of some Hif target genes. Only the Rb/p107/Vhl TKO model and RPE-specific VhlKO model can induce stage III MNV3.



Rho/VEGF and IRBP/VEGF Mice

Transgenic mice with bovine rhodopsin promoter-driven human VEGF165 expression in the photoreceptors (rho/VEGF mice) show focal areas of IRN and SRN originating from the deep capillary bed of the retina and vascular leakage (Okamoto et al., 1997). The VEGF transgene mRNA begins to express at postnatal day 6 (P6) and reaches a constant level between P14 and P21, but VEGF protein is only detected in some photoreceptors in focal areas. IRN lesions form at P14, and abnormal vessels reach the subretinal space by P18. In adult rho/VEGF retinas, blood vessels extend from the inner nuclear layer toward RPE to form an extensive plexus in the subretinal space. The SRN lesions are progressively engulfed by the RPE (Tobe et al., 1998).

Another doxycycline-inducible version of this transgenic mouse was also generated, including rtTA-rho/TRE-VEGF and rtTA-IRBP/TRE-VEGF mice (Ohno-Matsui et al., 2002). At 3 weeks–6 months of age, mice were treated with doxycycline in their drinking water or by daily subcutaneous injection. Doxycycline treatment induced IRN/SRN and tractional retinal detachment. The incidence of these phenotypes and their severity depended on doxycycline dosage (Ohno-Matsui et al., 2002).

These models, which present with features that mimic MNV3, demonstrate that overexpression of VEGF in photoreceptors is enough to induce IRN/SRN rather than CNV as RPE and Bruch membrane are intact. These models are similar to the rod/cone-specific VhlKO models (Barben et al., 2018b; Zhang et al., 2019). They are useful tools for investigating VEGF-induced early changes in the retina and are valuable models to test the effects of some angiogenesis inhibitors on retinal neovascularization (Liu et al., 2017).



Photoreceptor-Specific VEGFR1 Knockout Mice

Retinal neurons can limit angiogenesis by titrating VEGF for vascular endothelial cells by expressing VEGFR1 and VEGFR2 (Luo et al., 2013; Okabe et al., 2014). Reducing the expression of these receptors in retinal neurons may increase the available VEGF molecules for retinal vascular endothelial cells, thus inducing retinal neovascularization.

VEGFR1 (also called FLT-1) is widely expressed in many types of cells, including endothelial cells and neurons, and has diverse biological functions in different cell types. VEGFR1 is alternatively spliced to yield both soluble (sVEGFR1) and membrane-tethered (mVEGFR1) isoforms. Both isoforms bind VEGF-A with 10-fold higher affinity than VEGFR2, but mVEGFR1 has weak kinase activity in endothelial cells (Boucher et al., 2017). VEGFR1 acts as a decoy receptor by binding VEGFA and reducing VEGFR2 signaling (Gille et al., 2000); sVEGFR1 or sFLT-1 also saturates VEGFA and reduces VEGFA binding to VEGFR2 (Kendall and Thomas, 1993). VEGFR1 is therefore considered to be a negative regulator of angiogenesis due to its negative regulation of VEGFR2 signaling. VEGFR1–/– mice die at the embryonic stage, associated with aberrant endothelial cell proliferation and formation of disorganized vessels with partially obstructed lumens (Simons et al., 2016). Endogenous sVEGFR1 is both necessary and enough for corneal avascularity (Ambati et al., 2006). Retinal photoreceptors can express sVEGFR1 (Luo et al., 2013); thus, knocking out sVEGFR1 in rods may free VEGF to promote angiogenesis. The iCre-75 mouse is a rod-specific Cre transgenic mouse line, in which 4-kb mouse rhodopsin gene promoter drives the expression of Cre recombinase in rods (Li et al., 2005). Indeed, Vegfr1 floxed/iCre-75 mice develop MNV3-like lesions at 1–3 months of age, with a penetrance of about 50–60% (Luo et al., 2013).

Vegfr2 is more abundantly expressed in retinal neurons than in retinal endothelial cells during the first week after birth but gradually decreases as development continues; at P13, only some Müller cells still express Vegfr2 (Okabe et al., 2014). Vegfr2 on retinal neurons can bind and engulf VEGF proteins around neurons. In neuron-specific deletions of Vegfr2 (Pax6 α-Cre, Vegfr2 floxed), free VEGF proteins are markedly increased due to neurons insufficiently engulfing VEGF, which result in misdirected vertical angiogenic growth toward neurons and dense intraretinal vascular plexus. However, this mutant mouse has no MNV3 lesion (Domigan and Iruela-Arispe, 2014; Okabe et al., 2014). A major difference between the sVEGFR1 deletion model (Luo et al., 2013) and the Vegfr2 deletion model (Okabe et al., 2014) is the Cre mouse line, iCre-75 only expresses in rods, but Pax6 α-Cre can express in all retinal cells (Marquardt et al., 2001). These two VEGFR deletion models suggest free VEGF proteins around rods, but not all retinal neurons are critical for MNV3 lesion formation. It would be interesting to see if rod-specific deletion of Vegfr2 can cause MNV3-like lesions.



Very Low-Density Lipoprotein Receptor Null (Vldlr–/–) Mice

The very low-density lipoprotein receptor (Vldlr) gene is one of the functional candidate genes for a significant association with AMD in humans (Haines et al., 2006). Vldlr is an 86-kDa transmembrane protein that belongs to the low-density lipoprotein receptor (Ldlr) family. Vldlr is highly expressed in photoreceptors and can be detected in RPE cells and retinal vascular endothelial cells (Hu et al., 2008; Dorrell et al., 2009; Joyal et al., 2016).

Very low-density lipoprotein receptor null mice (B6;129S7-Vldlrtm1Her/J, Jax Stock No.: 002529) have been shown to develop retinal neovascularization starting at ∼2 weeks of age with 100% penetrance but do not develop dyslipidemia. Normal and heterozygous mice do not have this phenotype (Frykman et al., 1995; Heckenlively et al., 2003; Hu et al., 2008). The progression of retinal lesions resembles human MNV3, including the three stages of IRN, SRN, and CNV or RCA. As early as P12, neovascular vessels from the outer plexiform layer grow into the avascular zone of the outer nuclear layer. From P15–P18, the new vessels gradually extend into the subretinal space. Focal RPE detachment was present in the early stage of SRN. RPE activation and subretinal fibrosis at lesion sites are in the late stage of SRN (Hu et al., 2008). Subretinal hemorrhages are evident by age ∼2 months. However, breaks in the Bruch membrane and RCA are not observed in mice less than 6 months of age, confirming the intraretinal origin of subretinal NV. RCA, secondary photoreceptor degeneration, and regression of the retinal neovascularization can be observed by age ∼8 months (Heckenlively et al., 2003; Li et al., 2007; Hu et al., 2008; Dorrell et al., 2009; Chen et al., 2020).

Fluorescein leakages are first noticeable at 3 weeks of age, and the number of leakage spots continues to increase with age and reaches a maximum level by 6 weeks. Leakage spots begin to reduce significantly after ∼8 months of age and are hardly noticeable at 12 months because of subretinal fibrosis or scarring (Heckenlively et al., 2003; Li et al., 2007; Hu et al., 2008). Although the numbers of subretinal sprouts are reduced in older mice, most intraretinal and subretinal vessels persist throughout the life of the Vldlr–/– mice (Dorrell et al., 2009). The morphology of the neovascular growths transits from initial vascular buds to balloon-shaped bulbs and then to mature angiomatous-like vascular tangles, reminiscent of the glomerular IRN found in postmortem human MNV3 lesions (Hu et al., 2008; Monson et al., 2008; Klein and Wilson, 2011; Luo et al., 2013).

Very low-density lipoprotein receptor null– vascular lesions are associated with Müller glia activation at late stages, as demonstrated by glial fibrillary acidic protein (GFAP) expression, retinal rosette formation, and altered growth factor expression. VEGF and basic fibroblast growth factor (bFGF) expression increases in the photoreceptor layer around the IRN lesion from ∼4 weeks of age (Li et al., 2007). Vldlr–/– mice also develop chronic inflammation in the retina and RPE (Li et al., 2007; Chen et al., 2009; Dorrell et al., 2009). The increased VEGF levels observed in Vldlr–/– mice are initially suggested to be linked to the negative regulatory role of Vldlr on Wnt signaling, which targets VEGF (Chen et al., 2007). However, since Vldlr has important functions in cholesterol homeostasis, lipid metabolism, and transport (Tiebel et al., 1999), it is demonstrated that AAV2-GRK1-shVldlr-mediated Vldlr gene knockdown in photoreceptors alone can develop MNV3-like lesions, suggesting that photoreceptors can not only get energy from glucose but also use fatty acid (FA) β1 oxidation (Joyal et al., 2016). It is demonstrated that impaired fatty acid uptake in Vldlr–/– mice results in a reduction of α-ketoglutarate, which decreases prolyl hydroxylase dehydrogenase activity and promotes the stabilization of Hif-1a. Subsequently, VEGF expressions increase in photoreceptors (Joyal et al., 2016). Thus, dysregulated energy metabolism might drive pathological neovascularization by stabilizing Hif1a and overexpression of VEGFA in Vldlr–/– photoreceptors.

Very low-density lipoprotein receptor is also the receptor of reelin and is essential for reelin signaling in neuronal migration and synaptic plasticity (Lane-Donovan and Herz, 2017). In Vldlr–/– mice, mistargeted neurites of horizontal cells act as a scaffold for growing neovascularization (Johnson et al., 2015). VEGFA produced by RPE cells in Vldlr–/– mice can induce subretinal infiltration of microglia/macrophages, which can migrate into the ONL and promote the formation of subretinal NV (Usui-Ouchi et al., 2020). Thus, overexpression of VEGFA in photoreceptors and RPE cells, mistargeted neurites of horizontal cells, and activated microglial cells are the three major mechanisms of retinal neovascularization in Vldlr–/– mice, which represent the function of Vldlr in lipid metabolism and reelin signaling, respectively.

The unique pathological features in the Vldlr–/– mouse model enable its wide use to investigate the potential mechanisms and treatments of retinal neovascularization, including antioxidants, neurotrophic factors, resveratrol, anti-inflammation, cellular bioenergetics, and transcriptional control (Dorrell et al., 2009; Joyal et al., 2016; Liu et al., 2017). For instance, the role of some pro-inflammatory factors involved in the development of MNV3 was investigated in the Vldlr–/– mouse. The expression of intercellular adhesion molecule (ICAM)-1, interleukin (IL)-18, tumor necrosis factor (TNF)-α, endothelial nitric oxide synthase (eNOS), and cyclooxygenase (COX)2 significantly increased in Vldlr–/– mouse retina and RPE (Li et al., 2007; Chen et al., 2009; Dorrell et al., 2009). Interestingly, the expression level of the suppressor of cytokine signaling 3 (SOCS3) decreased significantly in Vldlr–/– retinas, and daily SR1001 treatment increased the retinal Socs3 expression and significantly inhibited the MNV3 phenotypes (Sun et al., 2015). Furthermore, the expression of the master inflammatory regulator c-Fos increased in Vldlr–/– photoreceptors, which induced IL-6 and TNF expression, activated signal transducer and activator of transcription (STAT)3 and increased TNF-α-induced protein 3 (Tnfaip3) expression. Suppressing c-Fos reduced the pathological neovascularization and rescued visual function in Vldlr–/– mice (Sun et al., 2017; Wang et al., 2020).



Cyp27a1–/– Mice

Different cytochrome P450 (Cyp) enzymes play essential roles in maintaining cholesterol homeostasis, including cholesterol biosynthesis and elimination (Pikuleva, 2006). Cyp27a1 is a ubiquitously expressed mitochondrial sterol 27-hydroxylase that catalyzes the hydroxylation of cholesterol and other sterols at position C27 (Pikuleva, 2006). It is widely expressed in the retina and is the principal cholesterol hydroxylase in the retina where it accounts for the majority of enzymatic cholesterol elimination (Mast et al., 2011; Pikuleva and Curcio, 2014).

In humans, Cyp27a1 deficiency leads to cerebrotendinous xanthomatosis (CTX). CTX is a multi-symptom lipid storage disease whose typical clinical features include neurological dysfunction and tendon xanthomas (Björkhem and Hansson, 2010). CTX patients have some ocular abnormalities, such as juvenile bilateral cataracts, cholesterol-like crystals in the vitreous, premature retinal senescence with drusen and retinal vessel sclerosis, and cholesterol-like deposits along the vascular arcades (Cruysberg et al., 1995). Changes in Cyp27a1–/– mice, however, are less pronounced than those in humans. They lack classic symptoms of CTX, such as cataracts, brain and tendon xanthomas, and atherosclerosis. This may reflect distinct manifestations of sterol 27-hydroxylase deficiency in Cyp27a1–/– mice and CTX patients (Honda et al., 2001). Nevertheless, Cyp27a1–/– mice are associated with MNV3-like lesions, including RCA, and vascular leakage and focal depositions containing cholesterol along the Bruch membrane (Omarova et al., 2012).

Spectral domain optical coherence tomography examination reveals 3–10 small hyperreflective spots in the inferior retina of 6-week-old mutant mice. Most spots do not change with age, although some grow in diameters. Simultaneous disturbances in the outer plexiform layer (OPL) and RPE occur in all studied young Cyp27a1–/– mice. At 11 months old, large hyperreflective spots can be determined, and blends between the retinal and choroidal circulations can be found by the Doppler flow of SD-OCT. By 12 months, 63% of Cyp27a1–/– females and 84% of Cyp27a1–/– males have at least 1–2 large hyperreflective spots in both eyes. Histologically, small OPL hyperreflective spots are abnormally dilated blood vessels at 6 weeks old, and OPL disruption and torsion near the inner nuclear layer (INL)/OPL interface at 8 months old. Large lesions represent the formation of RCA involving blood vessels between the INL and choroid at 11 months old. Activated Müller cells can be observed along with the RCA also in the whole retina. Notably, focal lipid depositions along the Bruch membrane, similar to soft drusen and basal linear deposits in AMD, can be found. Pimonidazole labeling and Hif-1a staining suggest retinal and choroidal hypoxia in the Cyp27a1–/– mice, while the mechanism is still unknown (Omarova et al., 2012).

Unlike Vldlr–/– mice in which IRN comes from the retina, the neovascularization in Cyp27a1–/– mice seems to occur in both the retina and choroid. Unlike Vldlr–/– mice that have an abnormal ERG indicating secondary photoreceptor degeneration, Cyp27a1–/– mice have a normal ERG response measured at 2–12 months old as the retinal lesions occupy only a tiny retinal area (Chen et al., 2009; Dorrell et al., 2009; Omarova et al., 2012; Joyal et al., 2016). An important difference between human MNV3 and Cyp27a1–/– mice is that human MNV3 is more popular in women than men (Marticorena et al., 2011; Tsai et al., 2017), but Cyp27a1–/– males have a higher frequency of retinal/choroidal pathologies than females, as males had a greater elevation in the rate of cholesterol biosynthesis (2.6-fold in males vs. 1.7-fold in females) (Omarova et al., 2012). As such, Cyp27a1–/– mice have not yet been widely used in the field of MNV3 study.



Srf–/– Mouse

Serum response factor (SRF) is a nuclear transcription factor modulating gene expression in concert with cytoskeletal assembly and disassembly, important for motile cell functions, such as cell migration, guided movement, engulfment, adhesion, and contraction (Olson and Nordheim, 2010). Myocardin-related transcription factors (MRTFs), including MRTF-A and MRTF-B, are key coactivators of SRF that link actin dynamics to SRF-mediated gene transcription (Gau and Roy, 2018). The activity of MTRFs is controlled by cytoskeletal actin dynamics, which is regulated by Rho-GTPase signaling (Posern and Treisman, 2006; Weinl et al., 2013). Numerous studies have demonstrated that loss of function of either MRTF or SRF causes defects in the actin cytoskeleton and migration of a diverse range of mammalian cells in certain physiological contexts, such as development, angiogenesis, hematopoiesis, and immune function (Gau and Roy, 2018).

Myocardin-related transcription factors-Serum response factor signaling is essential for angiogenesis and is regulated by VEGF. Endothelial cell (EC)-specific SRF deletion leads to aneurysms and hemorrhages from E11.5 and lethality at E14.5. Mutant embryos present a reduced capillary density and defects in EC migration, with fewer numbers of filopodia in tip cells and ECs showing defects in actin polymerization and intercellular junctions. Knockdown of SRF in ECs impaired VEGF-induced in vitro angiogenesis (Franco et al., 2008; Weinl et al., 2013). SRF is strongly expressed in a subset of ECs in active vascular sprouting regions, with the highest level observed in endothelial tip cells and stalk cells. SRF selectively controls tip cell invasion and filopodia formation but may not be related to vascular remodeling (Franco et al., 2013). SRF promotes the expression of VEGFR2, β-actin, and VE-cadherin, which is vital for the VEGF–VEGFR2 signaling (Franco et al., 2008). On the other hand, VEGF can promote MRTF nuclear accumulation (Weinl et al., 2013; Hinkel et al., 2014). VEGF also promotes SRF expression and increases SRF binding activity to DNA in ECs (Chai et al., 2004).

Pharmacological inhibition of MRTF–SRF signaling by CCG-1423 impedes endothelial cell migration and angiogenesis (Gau et al., 2017). Deletion of SRF in postnatal ECs at P1–P4 induces a significant delay in the development of the superficial vascular plexus and absence of deep vascular plexus, resembling major characteristics of inherited human retinal pathologies such as retinopathy of prematurity (ROP) and familial exudative vitreoretinopathy (FEVR), including Norrie’s disease (Wang et al., 2012; Franco et al., 2013; Weinl et al., 2013).

However, SRF deletion in ECs induced in adult mice at 4–6 weeks of age triggers unwarranted IRN lesions, reminiscent of the human MNV3 (Weinl et al., 2013). These new vessels originate from retinal deep capillaries and develop non-uniformly distributed focal lesions. These lesions also have a thin ONL with secondary retinal degeneration, rupture of the RPE, lamination defects, and cell displacement within the INL and ONL. Interestingly, the mRNA level of VEGFA is unchanged in this model (Weinl et al., 2013). Chromatin immunoprecipitation (ChIP) experiments and in vitro siRNA knockdown prove that the Thbs1 gene, which encodes the Vldlr ligand thrombospondin 1, is a downstream target of SRF. This may partially explain the resemblance of intraretinal new vessels between adult EC-specific SRF deficiency mice and with the Vldlr–/– mice (Weinl et al., 2013; Joyal et al., 2016).

This adult mouse model with EC-specific SRF deficiency is unique, as there is no change of VEGF levels; it is also known that SRF promotes the expression of VEGFR2, which is vital for the VEGF–VEGFR2 signaling (Franco et al., 2008). Thus, this mouse model induces retinal neovascularization without upregulation of VEGF and VEGFR2. However, that SRFKO only induces IRN in adult but not young mouse matches the fact that AMD occurs in old persons. The molecular mechanism and the involvement of Vldlr ligand thrombospondin-1 in this model need to be further studied.



RNV3 (JR5558) Mice

RNV3 (B6.Cg-Crb1rd8 Jak3m1J/Boc, Jax Stock No.: 005558) mice are also known as retinal vascularization 3 model, NRV2 mice, and JR5558 mice, which have mutations in the Crb1 and Jak3 genes (Chang et al., 2018). It was identified in a B6;129 mixed background strain with unique eye phenotypes through The Jackson Laboratory Eye Mutant Screening program (Won et al., 2011). This model was previously described by two groups (Hasegawa et al., 2014; Nagai et al., 2014). The first report indicated that the ectopic vascular vessels are choroidal in origin and infiltrated the RPE and intraretinal space (Nagai et al., 2014). The second group reported that the model captures the early stages of MNV3, with intraretinal vessels diving into the subretinal space but not breaching the Bruch membrane, and there was no RCA (Hasegawa et al., 2014). Now it is accepted that the lesions originate from the retina (Chang et al., 2018; Borrelli et al., 2020).

The major clinical manifestations are areas of retinal depigmentation. These depigmentation spots can be observed at P18 without fluorescein leakage. The lesions become well-demarcated and larger at P25, and some of the depigmented areas correspond to areas of fluorescein leakage. The retinal depigmented spots and areas of fluorescein leakage increase in number and size with age, with the maximal number of lesions reaching about 20 per eye at about 1 month. The areas of depigmentation correlate with the development of vascular leakage, indicating a vascular component to this disease phenotype. Around 2 months of age, some individual retinal depigmented spots appear to merge, generating larger areas of depigmentation. As with focal depigmentation, fluorescein leakages gradually decrease after P25 (Hasegawa et al., 2014; Nagai et al., 2014; Chang et al., 2018).

Histological studies indicate that new vessels begin to grow from INL at P15, extend into RPE, and form balloon-like vessel structures from P17 to P25. Photoreceptor cell degeneration can be observed where the ectopic vasculature disrupts the retinal structure. The neovascular lesions are enveloped by the RPE in the photoreceptor cell layer and subretinal space by 3 months of age. By 8 months of age, mutants showed a much-reduced rod and cone ERG response compared to that of C57BL/6J wild-type controls. VEGF levels of the RNV3 retina are significantly higher than those of C57BL/6 control mice, and blockade of VEGF-A with a neutralizing monoclonal antibody can reduce the average number and size of neovascularization lesions (Hasegawa et al., 2014; Nagai et al., 2014; Chang et al., 2018). Thus, RNV3 neovascularization originates from the retinal vascular plexus and grows outward to the subretinal space, forming neovascularization structures at the RPE–Bruch membrane interface and mimicking the early clinical presentation of MNV3 in humans (Hasegawa et al., 2014; Chang et al., 2018). The balloon-like vessel structures of this model are similar to the retinal glomerular angiomatous lesions with encapsulation found in MNV3 patients (Monson et al., 2008; Klein and Wilson, 2011; Luo et al., 2013). Interestingly, the retinal new vessels show fenestrations along their contact with RPE, similar to the choriocapillaris (Hasegawa et al., 2014). RPE cells have the ability to induce fenestrations in endothelial cells of retinal vessels by encapsulating them (Burns and Hartz, 1992). Thus, RPE encapsulation is a possible mechanism, but further investigation is needed.

This mutant mouse model appears to have a recessive inheritance (Nagai et al., 2014; Borrelli et al., 2020). Genetic analysis localized RNV3 to mouse chromosome 1 in a region containing the Crb1 gene, Cfh (component factor h) gene, and Cfh-related genes 1 through 3 (Cfhr1–Cfhr3). High throughput whole-exome sequencing identified a single base deletion in the Crb1 (crumbs family member 1) gene, which was previously reported to cause retinal degeneration 8 (rd8); no coding sequence variation was detected for Cfh and cfhr1–cfhr3 genes (Mehalow et al., 2003; Nagai et al., 2014; Chang et al., 2018). The transcription activator-like effector nuclease (TALEN)-mediated oligonucleotide-directed repair (ODR) of this Crb1 gene deletion rescued the posterior segment vascularization phenotype, indicating that Crb1 mutation is necessary for the MNV3-like lesions in this mouse model (Low et al., 2014; Chang et al., 2018). Whole-exome sequencing also identified Jak3m1J gene mutation; however, this mutation alone cannot cause the MNV3-like lesions. When combined with the disruption in the Crb1 gene, it can enhance the retinal vascular phenotype (Chang et al., 2018).

Crb1 is a membrane protein that establishes cell polarity and adhesion between cells. Crb1 is expressed in Müller glia cells and contributes to adherens junctions that constitute the external limiting membrane (ELM). The Crb1rd8 mutant mice have retinal ELM fragmentation and outer retinal dysplasia but no new vascular lesions (Mehalow et al., 2003). The phenotypic difference between Crb1rd8 and RNV3 is most likely due to genetic background differences between the strains, for instance, the Jak3 mutation in RNV3 mice. Janus kinase 3 (Jak3) is critical for the normal development and function of the immune system, including B cells, T cells, and natural killer cells, thus affecting inflammation responses (Thomis et al., 1995). So, retinal polarity defects combined with abnormal inflammation response may drive the MNV3-like lesions in this model.

This model is a valuable platform to study the pathogenesis of MNV3, as well as for evaluating potential therapeutics, such as C-C chemokine receptor type 3 antagonists, simultaneous VEGF-A/ANG-2 neutralization, and DICER1 variant (OptiDicer) (Nagai et al., 2015; Foxton et al., 2019; Wright et al., 2020; Joussen et al., 2021). For instance, CCR3 is a receptor for multiple inflammatory CC chemokines. Immunostaining revealed that CCR3 expression was mainly localized to MNV3 lesions of RNV3 (JR5558) mice. CCR3+ cells included IB4-stained blood endothelium cells, leukocytes, and macrophages but not RPE cells. The expression of CCR3 ligands (CCL11 and CCL24) increased in this mouse model, and they mainly were localized to the subretinal space and the RPE/choroid complex. Intravitreal injection of neutralizing antibodies against CCR3, CCL11, and CCL24 reduced MNV3 area and lesion number in these mice. Systemic administration of the CCR3 antagonists GW766994X and GW782415X had similar effects (Nagai et al., 2015).



CONCLUSION AND FUTURE DIRECTIONS

It is already three decades since the discovery of the clinical entity of MNV3 among AMD patients. MNV3 lesions originate from deep retinal vascular plexus, and clinically, it has three stages, including IRN, SRN, and RCA stages. MNV3 can be diagnosed and classified by clinical features, and multimodal imaging includes FA, ICGA, OCT, and OCT-A. Histopathological analysis reveals the expression of VEGF/HIFs, the structure of glomerular IRN, and the existence of intraretinal lipid-filled cells in MNV3 lesions and surrounding cells. These pathological studies suggest the involvement of retinal hypoxia, inflammation, and multiple cell types in the development and progression of MNV3. The structure of glomerular IRN and intraretinal lipid-filled cells are similar to histological features of human retinal hemangioblastoma (RCH), which also has foamy lipid-filled stromal cells.

The mouse models directly related to the hypoxia pathway (retina-specific VhlKO mice, Vegf overexpression, or sVEGFR1 knockout in mouse photoreceptor) support the idea that outer retinal hypoxia is an initiation factor for MNV3. The RNV3 (JR5558) model indicates that the involvement of inflammation is necessary but not sufficient for MNV3 development. The Vldlr–/– mice, Cyp27a1–/– mice suggest lipid metabolism is vital for MNV3, while the adult EC-specific SRF deficiency mouse model supports that aging is a risk factor for MNV3. The finding that Rb can inhibit the Hif activity suggests that smoking or smoking-induced Rb inactivation may play a role in the pathogenesis of MNV3. These animal models also suggest the involvement of photoreceptors, RPE cells, Müller cells, and microglial cells.

Anti-inflammation strategies such as IVTA combined with PDT can improve the visual acuity of MNV3 patients but also induce GA, cataract, and other complications. Other strategies targeting inflammation factors, such as SOCS3, c-Fos, and CCR3/CCL11 or 24, had achieved encouraging results in MNV3 animal models but had not yet been tested in MNV3 patients. Early-stage MNV3 can be treated by anti-VEGF therapy with favorable outcomes, while treatment of late-stage MNV3 is still a challenge. Thus, animal models that can develop retina-originated RCA are important for future studies, which include Rb/p107/Vhl TKO mice, RPE-specific VhlKO mice, and Vldlr–/– mice. How subretinal neovascularization broke the RPE and Bruch membrane is the key mechanism, and how to block this process will be the target of future therapy for late-stage MNV3.

A potential candidate target for the future treatment of late-stage MNV3 is the PI3K pathway, which is the downstream signaling pathway of most angiogenesis tyrosine kinase growth factor receptors such as EGFR, VEGFR, and platelet-derived growth factor receptor (PDGFR). PI3K pathway plays crucial roles in cell survival, migration, metabolism, and angiogenesis (Wert et al., 2016; Davies et al., 2019). Blockage of PI3K pathways inhibits retinal neovascularization and improves outcomes (Wert et al., 2016). PI3K pathway can also regulate autophagy to prevent oxidative injury (Zhang et al., 2020) or regulate the Sirtuin 1 (Sirt1)–E2F1 pathway to improve the antioxidative capability of RPE cells (Gong et al., 2020). Thus, it will be interesting to test if PI3K inhibitors can cure MNV3 on these late-stage MNV3 animal models.
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Retinal pigment epithelium (RPE) serves critical functions in maintaining retinal homeostasis. An important function of RPE is to degrade the photoreceptor outer segment fragments daily to maintain photoreceptor function and longevity throughout life. An impairment of RPE functions such as metabolic regulation leads to the development of age-related macular degeneration (AMD) and inherited retinal degenerative diseases. As substrate recognition subunit of a ubiquitin ligase complex, suppressor of cytokine signaling 2 (SOCS2) specifically binds to the substrates for ubiquitination and negatively regulates growth hormone signaling. Herein, we explore the role of SOCS2 in the metabolic regulation of autophagy in the RPE cells. SOCS2 knockout mice exhibited the irregular morphological deposits between the RPE and Bruch’s membrane. Both in vivo and in vitro experiments showed that RPE cells lacking SOCS2 displayed impaired autophagy, which could be recovered by re-expressing SOCS2. SOCS2 recognizes the ubiquitylated proteins and participates in the formation of autolysosome by binding with autophagy receptors and lysosome-associated membrane protein2 (LAMP-2), thereby regulating the phosphorylation of glycogen synthase kinase 3β (GSK3β) and mammalian target of rapamycin (mTOR) during the autophagy process. Our results imply that SOCS2 participates in ubiquitin-autophagy-lysosomal pathway and enhances autophagy by regulating GSK3β and mTOR. This study provides a potential therapeutic target for AMD.
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INTRODUCTION

Retinal pigment epithelium (RPE) serves critical functions in maintaining retinal homeostasis. Impairment of RPE functions such as metabolic regulation leads to the development of age-related macular degeneration (AMD). An important function of RPE is to digest the photoreceptor outer segment (POS) fragments daily to maintain photoreceptor function and longevity throughout life. RPE undergoes various changes during aging, one of which is weakened autophagy (Giaime et al., 2017; Madeo et al., 2019). The disorder of RPE clearing POS fragments contributes to the accumulation of the intracellular residual bodies, eventually leading to the formation of drusen and development of AMD. AMD, a chronic disease of the macula, is the leading cause of irreversible blindness in the elderly individuals with a steep increase in the number of patients over age 65 years (Mitchell et al., 2018). Atrophic or dry AMD and neovascular or wet AMD are the two forms of AMD. To date, the treatments are limited to wet AMD and no effective treatment exists for dry AMD because the mechanism underlying AMD is still not fully understood. Thus, the discovery of a mechanism is critically needed to prevent or delay AMD progression. Reduced autophagy of RPE with age is one of the risk factors and accelerates the formation of drusen, which is composed of proteins, lipids, and minerals (Wang et al., 2010; Crabb, 2014). Proteomic analysis of drusen identified 129 proteins, most of which were insoluble and aggregate (Crabb et al., 2002; Hollyfield et al., 2003; Ohno-Matsui, 2011). Therefore, enhancing the degradation of metabolic proteins in RPE is one way to maintain retinal homeostasis.

Autophagy is essential for an organism as it improves protein and organellar quality control and helps to defer the age-related phenotypes (Hansen et al., 2018; Nakamura et al., 2019). Mammalian target of rapamycin (mTOR) is inactivated during autophagy initiation and plays a crucial role in regulating autophagy by directly interacting with or inhibiting autophagy-related genes (Kim and Guan, 2015; Saxton and Sabatini, 2017). Autophagy involves not only bulk autophagy but also selective autophagy. Ubiquitin acts as a specificity factor for selective autophagy and the ubiquitin-proteasome system (UPS). UPS is inclined to the rapid degradation of short-lived proteins in the young cells and autophagy selectively removes the long-lived protein aggregates and damaged or excess organelles during aging (Bence et al., 2001; Ravikumar et al., 2002; Gamerdinger et al., 2009). Various metabolic components ranging from protein aggregates, peroxisomes, ribosomes, and mitochondria can be specifically engulfed by autophagosomes through ubiquitination and ubiquitin-binding receptors such as sequestosome 1 (SQSTM1/p62, hereafter referred to as p62), neighbor of BRCA1 gene 1 (NBR1), nuclear dot protein 52 (NDP52), optineurin (OPTN), and toll-interaction protein (TOLLIP) (Kirkin et al., 2009; Thurston et al., 2009; Lu et al., 2014; Yamano and Youle, 2020). p62 serves as a scaffold for the formation of protein aggregates and acts as an autophagy receptor by linking the ubiquitin-tagged protein aggregates to autophagosomes (Dantuma and Bott, 2014; Parzych and Klionsky, 2014; Rogov et al., 2014; Zaffagnini et al., 2018). The ubiquitylated substrates are specifically degraded by a p62-dependent mechanism (Pankiv et al., 2007; Kim et al., 2008). Thus, it is likely that p62 acts as an adaptor between ubiquitylated proteins and autophagy.

Suppressor of cytokine signaling (SOCS) family proteins [SOCS 1–7 and cytokine inducible SH2-containing protein (CIS)] are essential regulators of cellular responses to cytokines via the regulation of Janus kinases/signal transducers and activator of transcription proteins signaling. SOCS2 expression is rapidly induced upon cytokine stimulation such as growth hormone (GH) and insulin-like growth factor (Turnley, 2005; Sarajlic et al., 2019). SOCS2 possesses an Src homology 2 (SH2) domain and a SOCS box, which is responsible for E3 ligase activity by assembly with the adaptors Elongin BC and Cullin 5 (Cul5) (Bulatov et al., 2015; Song et al., 2016; Chhabra et al., 2018). The Elongin BC-Cul5-SOCS box complex is stimulated by circulating GH and regulates GH receptors (GHR) through a negative feedback loop (Vesterlund et al., 2011). Glycogen synthase kinase 3β (GSK3β) is inhibited by serine phosphorylation in response to insulin or growth factors (Ge et al., 2013; Wei et al., 2021). GSK3β mediates the activation of mTOR by Wnt signaling and the inhibition of GSK3β increases the activation of mTOR (Inoki et al., 2006). GSK3β induces autophagy by phosphorylating unc-51 like autophagy activating kinase 1 (ULK1) in the adult hippocampal neural stem cells (Ryu et al., 2021). Inhibition of long non-coding RNA (lncRNA) X-inactive specific transcript (XIST) improves myocardial ischemia/reperfusion (I/R) injury by targeting miR-133a through inhibition of autophagy and regulation of SOCS2 (Li et al., 2019). SOCS2 is shown to be upregulated in Huntington’s disease and involved in regulating autophagy by functioning as an E3 ligase (Cho et al., 2021). Another study indicates that the interaction between microtubule associated protein 1 light chain 3 (LC3) and SOCS2 was detected in astrocytes either in normal or in starvation conditions (Wang et al., 2014). The genome-wide association studies discover that SOCS2 is associated with visual loss belonging to vascular endothelial growth factor (VEGF)-related pathways in the patients with exudative AMD (Akiyama et al., 2018). Integrated bioinformatics analysis indicates that hypermethylated and low-expressed SOCS2 is related to AMD (Shen et al., 2020). In RPE, however, the role of SOCS2 in autophagy is largely unknown.

We report the function of SOCS2 on autophagy. During autophagy, SOCS2 colocalizes with ubiquitylated proteins, p62, lipidated LC3B, and lysosome-associated membrane protein2 (LAMP2) and regulates the phosphorylation of GSK3β and mTOR. Our results imply that SOCS2 may participate directly in the ubiquitin-autophagy-lysosomal pathway and enhance autophagy by regulating GSK3β and mTOR.



MATERIALS AND METHODS


Antibodies, Plasmids, and Chemicals

Anti-SOCS2 (#2779), β-actin (8H10D10) (#3700), phosphorylated mTOR (p-mTOR) (Ser2448) (#5536), mTOR (7C10), rabbit monoclonal antibody (mAb) (#2983), goat antirabbit immunoglobulin G (IgG) [horseradish peroxidase (HRP) linked] (#7074), and horse antimouse IgG (HRP linked) (#7076) were purchased from the Cell Signaling Technology (Danvers, Massachusetts, United States); anti-SQSTM1/p62 antibody (ab155686), anti-ubiquitin antibody (ab7254), anti-LAMP2 antibody-lysosome marker (ab25631), recombinant anti-GSK3β antibody (Y174) (ab32391), anti-GSK3β (phospho Y216 and Y279) (ab75745), and recombinant anti-LC3B antibody (ab192890) were purchased from the Abcam (Discovery Drive Cambridge Biomedical Campus, Cambridge, United Kingdom). Antiadvanced glycation end product (AGE) carboxymethyl-lysine (CML) (MABN1837) was purchased from the Millipore (Billerica, MA, United States). Plasmid cytomegalovirus 3 (pCMV3)-Human-SOCS2-orange fluorescent protein (OFP) expression plasmid (HG11285-ACR), control vector OFP expression plasmids (CV025), pCMV3-Human-SOCS2-green fluorescent protein (GFP) (HG11285-ACG), and control vectors GFP expression plasmids (CV026) were purchased from the Sino Biological Incorporation (Wayne, PA, United States). The autophagy inhibitor chloroquine (CQ) diphosphate (c6628) was purchased from Sigma-Aldrich (St Louis, Mosby, United States).



Animals

All the animal studies were conducted according to the protocols approved by the Institutional Animal Care and Use Committee of Wenzhou Medical University and followed the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Vision Research and were in accordance with the approved institutional guidelines and regulations. C57BL/6 mice were purchased from the Vital River Laboratories (Beijing, China). SOCS2–/– mice were generated from C57BL/6 mice by using clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9)-mediated genome engineering technology to delete the fragment of exon 3 by using gRNA1 (TTG GCA GTC GTT TTT CTA GT CGG) and gRNA2 (ATT CAG CTA AAA CTA CCT AA GGG) by the Cyagen Biosciences (Guangzhou, China). The mice were kept in the standard cages and fed ad libitum.



Cell Culture and Transfection

The adult retinal pigment epithelium-19 (ARPE-19) cells (CRL-2302) were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, United States) and maintained in Dulbecco’s Modified Essential Medium (DMEM)/F12 (011721ACS) (Boehringer Ingelheim, Shanghai, China) with 10% fetal bovine serum (FBS) (10099, Thermo Fisher Scientific, Wilmington, DE, United States), 100 units/ml penicillin and streptomycin (10378016, Thermo Fisher Scientific, Wilmington, DE, United States) at 37°C with 5% CO2. For transfection, ARPE-19 cells reached 80% confluence. SOCS2 plasmids and control vectors were transfected with the Lipofectamine 3000 Transfection Kit (L3000015, Thermo Fisher Scientific, Wilmington, DE, United States) according to the instructions of the manufacturer.



Isolation and Primary Culture of Murine Retinal Pigment Epithelium

Primary RPE cells were isolated from wild-type (WT) C57BL/6 or SOCS2–/– mice at age of 6 weeks following the previously described method (Fernandez-Godino et al., 2016; Chinchilla et al., 2021). The single-layer RPE sheets were isolated and incubated in DMEM/F12 medium with 15% FBS at 37°C with 5% CO2.



Real-Time Quantitative PCR

Total RNA was extracted by using TRIzol reagent (10296010, Invitrogen, Carlsbad, CA, United States) following the RNA preparation method and was quantified by using the Multiskan Go (Thermo Fisher Scientific, Wilmington, DE, United States) (Brown et al., 2018). Reverse transcription PCR was performed by using the GoScript Reverse Transcription System (A5001, Promega, Madison, WI, United States) following the instructions of the manufacturer. Quantitative real-time PCR was used to detect the messenger RNA (mRNA) expression of SOCS2 by using the iTaqTM Universal SYBR® Green Supermix (172-5121, Bio-Rad, Philadelphia, PA, United States). The primers were listed as follows: mSOCS2-F (5′-3′ CTC AGT CAA ACA GGA TGG TAC T); mSOCS2-R (5′-3′ TAC TCA ATC CGC AGG TTA GTC); mGAPDH-F (5′-3′ GAG CCA AAA GGG TCA TCA TCT C); and mGAPDH-R (5′-3′ GTG AGC TTC CCG TTC AGC TCT); hSOCS2-F (5′-3′) GAGCTCGGTCAGACAGGATG; hSOCS2-R (5′-3′) AGTTGGTCCAGCTGATGTTTT; hGAPDH-F: ATC GTG GAA GGA CTC ATG ACC ACA; and hGAPDH-R: AGA GGC AGG GAT GAT GTT CTG GA. Real-time PCR was performed on a Q5 Real-Time PCR System (Applied Biosystems, Carlsbad, CA, United States). The expression of SOCS2 was calculated by comparing the threshold cycle numbers.



Duolink in situ Fluorescence

Cells on the glass slides were fixed with 4% paraformaldehyde (PFA) for 20 min and the experiment was performed by following the instructions of the manufacturer of Duolink in situ fluorescence (DUO92101-1KT, Sigma-Aldrich, St Louis, Mosby, United States). Cells of the experimental group were incubated with SOCS2 and ubiquitin or LAMP2 antibodies and cells of the negative group were incubated without antibodies. Mount slides with a minimal volume of Duolink in situ mounting medium with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min before analyzing in the microscope.



Immunoblot

Retinal pigment epithelium cells were serum starved and treated with or without 30 μM CQ for 24 h. Immunoblots were performed as instructed in ECL immunoblot kits (1705061, Bio-Rad, Philadelphia, PA, United States). Protein bands were exposed and captured by using an imaging system (ChemiDoc XRS+, Bio-Rad, Philadelphia, PA, United States) and quantified by the ImageJ software (United States National Institutes of Health, Bethesda, MD, United States).



Immunofluorescent Staining

Retinal pigment epithelium cells were serum starved and treated with or without 30 μM CQ for 24 h. Immunofluorescence staining of LC3B, p62, ubiquitin, and LAMP2 was performed and images were captured under a confocal microscope (ZEISS, LSM710, Oberkochen, Germany) as described (Li et al., 2021).



Autophagic Flux of Retinal Pigment Epithelium in vivo

Adeno-associated virus (AAV) type 2 vectors with a tandem monomeric red fluorescent protein (mRFP)-GFP-LC3 construct (AAV2-mRFP-GFP-LC3, HB-AP2100001) were generated by the Hanbio Corporation Ltd. (Shanghai, China). AAV2-mRFP-GFP-LC3 was injected subretinally through the posterior part of the sclera as previously described (Ross et al., 2021). An eye of one adult mouse received 2 μl of the virus at a concentration of 1 × 1012 vg/ml. 2 weeks later, RPE/choroidal flat mounts were performed under a microscope. The fluorescence of the cells was visualized under a microscope (DMi8, LEICA, Wetzlar, Germany).



Histology

Eyes were enucleated from euthanized 1-year old mice, fixed in 4% paraformaldehyde solution, and embedded in paraffin. Tissue sections (5 μm thick) were stained with H&E before imaging. Images of the retina/RPE/choroid were collected.



Electron Microscopy

Eyes from 1-year old WT and SOCS2–/– mice were fixed in phosphate-buffered saline (PBS)-buffered glutaraldehyde (2.5%, pH 7.4). The cornea, iris, and lens were discarded. The retina/RPE/choroid was fixed one more time in PBS-buffered glutaraldehyde and PBS-buffered osmium tetroxide (0.5%). The retina/RPE/choroid was embedded in epoxy resin. Thin sections (90 nm) were collected on 200 μm mesh copper grids, dried for 24 h, and double-stained with uranyl acetate and lead citrate. Sections were viewed and imaged at 80 kV with a transmission electron microscope (Hitachi-7500, Hitachi Limited, Tokyo, Japan).



Statistical Analysis

The two-tailed unpaired t-test and the one-way ANOVA (GraphPad Prism, CA, United States) were used to calculate the p-value of the results. The data are expressed as the mean ± SEM. At least six mice including males and females were used in each group.



RESULTS


Suppressor of Cytokine Signaling 2–/– Mice Exhibit Abnormal Retinal Pigment Epithelium-Bruch’s Membrane-Choriocapillaris Complex

Mice lacking SOCS2 exhibit gigantism, thickening dermis, and shortening lifespan (Casellas and Medrano, 2008; Gossing et al., 2021). To understand the biological function of SOCS2, SOCS2–/– mice were generated by deleting a 756-bp fragment in exon 3 through CRISPR/Cas9 technology (Figure 1A). The monolayer RPE sheets composed of pigmented and hexagonal RPE were isolated from mice as previously described (Fernandez-Godino et al., 2016) and RPE cells were cultured to obtain a large number of cells (Figure 1B). The expression of SOCS2 mRNA was confirmed in primary cultured RPE from WT, heterozygous, and homozygous mice (Figure 1C), while the protein expression of SOCS2 vanished in the RPE of SOCS2–/– mice (Figure 1D). Immunofluorescence of SOCS2 also confirmed that no SOCS2 expression takes place in the retina of SOCS2–/– mice (Figure 1E). SOCS2–/– mice weighted significantly (1.5-fold) more than their WT littermates at 10-week age (Figure 1F). For the study of fundus phenotypes accumulating with age, mice were selected from 1 year of age. More generally, the abnormal structures of retina were observed in SOCS2–/– mice such as the disorder of the nuclear arrangement of the outer nuclear layer (ONL), the unsmooth external limiting membrane, and the loose structure of the RPE (Figure 1G). The accumulation of CML adducts in Bruch’s membrane was observed in SOCS2–/– mice (Figure 1H). CML is an AGE that results from oxidative stress and chemical glycation and accumulates with age in Bruch’s membrane and drusen in AMD (Hariharan et al., 2011; Kim et al., 2013). SOCS2–/– mice showed thickened Bruch’s membrane and irregular morphological deposits between the RPE and Bruch’s membrane (Figure 1I).
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FIGURE 1. Abnormal RPE-Bruch’s membrane (BrM)-choriocapillaris complex of SOCS2–/– mice. (A) PCR screening of SOCS2+/– mice F1 founder to detect SOCS2 sequence from genomic DNA. (B) Primary culture of RPE cells isolated from WT mice. Scale bar, 200 μm. (C) Real-time quantitative PCR detected the mRNA expression of SOCS2 in the primary RPE of WT, heterozygote, and homozygote. Statistical significance was determined by using the one-way ANOVA. (D) Western blot detected the protein expression of SOCS2 in the RPE of WT and SOCS2–/– mice. (E) SOCS2 expression and location in the retina of WT and SOCS2–/– mice. Scale bar, 50 μm. (F) The body weights of the SOCS2–/– (n = 6, 8 weeks old, including males and females) and WT littermates (n = 9, 10 weeks old, including males and females). (G) The structures of the retinal-RPE-choroid were detected by histology in WT and SOCS2–/– mice (n = 6, 1-year old, including males and females). Scale bar, 50 μm. (H) CML was detected by immunofluorescence on the sections of retinal-RPE-choroid from WT and SOCS2–/– mice (n = 6, 1-year old, including males and females). Scale bar, 50 μm. (I) BrM and deposits were detected by transmission electron micrographs on the sections of retinal-RPE-choroid from WT and SOCS2–/– mice (n = 6, 1-year old, including males and females). Scale bar, 1 μm. Abbreviations: SOCS2, suppressor of cytokine signaling 2; mRNA, messenger RNA; INL, inner nuclear layer; ONL, outer nuclear layer; ELM, external limiting membrane; RPE, retinal pigment epithelium; WT, wild type.




Suppressor of Cytokine Signaling 2–/– Retinal Pigment Epithelium Exhibits Impaired Autophagy

Impaired autophagy leads to the progressive accumulations of proteins and other metabolites in the RPE, which, in turn, results in RPE toxicity and pathological conditions. To monitor the in vivo autophagic flux of RPE, AAV2-mRFP-GFP-LC3 was injected subretinally into adult WT and SOCS2–/– mice. The differentiation between autophagosomes and autolysosomes was captured by the tandem fluorescent mRFP-GFP-LC3 from RPE/choroid flat mounts (Ranieri et al., 2018). The number of autophagosomes could be evaluated by counting the yellow dots overlapped by GFP and mRFP. Green fluorescence is quenched in the acidic pH of the lysosome. The mRFP dots indicated autolysosome formation. More autophagosomes (yellow dots) and autolysosomes (RFP dots) were present in the RPE of WT mice compared to the RPE of SOCS2–/– mice (Figures 2A,B), suggesting that autophagy was impaired in the RPE of SOCS2–/– mice.
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FIGURE 2. RPE lacking the SOCS2 gene exhibited impaired autophagy. (A) In vivo, autophagic flux was detected by injecting 2 μl of 1 × 1012 vg/ml adeno-associated virus 2 (AAV2)-mRFP-GFP-LC3 in the eyeball of adult WT and SOCS2–/– mice subretinally. About 2-weeks later, mice were starved for 24 h before euthanasia, and RPE/choroid flat mounts were isolated from mice (n = 8, 10-week old, including males and females). (B) The numbers of autophagosomes and autolysosomes were evaluated by counting yellow and RFP dots. Puncta dots per horizon are shown as the mean ± SEM. (C) LC3B puncta dots (green) and p62 puncta dots (green) were stained by immunofluorescence in mouse primary RPE cells that were starved and treated with or without 30 μM CQ for 24 h. One group of SOCS2–/– RPE re-expressed SOCS2 by transient transfection. (D,E) Fluorescence intensity of LC3B and p62 were quantified by the ImageJ software. (F) Immunoblotting for LC3B and p62 was performed in mouse primary RPE with different treatments. (G) The ratio of LC3B-II/LC3B-I was quantified by ImageJ software and normalized to β-actin. (H) p62 was quantified by ImageJ software and normalized to β-actin. Values for the control were set to 1. Statistical significance was determined by using the two-tailed unpaired t-test.


To further evaluate the autophagic activity of RPE from SOCS2–/– mice, in vitro cultured RPE cells were treated with or without autophagy inhibitor CQ, and a rescue experiment was performed by transfecting SOCS2-expressing plasmids. SOCS2–/– RPE had less LC3B puncta and the rescued group showed increased LC3B puncta than SOCS2–/– RPE (Figures 2C,D). The amount of p62 is negatively correlated with autophagic activity for its ultimate degradation by autophagy. The fluorescence intensity of p62 showed a slight difference (Figures 2C,E). The amount of LC3B and p62 was detected in cultured RPE cells by immunoblot (Figure 2F). Low LC3B-II/LC3B-I ratio was measured in SOCS2–/– RPE, whereas the heightened ratio was measured in rescued group and CQ enlarged this ratio by blocking the degradation of LC3B-II (Figure 2G). More p62 was detected in SOCS2–/– RPE compared to WT RPE and more p62 stagnated in SOCS2 rescued RPE than SOCS2–/– RPE after CQ blocking autophagy (Figure 2H).



Overexpression of Suppressor of Cytokine Signaling 2 Promotes Autophagy in ARPE-19

To confirm the function of SOCS2 in RPE, SOCS2 overexpression (SOCS2-OE) models were established. Two sets of expression plasmids were employed in ARPE-19 by transient transfection, pCMV3-SOCS2-OFP plasmids or control vectors, and pCMV3-SOCS2-GFP plasmids or control vectors. The mRNA expression of SOCS2 increased around 9,000-fold in the SOCS2-OE group (Figure 3A) and the protein expression of SOCS2-GFP and SOCS2-OFP was detected (Figures 3B,C). To confirm the role of SOCS2 in autophagy, autophagic activity was evaluated in the SOCS2-OE model by detecting the immunofluorescence of LC3B and p62. Notably, the SOCS2-OE group had more LC3B puncta and less p62 puncta compared to the control. More LC3B and p62 stagnated in the SOCS2-OE model compared to control after CQ blocking autophagy (Figures 3D–F). The ratio of LC3B-II/LC3B-I consistently increased significantly in the SOCS2-OE model after CQ treatment, whereas p62 decreased in the SOCS2-OE group and more p62 was detected in the SOCS2-OE group after CQ treatment (Figures 3G–I).
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FIGURE 3. SOCS2 promoted autophagy in ARPE-19 cells. (A) The mRNA expression of SOCS2 was detected by real-time quantitative PCR in ARPE-19 after transient transfection with pCMV3-Human-SOCS2-OFP expression plasmids or control vectors. The two-tailed unpaired t-test was used. (B,C) Western blot images of SOCS2-OFP and SOCS2-GFP were detected by the SOCS2 antibody to check the overexpression of SOCS2. (D) LC3B puncta dots (green) and p62 puncta dots (green) were stained by immunofluorescence in ARPE-19 cells transfected with pCMV3-Human-SOCS2-OFP expression plasmids or control vectors for 24 h, then cells were starved and treated with or without 30 μM CQ for 24 h. (E,F) Fluorescence intensity of LC3B and p62 was quantified by ImageJ software. (G) Western blot detected the expression of LC3B and p62 in SOCS2 overexpressing ARPE-19 cells that were treated with or without 30 μM CQ for 24 h. (H) The ratio of LC3B-II/LC3B-I was quantified by ImageJ software and normalized to β-actin. Values for the control were set to 1. (I) p62 was quantified by ImageJ software and normalized to β-actin. Values for the control were set to 1. Statistical significance was determined by using the two-tailed unpaired t-test.




Suppressor of Cytokine Signaling 2 Participates in a Ubiquitin-Autophagy-Lysosomal Pathway

As SOCS2 is a substrate recognition subunit of a ubiquitin ligase complex, to date, several proteins are identified as the substrates of SOCS2 such as GHR, erythropoietin receptor (EpoR), nuclear Dbf2-related kinase 1 (NDR1), and others (Vesterlund et al., 2011; Paul et al., 2017; Kung et al., 2019). Experiments of Duolink in situ fluorescence were performed in serum-starved ARPE-19 to detect the endogenous protein interaction of SOCS2 and ubiquitylated proteins. Red fluorescence indicated the colocalization of SOCS2 and ubiquitylated proteins (Figure 4A). To confirm the colocalization of SOCS2 and ubiquitylated proteins, either control-GFP or SOCS2-GFP was overexpressed in ARPE-19. The colocalization of SOCS2-GFP and ubiquitylated proteins were detected by the confocal microscopy with Z-stacked images (Figure 4B). The interaction of SOCS2-GFP and p62 was also detected by immunofluorescence and co-IP (Figures 4C,D). The p62 bodies were ubiquitin-containing protein aggregates (ubiquitin-positive inclusions) in the cytoplasm of ARPE-19 (Figure 4E). SOCS2 recognized the substrates for ubiquitination and p62 recruited ubiquitylated proteins for degradation. To check whether the ubiquitylated proteins recognized by SOCS2 were recruited to autophagosomes, the colocalization of SOCS2 and LC3B was detected by immunofluorescence and co-IP (Figures 4F,G).
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FIGURE 4. Ubiquitylated proteins recognized by SOCS2 were transferred into autophagosomes and autolysosomes. (A) The endogenous detection of protein interaction between SOCS2 and ubiquitin was detected in starved ARPE-19 by Duolink in situ fluorescence. The red fluorescence indicated the interaction of SOCS2 and ubiquitin. (B) Immunofluorescence staining with ubiquitin (red) and DAPI (blue) was performed in starved ARPE-19 with transient transfection of GFP control vectors or SOCS2-GFP plasmids. The yellow dots indicated the colocalization of SOCS2 and ubiquitin in merged pictures. (C) Immunofluorescence staining with the antibody p62 (red) and DAPI (blue) in ARPE-19 with the same treatment of B. The yellow dots indicated the colocalization of SOCS2 and p62 in merged pictures. (D) The immunoprecipitation of p62 and SOCS2 was detected in ARPE-19 with the same treatment of B. (E) Immunofluorescence staining was performed with the antibodies against p62 (green) and ubiquitin (red) in starved ARPE-19. (F) Immunofluorescence staining with the antibody LC3B (red) in ARPE-19 with the same treatment of B. (G) The immunoprecipitation of LC3B and SOCS2 was detected in ARPE-19 with the same treatment of B. (H) The endogenous detection of protein interaction between SOCS2 and LAMP2 was detected in starved ARPE-19 by Duolink in situ fluorescence. The red fluorescence indicated the interaction of SOCS2 and LAMP2. (I) Immunofluorescence staining with the antibody LAMP2 in ARPE-19 after transient transfection of SOCS2-OFP plasmids or OFP control vectors. (J,K) The immunoprecipitation of p62 and phosphorylated mammalian target of rapamycin (p-mTOR), SOCS2, and p-mTOR were detected in ARPE-19 with the same treatment of B.


After 24 h of CQ treatment, the colocalization of ubiquitin and a lysosome marker LAMP1 were reported (Zhan et al., 2016). To confirm the degradation of proteins identified by SOCS2 in the lysosome, experiments of Duolink in situ fluorescence were deployed to detect the endogenous protein interaction between SOCS2 and LAMP2 in ARPE-19. Red fluorescence indicated the colocalization of SOCS2 and LAMP2 (Figure 4H). To further identify the interaction of SOCS2 and LAMP2, SOCS2-OFP or control-OFP was expressed in ARPE-19 and the colocalization of SOCS2-OFP and LAMP2 was detected by confocal microscopy (Figure 4I). Earlier studies showed that the p62-mTOR complex translocated to the lysosome membrane in response to amino acid deprivation (Duran et al., 2011). In serum-starved ARPE-19, the interaction of p62 and p-mTOR was detected (Figure 4J). As additional evidence of SOCS2 locating in the lysosome, the interaction of SOCS2 and p-mTOR was also detected in starved ARPE-19 (Figure 4K). These findings imply that SOCS2 may directly participate in the ubiquitin-autophagy-lysosomal pathway.



Suppressor of Cytokine Signaling 2 Enhances Autophagy by Regulating the Phosphorylation of Glycogen Synthase Kinase 3β and Mammalian Target of Rapamycin in Retinal Pigment Epithelium

Suppressor of cytokine signaling 2 negatively regulates growth hormone signaling. GSK3β is inhibited in response to insulin or growth factors and negatively mediated activation of mTOR, but the relationship between SOCS2 and GSK3β has not been yet revealed. The expression of p-GSK3β (Tyr216) and GSK3β decreased (Figures 5A–C), whereas the phosphorylation of mTOR (Ser2448) significantly increased in SOCS2–/– RPE (Figure 5D). By contrast, SOCS2 overexpression increased the expression of GSK3β and p-GSK3β (Figures 5E–G), whereas the expression of p-mTOR decreased in the SOCS2-OE model (Figure 5H). These results imply that SOCS2 may enhance autophagy by regulating the phosphorylation of GSK3β and mTOR, both of which are involved in the regulation of autophagy.
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FIGURE 5. SOCS2 regulated the phosphorylation of glycogen synthase kinase 3β (GSK3β) and mTOR. (A) Western blot images of p-GSK3β, GSK3β, and p-mTOR were detected in the primary RPE from WT and SOCS2–/–. (B,C,D) Data shown are the mean of GSK3β, p-GSK3β, and p-mTOR bands quantified by ImageJ software and normalized to β-actin. Values for the control were set to 1. (E) Phosphorylation of GSK3β and mTOR was detected by immunoblot in ARPE-19 after transient transfection with SOCS2-OFP expression plasmids or OFP control vectors. (F,G,H) Data shown are the mean of p-GSK3β, GSK3β, and p-mTOR bands quantified by ImageJ software and normalized to β-actin. The two-tailed unpaired t-test was used.




DISCUSSION

The decreased autophagic ability of RPE with age is an important reason for drusen formation. Many studies reported that promoting autophagy protects RPE and contributes to maintaining retinal metabolism. The CD36 ligand-promoted autophagy protects RPE from oxidative stress (Dorion et al., 2021). The transcription factor EB (TFEB) inducer trehalose protects RPE against oxidative damage and cell death by upregulating autophagy (Abokyi et al., 2020). Metformin defenses hydrogen peroxide-induced oxidative damage in RPE by enhancing autophagy through activation of the AMP-activated protein kinase (AMPK) pathway (Zhao et al., 2020). Two recent studies described that SOCS2 is involved in autophagy in myocardial I/R and Huntington’s disease (Li et al., 2019; Cho et al., 2021), but the underlying molecular mechanisms for SOCS2 regulating autophagy are unclear. In this study, we explored that SOCS2 is the enhancement of autophagy in RPE by regulating mTOR and GSK3β.

Signal duration for the activated GHR is mainly controlled by SOCS2 (Sarajlic et al., 2019). The deletion of SOCS2 leads to overgrowth and abnormal metabolism, both of which may contribute to the accumulation of basal deposits between the RPE and Bruch’s membrane. As SOCS2–/– mice are much heavier compared to the WT littermates, weight gain may be due not only to GH/insulin-like growth factor signaling but also to the accumulation of metabolic waste that cannot be removed properly by impaired autophagy. Basal deposits lead to structural and functional abnormity of RPE such as the blood-retinal barrier, phagocytosis, and light absorption, while RPE dysfunction accelerates the formation of basal deposits. This vicious cycle drives the damage to RPE.

The suppressor of cytokine signaling 2 is a substrate recognition subunit of a Cul5 E3 ubiquitin ligase complex. In this study, we found that SOCS2 colocalized not only with ubiquitylated proteins, but also with p62, LC3, and LAMP2 during autophagy. Ubiquitylated proteins were recruited by p62 to autophagosomes. LC3 is the most well-characterized autophagosome marker in mammalian cells. p62 binding directly to LC3 via a short LC3-interacting region (LIR) that serves as a mechanism to deliver autophagic cargo for degradation (Xu et al., 2014). LC3 binds to the crucial Trp/Phe/Tyr-X-X-Leu/Ile/Val (W/F/YXXL/I/V) motif in the LIR of proteins (Qiu et al., 2017; Sun et al., 2017). Four putative LIRs (W/F/YXXL/I/V) motifs were identified in the SOCS2 peptide sequence, implying that SOCS2 may directly bind with LC3 in the formation of autophagosomes.

Glycogen synthase kinase 3β is a serine/threonine kinase that mediates the inactivation of glycogen synthase and is inhibited by insulin signaling. Many studies reported that GSK3β is involved in autophagy. For example, GSK3β induces autophagy by phosphorylating ULK1 (Ryu et al., 2021) and C42 promotes autophagy by regulating the K-Ras/GSK3 signaling pathway in HCT116 cells (Niu et al., 2014). Inhibition of GSK3β stimulated mTOR signaling and inhibited autophagy through a rapamycin-sensitive mechanism during myocardial ischemia and IR (Zhai et al., 2011). Nimbolide negatively regulates PI3K/Akt signaling with a consequent increase in p-GSK3β that inhibits autophagy (Sophia et al., 2018). GSK3β activation of mTOR inhibits autophagic and lysosomal activity in neurons (Rippin and Eldar-Finkelman, 2021). Ischemic post-conditioning ameliorates intestinal IR injury by evoking autophagy and inactivating GSK3β/nuclear factor erythroid 2-related factor 2 (Nrf2) pathway (Chen et al., 2020). However, none of the aforementioned studies identified the relationship between SOCS2 and GSK3β. We found that SOCS2 enhanced GSK3β activity in RPE. Low GSK3β expression was observed in SOCS2–/– RPE, which showed impaired autophagy. Conversely, overexpression of SOCS2 increased the activity of GSK3β and enhanced autophagy. A high positive correlation was observed between SOCS2 and GSK3β in RPE. We also found that SOCS2 negatively regulated mTOR, which is one of the pivotal factors for the regulation of autophagy. The overexpression of SOCS2 significantly inhibited the phosphorylation of mTOR. By contrast, RPE lacking the SOCS2 gene showed much higher levels of phosphorylation of mTOR. Therefore, we concluded that SOCS2 is the enhancement of autophagy that may occur through the regulation of GSK3β and mTOR.

Loss of SOCS2 results in autophagic clearance defects due to inactive GSK3β and active mTOR signaling. Defective autophagy of RPE leads to detrimental aggregation, which is one of the clinical hallmarks of AMD. SOCS2–/– mice exhibit abnormal RPE-Bruch’s membrane-choriocapillaris complex (Figure 1). It implies that defective autophagy is an important mechanism in the pathogenesis of AMD. Thus, identifying molecular targets that can regulate autophagy provides a new avenue for the treatment of AMD. Since the expression of SOCS2 were detected in the ONL of retina, and the SOCS2–/– mice show abnormal arrangement of the photoreceptor ONL, we speculate that SOCS2 is also involved in photoreceptor dysfunction and AMD pathology, but further experiments are needed in the future study. To date, AMD is an incurable disease, especially for dry AMD. Explored molecular mechanisms and possible therapeutic targets are a top priority. In this study, we performed both in vitro and in vivo experiments to investigate the role of SOCS2 in autophagy and found that SOCS2 participates directly in autophagy and enhances autophagy by regulating the phosphorylation of GSK3β and mTOR. This study outlined the process of SOCS2 involving autophagy and provided deeper insights into the molecular mechanisms, which may develop a potential therapeutic target for AMD.
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Iron plays an important role in a wide range of metabolic pathways that are important for neuronal health. Excessive levels of iron, however, can promote toxicity and cell death. An example of an iron overload disorder is hemochromatosis (HH) which is a genetic disorder of iron metabolism in which the body’s ability to regulate iron absorption is altered, resulting in iron build-up and injury in several organs. The retina was traditionally assumed to be protected from high levels of systemic iron overload by the blood-retina barrier. However, recent data shows that expression of genes that are associated with HH can disrupt retinal iron metabolism. Thus, the effects of iron overload on the retina have become an area of research interest, as excessively high levels of iron are implicated in several retinal disorders, most notably age–related macular degeneration. This review is an effort to highlight risk factors for excessive levels of systemic iron build-up in the retina and its potential impact on the eye health. Information is integrated across clinical and preclinical animal studies to provide insights into the effects of systemic iron loading on the retina.
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INTRODUCTION

Iron is essential for neuronal development and function (Lozoff et al., 2003). Iron plays key roles in neuronal metabolism, oxygen transport, oxidative phosphorylation, myelin production, and the synthesis of neurotransmitters, as reviewed in detail elsewhere (Crichton et al., 2011; Ward et al., 2014). However, abnormally high levels of intracellular iron, termed iron loading, can be neurotoxic and may lead to cellular injury. The exact mechanism of iron-induced neuronal degeneration is not yet fully understood; however, several mechanisms have been postulated. Perhaps, most well studied mechanism is the role of iron in mediating the formation of reactive oxygen species (ROS), a natural byproduct of Fenton reactions, which can contribute to tissue injury (Lloyd et al., 1997). In addition, high intracellular iron levels can affect the expression of several classes of genes including iron-dependent oxidative metabolism and the attendant oxidative stress genes (Casey et al., 1988; Ingrassia et al., 2019). Another suggested pathway through which errors in iron metabolism can be deleterious is ferroptosis, a recently identified form of cell death, which has been implicated in a number of central nervous system (CNS) diseases (Dixon et al., 2012; Guiney et al., 2017; Lane et al., 2018; Moreau et al., 2018; Masaldan et al., 2019).

To avoid the potential of iron toxicity, living organisms have developed homeostatic mechanisms, that regulate various proteins involved in iron import, storage, and export to maintain iron within a favorable physiological range. Most iron is tightly complexed with proteins or other ligands, which restrict its redox potential. However, excess iron can build-up in the body in several ways including early life exposure to iron feeding (Hare et al., 2015); normal aging (Zecca et al., 2004), eating meat (heme-iron intake) (Haider et al., 2018), and acute toxicity from blood transfusions (Harmatz et al., 2000; Cunningham et al., 2004). In contrast low iron vegan and vegetarian diets have lower accumulation of iron and increased risk of iron deficiency with associated fatigue and impaired learning and concentration symptoms (Desmond et al., 2021). The retinal photoreceptors are the most highly energetically demanding tissue per weight in the whole body (Wong-Riley, 2010; Country, 2017), and photoreceptors are mitochondria-rich cells. The primary function of mitochondria is to generate energy in the form of adenosine triphosphate (ATP). Due to a lack of protective histones and proximity to the inner mitochondrial membrane, where oxidants are formed, mitochondrial DNA is vulnerable to oxidative damage (Gao et al., 2009; Lin et al., 2011). Iron-mediated damage to mitochondria is believed to be through various pathways including altered mitochondrial uptake of other metal ions (Jouihan et al., 2008), ferroptosis (Battaglia et al., 2020; Li et al., 2020) and oxidative damage leading to decreased synthesis of respiratory chain subunits encoded by the mitochondrial genome and further declines in cellular respiration. Mitochondrial iron homeostasis is crucial for normal physiology of the retina and any dysregulation in balance of the redox system in mitochondria has been associated with age-related retinal pathophysiology (Jarrett et al., 2008; Barot et al., 2011).

However, unlike the brain where iron-related pathology has received significant attention (Wessling-Resnick, 2017; Daglas and Adlard, 2018; D’Mello and Kindy, 2020), less is known about retinal susceptibility to iron loading. An improved understanding of iron’s role in retinal health and disease conditions will guide the development of therapies for patients with hemochromatosis and possibly other iron overload conditions. We mainly focus on retinal structural and functional changes in clinical cases and preclinical models. This is particularly important because currently there is no routine clinical visual check–up for high-risk demographic such as patients with hemochromatosis or even people with high levels of dietary iron intake which may have been at risk of retinal iron accumulation and disease-related sequelae. Improving prognosis in people at risk, as some changes may be more easily attenuated or reversed than others are critical and subsequently treatments could be commenced before irreversible damage to the tissue occurs.



HEMOCHROMATOSIS

Iron build-up in the human body can arise as a result of genetic anomalies, one such example is hemochromatosis (HH) (Feder et al., 1996; Pietrangelo, 2003). HH is an autosomal recessive disorder characterized by increased iron absorption (Andrews, 1999), leading to excessive tissue iron deposition. A number of gene mutations have been found to underlie this phenotype as summarized in Table 1.


TABLE 1. Summary of hemochromatosis phenotypes with their corresponding genes and clinical manifestationsa.
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There are four main types of HH which have been identified based on their underlying genetic mutations. Type 1 forms the majority of HH cases and is attributed to homozygosity for a single nucleotide polymorphism (SNP) in the HFE gene located on chromosome 6p. This genetic variation causes the substitution of a cysteine with a tyrosine residue at amino acid 282 (C282Y) (Feder et al., 1996). The C282Y SNP has a carrier frequency of 10–20%, with 0.3–0.7% homozygosity in populations of northern European ancestry (Beutler et al., 2002; Allen, 2008). In non-Caucasian populations, however, this SNP is reported to have a low allele frequency (Merryweather-Clarke et al., 1997; Cullen et al., 1998).

Another allelic variant of the HFE gene involving the substitution of an aspartic acid with a histidine (H63D), has an even higher allele frequency that C282Y (Gochee et al., 2002; Adams, 2005). However, it generally does not appear to have considerable effects on iron status, even in the homozygous state. Inheritance of a dual polymorphism (H63D and C282Y) as a compound heterozygous genotype, however, can cause clinical hemochromatosis (Beutler et al., 1996; Jouanolle et al., 1997). HFE – associated hemochromatosis can also be due to a serine – to – cysteine substitution at amino acid position 65 (S65C) (Mura et al., 1999). This variation in the HFE gene is associated with the mild form of hemochromatosis and accounts for 7.8% of HH cases that were neither C282Y nor H63D substitutions (Mura et al., 1999).

Type 2 HH is due to mutations in the hemojuvelin gene (HJV) or the gene encoding hepcidin (HAMP); accounts for a very severe form of iron loading where iron accumulates rapidly in early postnatal life (Papanikolaou et al., 2004).

Mutations in the TFR2 gene causes Type 3 HH in which homozygosity for the Y250X nonsense mutation in the TFR2 gene is reported to be the most common cause (Camaschella et al., 2000). This mutation induces excessive iron loading with a similar phenotype to Type 1 HH, although patients exhibit greater variation in the severity of symptoms (Olynyk et al., 2008). Patients with mutations in both TFR2 and HFE are reported to have a severe iron loading phenotype (Pietrangelo et al., 2005; Rueda Adel et al., 2011; Del-Castillo-Rueda et al., 2012). The common feature of HH Types 1 to 3 is reduction of hepcidin expression which provides a possible mechanistic insight into build-up of iron in tissues (Brissot et al., 2019; Piperno et al., 2020).

Considering the importance of the hepcidin regulatory pathway in influencing body iron homeostasis, any mutation in the SLC40A1 gene which encodes ferroportin; the molecular target for hepcidin results in Type 4 HH (Camaschella et al., 2000; Montosi et al., 2001; Callebaut et al., 2014). In this type of HH, mutation in SLC40A1 gene either restricts the binding of hepcidin to ferroportin (Nemeth et al., 2004) or affects the ability of ferroportin to transport iron (Détivaud et al., 2013).

Most forms of hemochromatosis cause injury in peripheral tissues (heart and liver), however, it should be noted that the principal variants of the HFE gene can affect brain iron homeostasis and is considered as a risk factor for neurodegenerative disorders, particularly Parkinson’s disease (Dekker et al., 2003; Guerreiro et al., 2006). In addition, hematochromatosis associated genes are expressed in the retina in a cell type specific manner (Gnana-Prakasam et al., 2008), which means retinal iron homeostasis may be disrupted in specific retinal cells by systemic iron loading conditions.



THE MAMMALIAN RETINA

The mammalian retina is an integral part of the CNS; capturing light energy (photons) and transforming it into a chemical signal to be passed onto the brain via electrical impulses. The retina has a multi–layered structure (see Figures 1A,B) composed of five main neuronal classes and supporting glia. Traditionally, it has been assumed that the retina is protected from systemic iron loading by the blood–retinal barrier, however, increasing evidence suggests that the blood–retinal barrier is unable to shield the retina against morbid levels of serum iron (Zhao et al., 2014). This is potentially problematic for the retina, given it is highly energetically demanding (Wong-Riley, 2010; Country, 2017), making it more likely vulnerable to metabolic and oxidative stress related to iron-loading. The potential for injury from excessive iron loading in the retina has become an area of research interest, particularly in conditions where the integrity of the blood–retina barrier is compromised. Indeed, studies have highlighted interactions between aging and iron homeostasis as potential pathological mediators for a number of retinal disorders including age-related macular degeneration (Dunaief, 2006; Biesemeier et al., 2015; Song et al., 2016; Čolak et al., 2018).
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FIGURE 1. Schematic representation of the retina and key pathways that involve iron (iron represented by green spheres). (A) The neural retina is isolated from the bloodstream (choroidal vessels) by the blood–retinal barrier. The outer blood–retinal–barrier is formed by tight junctions located between the retinal pigment epithelium (RPE). Photoreceptors convert light into electrical signals through the visual cycle and these electrical signals are communicated through the retina via the bipolar and ganglion cells. (B) Iron is required for the visual cycle. Regeneration of 11-cis-retinal, the chromophore of visual pigments in photoreceptor cells, is essential for vision and depends on an earlier reaction catalyzed by the iron-containing isomerase, retinal pigment epithelium-specific 65 kDa protein (RPE65). (C) Photoreceptor outer segments (rods and cones) are constantly synthesized and shed. This process is highly dependent on fatty acid desaturase (FAD) enzyme which is iron dependent to synthesize new membrane lipids.




IRON METABOLISM AND RETINAL IRON HOMEOSTASIS

Dietary iron is the exclusive source of iron for mammals which consists of heme iron (e.g., meat or offal products) and non-heme iron (e.g., legumes, nuts, and seeds) sources (Bjorn-Rasmussen et al., 1974). Iron cannot be actively excreted through normal pathways such as the intestine or kidney and only small levels of iron can be discarded through sloughing of mucosal cells and desquamation, menstruation and other blood loss (Andrews, 1999; Miret et al., 2003; Kohgo et al., 2008). One of the earliest experiments to show a lack of execratory routs for iron was conducted by Widdowson and McCance (1937). The author orally administrated 1000 mg of ferric ammonium citrate per day to four volunteers over 36–46 days, and found that urinary and fecal output contained only trace amounts of unabsorbed iron (Widdowson and McCance, 1937). This work contributed to the current understanding that iron metabolism is a semi-closed system, with low levels of excretion (Kohgo et al., 2008). This closed system means that non-biodegradable iron can build-up in tissues over time, as reviewed elsewhere (Hahn et al., 2006, 2009; Hare et al., 2015, 2017; Shu and Dunaief, 2018). As iron is rare in our environment the body has adopted to store iron. In an iron replete modern diet, the abundance of iron is potentially contributing to health issues. Therefore, age-related accumulation of iron and its adverse effects may be a contributor to increased risk of neurodegeneration with age.

Dietary iron is chiefly absorbed in the upper part of the intestine through the apical side of the enterocyte brush border (Fuqua et al., 2012). After absorption across the gut, iron forms a complex, most notably with the iron carrier protein transferrin (TF), which chaperones iron in the circulation (Andrews, 1999; Meynard et al., 2014). A transferrin molecule can bind two molecules of ferric (Fe3+) iron and is thought to be the main source of iron delivery to neurons in the CNS (Chua et al., 2007).

The specific locations of iron handling proteins in the retina as summarized in Table 2 may provide clues as to functions that may be impacted by anomalies in iron metabolism and dysregulation. In the retina, transferrin is found in RPE cells, but it is also detectable in the neural retina including photoreceptor inner and outer segments, suggesting that iron is trafficked in the retina itself. Iron uptake from the choroidal circulation into the RPE cells is mediated by transferrin receptors 1 (TFR1), which has been found on basolateral and apical surfaces of RPE cells, suggesting that there is bi-directional iron movement across the RPE cells depending on the iron status of the retina (Yefimova et al., 2000; He et al., 2007). TFR1 has also been colocalized to the ganglion cell layer, inner nuclear layer, outer plexiform layer, and inner segment of photoreceptors (Yefimova et al., 2000; He et al., 2007).


TABLE 2. Summary of the major iron-related proteins found in the retina.
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Although TFR1 is the predominant protein responsible for cellular iron uptake, another homologous protein called transferrin receptors 2 (TFR2) also has a cooperative role in mediating retinal cellular iron uptake (Kawabata et al., 1999). The expression of TFR2 appears to be primarily in the RPE (Martin et al., 2006). TFR2 also serves as part of a feedback mechanism via its role as a membrane protein for serum iron levels. TFR2 is postulated to activate a downstream signaling pathway that leads to increase the iron-regulatory protein hepcidin. Increased levels of hepcidin, tightly influences intestinal iron absorption and macrophage iron recycling, helping to lower serum iron (Goswami and Andrews, 2006; Schmidt et al., 2008).

In addition, there is a non-transferrin-bound iron protein called divalent metal transporter-1 (DMT-1), which can contribute to transportation of ferrous iron across the plasma membrane or in some cases out of endosomal compartments (Gunshin et al., 1997). DMT-1 has been colocalized to rod bipolar cell bodies and axon termini, horizontal cell bodies and photoreceptor inner segments (He et al., 2007; Song and Dunaief, 2013).

Once iron is taken up into cells, it is primarily stored in ferritin, a large hollow symmetrical protein which is able to sequester around 4500 atoms of iron (Harrison and Arosio, 1996; Koorts and Viljoen, 2007; Arosio et al., 2009). In addition to the choroid and RPE, within the neural retina the regions with highest levels of iron and ferritin are found in the inner segment of photoreceptors, inner nuclear layer and the ganglion layer (Yefimova et al., 2000; He et al., 2007).

Iron efflux is regulated through a transmembrane protein called ferroportin. It is also known as an iron-regulated transporter 1 or solute carrier family 40 member 1 which exports iron from cells in the form of ferrous (Fe2+) iron. Since ferrous iron must be oxidized to its ferric state to be regulated by systemic transferrin, ferroportin functions in conjunction with two extracellular multicopper ferroxidases, ceruloplasmin and hephaestin (Harris et al., 1999; Vulpe et al., 1999; Jeong and David, 2003; Ayton et al., 2013; McCarthy and Kosman, 2013). Ferroportin is found on most cells including retinal neurons and glia (Abboud and Haile, 2000; Donovan et al., 2000, 2005; Jeong and David, 2003; Hahn et al., 2004a). Ferroxidase enzymes including ceruloplasmin and hephaestin are also present in the retina, specifically in Müller glia and retinal pigment epithelial cells (Chen et al., 2003; Hahn et al., 2004b).

Another iron-regulatory protein which plays a crucial role in the maintenance of retinal iron homeostasis is hepcidin (Nicolas et al., 2001; Pigeon et al., 2001). Hepcidin is the main peptide hormone that regulates systemic iron. Hepcidin is primarily expressed by the liver and secreted into the bloodstream, and expression of hepcidin in retinal Müller cells, photoreceptor cells and RPE cells has been reported (Gnana-Prakasam et al., 2008; Hadziahmetovic et al., 2011a). Hepcidin regulates iron homeostasis by binding and antagonizing the only known mammalian iron exporter, ferroportin, leading to reduced cellular iron export thus limiting the amount of iron found in serum or extracellular fluid (Nemeth et al., 2004). Hepcidin also plays an important role in inhibiting the intestinal iron absorption (Ganz, 2005). Finally, hepcidin promotes sequestration of iron by macrophages which further reduce serum iron levels (Abreu et al., 2018).



ROLE OF IRON IN RETINAL PHYSIOLOGY

Iron is one of the most abundant metals in the retina (Ugarte et al., 2012), critical for retinal function via its role as an integral component of key retinal enzymes (Lohmann, 1964; Yau and Baylor, 1989; Yefimova et al., 2000; Moiseyev et al., 2006; Chen et al., 2009). The characterization of retinal iron content through histochemical approaches showed a heterogeneous distribution, with iron largely found at the choroid, RPE and the photoreceptors layer (Yefimova et al., 2000; Song and Dunaief, 2013). Similarly, iron colocalization at the RPE, choroid and to a lesser degree at the neural retain was confirmed using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) which is a sensitive technique that offers a fast and precise spatially resolved measurement of elements in situ at trace and ultra-trace levels (Pamphlett et al., 2020).

In the context of visual function, iron serves as a cofactor for the RPE-specific 65 kDa protein (RPE65), an enzyme required for the retinoid metabolic pathway, which is critical for the maintenance of light capturing chromophore levels in photoreceptors and thus phototransduction and visual adaption (Redmond et al., 2005; Moiseyev et al., 2006). The isomerohydrolase activity of RPE65 relies on the presence of metal ions (see Figure 1B). Iron is central to this process, as evidenced by findings that mutations in RPE65 iron coordinating result in a range of retinal dystrophies including Leber congenital amaurosis and some forms of retinitis pigmentosa (Thompson et al., 2000; Simovich et al., 2001; Redmond et al., 2005; Bereta et al., 2008).

In addition, iron is an essential cofactor of fatty acid desaturases enzymes which play an important role in photoreceptor outer segment disc biogenesis (Figure 1C; Shichi, 1969; Song and Dunaief, 2013); whereby old photoreceptor discs containing phototransduction proteins are completely replaced by new ones over the course of about 10 days (Young, 1967; Young and Bok, 1969; Chuang et al., 2007). In addition to the above retina specific role for iron, like the CNS, the retina expresses several iron-dependent enzymes including tyrosine hydroxylase (Ramsey et al., 1996), phenylalanine hydroxylase (Gottschall et al., 1982), and tryptophan hydroxylase (Kuhn et al., 1980) that are involved in the biosynthesis and regulation of neurotransmitters such as dopamine, serotonin, and melatonin (Kaushik et al., 2007). Therefore it is not surprising that the retina expresses a wide array of enzymes that utilize iron as a cofactor, including those involved in energy production; mitochondrial ferredoxins, Redfearn and King (1964) cytochromes (Slater, 1949), and aconitase (Dickman and Cloutier, 1950).



RETINAL CHANGES IN HEMOCHROMATOSIS

One way to consider the importance of iron to the retina and visual function is to examine what happens in those people who have an iron loading disorder. However, assessment of retinal changes in hemochromatosis patients remain limited. One of the earliest reports on the ocular manifestations of high levels of retinal iron loading in hemochromatosis patients was described by Maddox (1933). The author reported that there was normal visual acuity without overt retinal pathology in four cases (Maddox, 1933). Almost 40 years after Maddox, further reports in those with hemochromatosis showed iron accumulation in the peripapillary (around the optic nerve) retinal pigment epithelium, ciliary epithelium (where aqueous humor is produced), corneal epithelium, and sclera (Davies et al., 1972; Roth and Foos, 1972). Drusen-like deposits, which are the prominent clinical feature of age-related macular degeneration, were also detected in these patients (Roth and Foos, 1972). In a more recent study, Menghini et al. (2018) examined 49 patients (∼15 years after diagnosis, average age at examination 60 years) with hemochromatosis and examined the retina in vivo using spectral domain optical coherence tomography, as well as short wavelength autofluorescence and color fundus images. Their results showed no retinal changes such as drusen, RPE alterations, or increased lipofuscin in any of the images.

In contrast, other case studies that examine histopathology and retinal function via electroretinography have indicated the possibility of retinal changes with hemochromatosis. Retinal abnormalities have been reported in a 49-year-old hemochromatosis patient with homozygosity for the C282Y polymorphism in the HFE gene. The patient was characterized by progressive loss of visual function assessed by full – field electroretinography (ERG) and abnormal RPE changes using retinal imaging (Zerbib et al., 2015). Electroretinographic examination at the initial visit revealed a 50% reduction in the rod response and no change in the cone response. Follow-up examinations 6-month later suggested that in addition to a diminished rod response there was a progression of cone dysfunction, with a 50% reduction in the cone response (Zerbib et al., 2015).

Recently, another case of ocular involvement in hereditary hemochromatosis was reported in a 39-year-old patient with a homozygous C282Y mutation in HFE gene, without any other mutations associated with inherited retinal dystrophies. The patient reported bilateral progressive blurry vision and recent onset photopsia and headaches. Electroretinograms demonstrated generalized rod and cone dysfunction with some central preservation of waveforms. There appeared to be no retinopathy progression at 6 month follow-up, after the patient had undergone treatment to normalize his iron levels (Bellsmith et al., 2020).

There remain limited studies exploring the relationship between the systemic iron loading disorders and retinal changes. The heterogeneity in findings between the few case reports and Menghini et al.’s (2018) study could derive from the methodologies employed, for example, electroretinography can be a more sensitive measure of temporary retinal dysfunction than optical coherence tomography, which may only detect more significant structural changes associated with longer term retina injury (Ledolter et al., 2015).



ANIMAL MODELS OF IRON DISORDERS OF THE RETINA

To gain further insight, preclinical studies have sought to examine in animal models the impact of systemic iron loading on retinal health. Broadly, three types of animal models have been developed including local administration of exogenous iron (e.g., intravitreal injection), oral delivery of iron (dietary iron supplementation), and genetically modified iron loading models.

It should be noted during the earliest stages of neonatal development when mammals nurse on their mother’s milk, the blood–brain barrier is open to iron accumulation (Dwork, 1995; Kaur et al., 2007; Billings et al., 2016). Subsequently the blood–brain barrier becomes fully formed in early life and only then iron is acquired selectively through iron receptors proteins that mediate iron intake.

One of the earliest animal models of local administration of exogenous iron was conducted by Declercq et al. (1977). They examined the consequences of excess iron on retinal function and histopathology in an animal model of siderosis. Ten days after intravitreal injection of a solid iron foreign body into the rabbit eye, they reported reductions in both a- (photoreceptor) and b-wave (ON bipolar cells) amplitudes in conjunction with degeneration of the outer nuclear layer and RPE (Declercq et al., 1977). Subsequently, Doly et al. (1984) showed that intravitreal injection of a solution containing Fe2+ ascorbate into the rat’s eyes selectively attenuated the b-wave in isolated retinal recordings (Doly et al., 1984). A similar study showed intravitreal injection of ferrous sulfate (FeSO4) into mouse’s eyes caused a reduction in the b-wave amplitude (Rogers et al., 2007). These data show that high levels of iron appear to reduce outer and middle retinal function.

The effects of high dietary iron were studied on 2-month-old mice by supplementing mice with 2% iron carbonyl for 3 or 10 months. Compared with a normal diet, dietary iron supplementation changed retinal mRNA levels of iron-responsive genes indicating a modest increase in iron in the RPE. However, even by 18 months of age there was little evidence of increased retinal iron and no retinal degeneration (Bhoiwala et al., 2015). The authors suggested that high levels of dietary iron can only modestly increase the level of iron deposition in the mouse RPE without causing RPE or retinal degeneration, which means the blood–retinal barrier is able to regulate iron levels (Bhoiwala et al., 2015).

The effects of acute systemic iron loading via intravenous injection were investigated by Song et al. (2016). Their study involved two cohorts of C57BL/6J male mice including a group of 2 months old mice administrated a weekly dose of 1.2 mg iron-sucrose for a total of 12 injections. These animals were examined at 12 months of age. The second cohort of mice at 10 weeks of age were subjected to two intravenous injections either with iron-sucrose or sucrose alone and euthanized 24 h after the last injection. Their results showed iron accumulated chiefly at the RPE and choroid in chronic exposure. Additionally, histological features similar to AMD such as Bruch’s membrane thickening, RPE hypertrophy and vacuolization were noted in these mice. The second acute loading group displayed increased levels of ferritin mRNA and reduction of transferrin receptor mRNA within the RPE (Song et al., 2016).

Consistent with susceptibility of the choroid, RPE and outer retina, Song et al. (2016) reported a clinical case of a 43-year-old anemic patient who developed numerous retinal drusen, the hallmark of AMD, within 11 months of intravenous iron therapy. The patient who had no prior ocular history had undergone infusion of 300 mg of iron-sucrose saline over 2 h three times a week. As the treatment progressed the patient noted delayed adaptation to low-light levels and difficulty reading at night. The patient’s DNA was tested and revealed a high genetic risk for AMD. They concluded that iron therapy may have the potential to induce or exacerbate a form of retinal degeneration that shares features with AMD (Song et al., 2016).

It should be noted that the iron regulatory hormone, hepcidin is expressed in the neurosensory retina and may limit iron influx into the inner retina which would be another mechanism to protect the inner retina against high levels of iron (Baumann et al., 2019). Therefore, Shu et al. (2019) designed a study in which retina-specific hepcidin knockout mice were exposed to high systemic iron levels through daily intraperitoneal injection of 10 mg iron dextran for 5 days each week. Their results showed that while they could identify accumulation of high levels of iron in the RPE and retinal vascular endothelial cells of hepcidin knockout mice, there was no change in iron status of neurosensory retina. They reported no alterations in the retina–blood barrier and no signs of retinal degeneration. They concluded that the retinal–blood barrier can protect neurosensory retina from high doses of exogenously administered iron independent of retinal hepcidin production (Shu et al., 2019).

All of the studies analyzing the effects of acute exogenous iron-loading on retina showing similar patterns of iron distribution with RPE and choroid being the main sites of iron accumulation. However, the pathological effects of iron on retina seemed to be varied amongst these studies. Thus further studies of defective retinal iron homeostasis using both functional and histological outcome measures in genetically modified animal models of chronic iron loading could potentially provide a more comprehensive understanding of iron-induced retinal pathology.


Retinal Abnormalities in Genetically – Modified Animal Models of Systemic Iron Loading

Genetically modified animal models of chronic iron loading have been developed to recapitulate human iron loading diseases. One of the earliest mouse models of systemic iron loading was developed by disruption of a single ferroxidase, either Cp or Heph. A study has shown that the Cp knock-out mice at 18 months old showed increased retinal iron levels and degeneration of the retina (Patel et al., 2002) in alignment with aceruloplasminemia patients who have mutations in Cp (Wolkow et al., 2011). In contrast, other animal studies which selectively delete either Cp or Heph did not manifest any retinal iron loading or related pathology even at 2 years of age (Hahn et al., 2004b), suggesting that one ferroxidase can compensate for the functional loss of the other (Jiang et al., 2016). However, simultaneous disruption of Cp and Heph in double knockout mice led to substantial retinal iron build-up (more than 2.5-fold) at 6-month of age compared to wild-type mice (Hahn et al., 2004b; Hadziahmetovic et al., 2008). Double knockout mice showed photoreceptor degeneration, sub-retinal neovascularization and RPE hypertrophy, hyperplasia by 9 months of age (Hahn et al., 2004b). Retinal degeneration in these mice was progressive, becoming more severe by 12–13 months of age (Hadziahmetovic et al., 2008).

Another mouse model of systemic iron loading was developed by Wolkow et al. (2012). Their murine model combined systemic ceruloplasmin deletion with RPE-specific hephaestin knockout resulted in iron accumulation in the RPE by 3 months of age, which was accompanied with a range of pathological features. In contrast, photoreceptor-specific deletion of hephaestin had no substantial effect on iron levels in the neural retina, even with concomitant systemic deletion of ceruloplasmin (Wolkow et al., 2012). Together, these results indicate that hephaestin has a cell-autonomous role in the RPE.

A further mouse model was generated by a single nucleotide (G to A) switch of the transferrin gene to produce hypotransferrinemic Hpx–/– mice (Trenor et al., 2000). Homozygous Hpx–/– mice have no transferrin and injection of human transferrin is required for survival, but even then, only a minority of mice survive up to 2 months of age (Lederman et al., 2012). Despite administration of exogenous human transferrin, the amount of transferrin in the retina of Hpx–/– mouse decreased to 61% of wild-type levels (Dickinson and Connor, 1995). Interestingly, the total iron content in the retina was not different between Hpx–/– and wild-type mice. Although gross retinal structure appeared to be normal in Hpx–/– mouse, assessment of retinal function showed attenuation of scotopic and photopic electroretinogram amplitudes compared to wild-type mice at 1 and 2 months of age (Lederman et al., 2012).

Finally, abnormal systemic iron loading has also been modeled by disruption of the bone morphogenetic protein 6 (Bmp6) gene, a key iron regulator gene that acts through hepcidin. In Bmp6 knockout mice (Bmp6–/–) high levels of iron are found in the neural retina of male Bmp6–/– mice (fourfold compared to wild-type male mice) (Hadziahmetovic et al., 2011c). Male Bmp6–/– mice showed severe retinal pathology by ∼10 months of age, including RPE hypertrophy and hyperplasia, loss of overlying photoreceptors and outer nuclear layer thinning. It is of interest that male Bmp6–/– mice had almost 20-fold more iron in their RPE/choroid compared to female Bmp6–/– mice. Female Bmp6–/– mice showed no evidence of increased retinal iron loading and normal retinal morphology. The sexual dimorphism of iron effects in Bmp6–/– mice was studied by castration and ovariectomy. Higher levels of liver hepcidin was found in castrated Bmp6–/– males relative to non-castrated Bmp6–/– mice, while there was no evidence of abnormal hepcidin expression in ovariectomized females. The authors argued that higher iron accumulation in Bmp6–/– males may have arisen through additional suppressive effects of testosterone on hepcidin synthesis (Latour et al., 2014). These studies highlight that along with age, gender can affect levels of retinal iron loading in the retina (Hahn et al., 2006).

Whilst providing important insight, the genetic mouse models of iron dyshomeostasis introduced thus far are not genetically analogous to human hemochromatosis. Thus, further studies of mouse models with disruption of genes that predispose to heredity hemochromatosis could offer more clinical relevance.



Retinal Abnormalities in Genetically – Modified Animal Models of Hemochromatosis

In addition to the above models, preclinical studies have sought to disrupt genes that predispose to heredity hemochromatosis in humans. The expression of hemochromatosis-related genes in mouse retina (Martin et al., 2006) makes it a useful animal model to address the possibility of iron-induced retinal injury.

Iacovelli et al. (2009) hypothesized that the disruption of ferroportin (Type 4 hemochromatosis) within the retina could lead to aberrant iron accumulation during both development and adulthood in mammals. They generated a polycythemia (high concentration of red blood cells) mouse (Pcm) model, and the results showed that up to 7 weeks of age there was no difference between Pcm and wild-type mice. However, at 12 months of age there were signs of retinal degeneration and morphological changes in aging Pcm mice. Unfortunately, retinal iron levels were not reported for Pcm mice at 1 year of age (Iacovelli et al., 2009).

The hepcidin knockout mouse (Hamp–/–) is another model of hemochromatosis (Type 2) that show age-dependent increases in retinal iron in the RPE/choroid and neural retina (Hadziahmetovic et al., 2011a). Retinal structure was normal at 3 months of age in Hamp–/– mice. Mild focal abnormalities became apparent by 9 months and by 18 months pathology was severe including RPE hyperplasia, accumulation of lipofuscin-like material in the RPE, loss of photoreceptor outer segments and subretinal neovascularization (Hadziahmetovic et al., 2011a). Histochemical analysis of retinal iron levels (Perls’ staining) showed that the RPE and non-pigmented ciliary epithelium are the primary sites of retinal iron accumulation in Hamp–/– mice older than 9-month. Hamp–/– mice also showed changes in retinal iron-related genes and proteins, including reduced Tfr1 mRNA levels, and increased retinal L-ferritin protein levels at 4 months of age (Hadziahmetovic et al., 2011a). It is noticeable that despite progressive retinal iron accumulation in Hamp–/– mice and previously described Cp and Heph double knockout mice, there is a down-regulation in transferrin-bound iron import proteins in the retina of these models. This contradiction was resolved by Sterling et al. (2017) showing upregulation of non-transferrin bound iron import proteins in these two mouse models of retinal iron accumulation.

Another mouse model of hemochromatosis (Type 2) is hemojuvelin knockout (Hjv–/–) mice. This animal model showed early systemic iron loading in particular in the liver, pancreas and heart by two and a half months of age (Niederkofler et al., 2005), with little evidence of retina changes at this age. Hjv–/– mice showed retinal degeneration at 18 months of age as assessed by counting cell bodies in retinal cross sections (Gnana-Prakasam et al., 2012).

Finally, a mouse model of hemochromatosis Type 1, which is one of the most prevalent mutations seen in human is the Hfe knockout mouse (Hfe–/–). This mouse model had normal retinas at 6 months of age. Assessment at 18 months of age revealed severe retinal abnormalities including loss of ganglion cells, uneven distribution of nuclei in the inner and outer nuclear layers, widespread hypertrophy of RPE cells and focal areas of RPE hyperplasia (Gnana-Prakasam et al., 2009a). In addition, Hfe–/– mice showed changes in iron – related proteins including increased levels of both H-ferritin and L-ferritin in photoreceptors, outer and inner plexiform layers and within the RPE, in addition to reduced Tfr1 mRNA levels (Gnana-Prakasam et al., 2009b).



Summary of Animal Studies on Iron and Retina

The pathologic findings in animal models shows that too much iron in the eye leads to dysfunction of photoreceptors and downstream consequences on the inner retina. Under normal conditions it seems that the regulatory system including the blood–retinal barrier protects the retina from systemic dietary iron loading. However, high levels of serum iron can eventually damage the RPE, which then reduces support to photoreceptors. Additionally, disruption to genes associated with iron–regulation leads to iron build-up, particularly the RPE and photoreceptors, resulting in progressive photoreceptor and downstream inner retinal degeneration. There is some evidence that rod photoreceptor dysfunction precedes cone photoreceptor changes with iron accumulation in the RPE. The amount of retinal injury and rate of progression associated with systemic iron loading appears to be varied depending on the specific regulatory protein involved, in addition to the age and sex of the mice (Hahn et al., 2009). While there is an increasing interest in incorporating electroretinography and in vivo imaging, as well as gene expression changes in retinal studies in animal models of iron loading (Liu et al., 2021), the number of such studies are still limited. More comprehensive time course studies, particularly using complementary tools such as electroretinography and in vivo imaging to define the earliest retinal deficits would help to define the role of iron regulation on retinal degeneration. Current animal studies indicate that the major driving factor in retinal degeneration may be iron overload as opposed to the genetic mutation itself having a direct effect, even though many hemochromatosis molecules have been found in the retina (Gnana-Prakasam et al., 2009a). This is because in the genetic modification models retinal changes only manifest at older ages, a stage when iron has had a chance to over-accumulate. Furthermore, treating the Cp-Heph (Hadziahmetovic et al., 2011b) and Hepc (Song et al., 2014) knock out mouse with an iron-chelator decreased retinal iron levels, oxidative stress and ameliorated retinal degeneration. Given different sub-types of hemochromatosis are due to alterations in a variety of genes further interventional studies are still warranted in other animal models.




CONCLUSION

Iron is known to play a critical role in the metabolic activities of the retina particularly the RPE and photoreceptors, but also the inner retina. Studies of ocular manifestations of systemic iron loading remain confined to case reports (Hudson, 1953; Davies et al., 1972; Roth and Foos, 1972; Zerbib et al., 2015; Bellsmith et al., 2020), with only one study on cohort of hemochromatosis patients (Menghini et al., 2018). Few studies have systematically assessed retinal function aside from visual acuity. Cumulative evidence from animal studies, showed that polymorphisms and mutations in iron-modulating genes are associated with progressive retinal iron accumulation and retinal injury.

The exact pathophysiology of retinal abnormalities in systemic iron loading-disorders is still unclear. Improved understanding of the relationship between retinal iron imbalance and retinal pathology is likely to help in the development of therapeutic strategies that can restore retinal iron homeostasis and mitigate neurotoxicity.
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An increasing number of extremely premature infants survive the neonatal period and beyond. Little is known about the maturation of the preterm infant’s metabolome and its relation to the development of morbidities. Using 1H-NMR, we investigated the serum metabolic profile of 87 infants born at a gestational age (GA) <28 weeks [mean GA (SD) 25.4 (1.4) weeks] in samples longitudinally collected from birth to term equivalent age. The infant metabolome was analyzed in relation to GA, postnatal age, nutrition, and preterm morbidities. At postnatal day 1, low GA correlated with high levels of 3-hydroxyisobutyrate, acetate, acetoacetate, acetone, formate, glucose, and valine. Nearly all quantified metabolites displayed postnatal concentration changes. For example, the two phospholipid-related metabolites myo-inositol and ethanolamine displayed a similar decline from birth over the first weeks of life, irrespectively of GA. The proportion of enteral/parenteral energy intake in the first 28 days significantly correlated with mean levels of 52% of the analyzed metabolites. Low enteral energy intake was associated with high serum levels of 3-hydroxyisobutyrate, creatinine, glucose, glycerol, histidine, lactate, leucine, lysine, methionine, ornithine, phenylalanine, proline, threonine, and uridine. There were also significant correlations between high enteral intake and high serum levels of isoleucine and tyrosine. Retinopathy of prematurity (ROP) and bronchopulmonary dysplasia (BPD) outcomes were not significantly associated with metabolite levels in the neonatal period after correcting for multiple testing. In conclusion, the serum metabolome of extremely premature infants changes substantially in the neonatal period, largely driven by the gradual transfer from total parenteral nutrition to full enteral feeding. Further studies are needed to disentangle the intricate relationships between the metabolome, nutritional management, GA, and the development of preterm morbidities.
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INTRODUCTION

Advances in obstetrics and perinatal care over the last decades have dramatically improved the survival of infants born preterm. Despite improved survival, the prevalence of morbidities among extremely preterm infants (born <28 weeks of gestation) remains high, particularly among infants born at the lowest gestational ages (GAs) (Costeloe et al., 2012; Norman et al., 2019). Morbidities affecting preterm infants include intraventricular hemorrhage (IVH), necrotizing enterocolitis (NEC), sepsis, bronchopulmonary dysplasia (BPD), and retinopathy of prematurity (ROP). These morbidities pose immediate threats to infant health and may have long-term consequences for neurodevelopmental and behavioral outcomes (Mathewson et al., 2017; Pascal et al., 2018; Twilhaar et al., 2018). The neonatal period is an especially vulnerable time for extremely preterm infants with high risks for death and morbidities.

Metabolomics allows for the detection and quantification of an array of low molecular weight compounds derived from cellular metabolism or exogenous sources and has the potential to provide detailed insights into disease etiology and progression (La Frano et al., 2018; Ernst et al., 2020). Metabolomics is increasingly used in research settings and is a promising tool in precision medicine, especially in the context of clinical neonatology (Fanos et al., 2018). However, most metabolomics studies in preterm infant blood have focused on one or a few sampling occasions, while longitudinal studies during the neonatal period and beyond have been sparse and included few individuals.

The neonatal period of extremely preterm infants involves the gradual transfer from total or partial parenteral nutrition (PN) to full enteral nutrition (EN). Human milk is always the firsthand choice of enteral feed for preterm infants. In Sweden, all extremely preterm infants receive exclusively human milk, mother’s own milk if available, otherwise, donor human milk, from the day of birth until usually 34 weeks postmenstrual age. Thereafter, a preterm formula may be introduced. Feeding tolerance is strongly linked to the GA at birth, and the most immature infants require the longest time to reach full enteral feeding. Therefore, an infant’s metabolic profile depends on the GA and the postnatal age (Clark et al., 2014). Furthermore, the feeding regime influences the growth trajectory for the preterm infant (Power et al., 2019; Lund et al., 2020; Roggero et al., 2020), and poor growth gain during the 1st weeks of life is predictive for adverse morbidity outcomes, including severe ROP and BPD (Hellström et al., 2010; Chisholm et al., 2019).

Bronchopulmonary dysplasia and ROP are multifactorial diseases with certain common elements but also with distinct pathogenesis. ROP is a neurovascular disease characterized by dysregulated retinal vascularization that can lead to retinal detachment and permanent visual loss if not timely diagnosed and treated. The prevalence of ROP is higher in infants with low GA and low weight at birth (Hellström et al., 2013; Danielsson et al., 2021). BPD stems from pre and postnatal injury to the immature lung and affects almost 50% of extremely preterm infants born in high-income countries (Stoll et al., 2010; Hellström et al., 2021; Siffel et al., 2021). As for ROP, BPD involves disrupted vascular formation and is more common in infants with low GA and high supplemental oxygen.

Here, we assessed the serum metabolic profiles of extremely preterm infants from birth to term equivalent age and analyzed the metabolome in regards to GA, postnatal age, nutrition, and morbidities.



MATERIALS AND METHODS


Study Design

The current investigation was performed within the Donna Mega trial (ClinicalTrials.gov Identifier: NCT02760472). The Donna Mega trial is a single-center, randomized open-label trial designed to determine the effect of parenterally administered lipids with or without n–3 long-chain polyunsaturated fatty acids (LC-PUFAs) on growth and morbidity outcomes in infants born extremely preterm. Infants were randomly assigned an olive oil-based lipid parenteral emulsion (Clinoleic, Baxter Medical AB, Kista, Sweden) or a mixed-oil emulsion high in n–3 LC-PUFAs (Smoflipid, Fresenius Kabi, Uppsala, Sweden). The results of the primary outcomes of the trial have been previously published (Najm et al., 2017). Eligible for inclusion in the study were infants born at GA <28 weeks at the neonatal care unit at Sahlgrenska University Hospital in Gothenburg, Sweden, between April 2013 and September 2015. Infants born with major congenital malformations were excluded. Out of the 138 infants born at GA <28 weeks during the inclusion period, parents/legal guardians of 90 eligible infants agreed to participate after informed consent. Details of the nutritional strategy and nutritional data collection have been described in detail (Najm et al., 2017; Lund et al., 2020). Growth data (weight, length, and head circumference) were prospectively collected until term equivalent age and transformed into z-scores according to the growth reference by Niklasson and Albertsson-Wikland (2008).



Morbidities

Retinopathy of prematurity screening was performed as previously described (Löfqvist et al., 2018), and disease stages were classified using The International Classification of Retinopathy of Prematurity (2005). No/moderate ROP was defined as ROP stages 1–2, and Severe ROP as ROP stage 3 and/or Type 1 ROP. BPD was defined as the need for supplemental oxygen at 36 weeks postmenstrual age.



Blood Collection, Sample Preparation, and Metabolic Profiling

Infant blood samples were collected at postnatal days (PND) 1, 7, 14, and 28, and at postmenstrual age (PMA) 32, 36, and 40 weeks. The blood was allowed to clot at 4°C for a minimum of 45 min and a maximum of 2 h before centrifugation at room temperature at 1500 g for 10 min. The serum was then transferred into cryovials and stored at −20°C for up to 1 week before long-term storage at −80°C until analysis. All samples had been subjected to at least one, but less than five, freeze-thaw cycle before NMR analysis.

Serum samples (50 μl) were prepared and then analyzed on an Oxford 800 MHz magnet equipped with an Avance III HD console and 3 mm TCI cryoprobe (Bruker BioSpin). Details of sample processing and the 1H NMR analysis have been published (Nilsson et al., 2020). Tentative annotations of peaks were made using ChenomX 8.3 (ChenomX Inc.) and the spectral data in the Human Metabolome Data Bank (Wishart et al., 2018). In total, 260 NMR features were detected in the serum samples. From these, 31 metabolites could be chemically and structurally annotated. In instances where multiple features represented a single metabolite, a strong well-separated peak was selected, or two or more peaks were summarized. All metabolite levels are reported as normalized NMR signals or as standardized values.



Ethics

The Donna Mega trial was approved by the Regional Ethical Review Board, Gothenburg (Dnr 303-11). Informed signed consent for all participants included in the study was obtained from their parents or legal guardians.



Statistical Analyses

Mann–Whitney U-test was used to compare continuous variables with non-normal distribution, and Spearman’s rank test was applied to assess correlations between variables.

The area under the curve (AUC) for metabolites for PND 1–28 was calculated using the trapezoidal rule. The AUC was divided by the total number of days to yield a daily mean value. Only infants who had a complete sample series during their first 4 weeks of life (PNA 1, 7, 14, and 28) were included in this sub-analysis. In instances where no NMR signal could be detected and a peak intergraded, the minimum value/2 was imputed. Six out of 15593 (0.04%) values were imputed using this method.

For clustering, the NMR signal of each metabolite was first standardized with a standard deviation of 1 centered at 0. Then, the scaled values from all 503 samples were used to create the Euclidean distance matrix for dendrogram generation. Dendrograms showing metabolite levels in heatmaps have been clustered using the Ward2 algorithm, an implementation of Ward’s minimum variance method implemented as “Ward.D2” in R package pheatmap (Kaufman and Rousseeuw, 2009; Murtagh and Legendre, 2014). Spearman correlation was used to compute the pairwise correlation. Multiple tests correction was performed with the Benjamini–Hochberg method.

Statistical analyses were performed using IBM SPSS Statistics version 27 (IBM Corp., Armonk, NY, United States) and R-Statistics Software (The R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Population Characteristics and Serum Sampling Scheme

Serum for 1H NMR metabolomics was available from 87 out of 90 infants enrolled in the Donna Mega trial (Najm et al., 2017). The study infants’ demographic and clinical data are presented in Table 1 and the blood sampling scheme used is illustrated in Figure 1. In total, 503 serum samples collected at seven predetermined time points were analyzed (Figure 1A). Samples from the first four time points were collected based on chronological age [postnatal day (PND) 1, 7, 14, and 28], while the following samples were collected based on postmenstrual age [postmenstrual week (PMW) 32, 36, and 40) (Figure 1B).


TABLE 1. Demographic data of the study population (n = 87).
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FIGURE 1. Overview of analyzed samples. (A) Number of samples collected at seven time points used for serum metabolomics presented by gender. (B) Longitudinal serum sampling scheme for all infants included in the study. Infants are sorted by gestational age at birth. The size of the dot at sampling is proportional to the postnatal age of the infant and the color indicates the sampling time point accordingly to legend. GA, gestational age; PND, postnatal day; PMW, postmenstrual week.




Overview of the Infant Metabolome

Thirty-one serum metabolites could be unambiguously annotated and quantified in all samples (Supplementary Table 1). To overview the data, mean metabolite levels across the sample time points were subjected to hierarchical clustering and visualized in a heatmap (Figure 2). For assessing the impact of GA on the metabolome, infants were subdivided into three groups based on GA at birth: below 25 weeks GA (n = 33), 25–26 weeks GA (n = 36), and 27 weeks GA (n = 18). There was apparent clustering both according to sampling time and GA at birth. Overall, samples from the two lower GA groups (<25 and 25–26 weeks) clustered together and showed larger variability in metabolite levels between time points than samples from the group of infants with the highest GA (27 weeks). Samples collected at PND 1 and PND7 in the two lower GA groups formed a cluster defined by high levels of acetone, creatinine, and phenylalanine. Furthermore, PND 1 samples from GA <27 weeks infants displayed high 3-hydroxyisobutyrate, ethanolamine, and myoinositol levels, among other metabolites. At PMW 40, samples from all three GA groups clustered together, indicating a transient change in the metabolome in infants born at the lowest GAs occurring in the neonatal period.
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FIGURE 2. Heatmap of metabolite levels over the study period stratified by gestational age (GA) at birth: <25 weeks, 25–26 weeks, or 27 weeks. Each metabolite was scaled using the mean value and standard deviation and centered at 0. Intensities from blue to red display relative metabolite levels in standard deviations. Both rows and columns have been hierarchically clustered based on metabolite abundances at specified time points for each GA group. Thus, metabolites that show similar abundance patterns across the study period group together vertically, and time points for each GA group that show similar metabolite abundance patterns group horizontally. Breaks in the heatmap indicate clusters from the dendrograms; the number of clusters was manually specified. PND, postnatal day; PMW, postmenstrual week.




Influence of Gestational Age at Birth on Metabolites the First Day of Life

At PND 1, levels of 7 (23%) of the analyzed metabolites were significantly correlated with GA at birth (Figure 3 and Supplementary Table 2). Notably, all metabolites associated with GA at birth displayed negative correlations.
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FIGURE 3. Relationship between gestational age at birth and serum levels of metabolites at postnatal day (PND) 1: 3-hydroxyisobutyrate (A), acetate (B), acetoacetate (C), acetone (D), formate (E), glucose (F), and valine (G). Shown are Spearman’s correlation coefficient (rho) and p-value for the association between metabolite levels and gestational age. p-values have been false discovery rate adjusted using the Benjamini-Hochberg method. Y-axis shows normalized NMR signal.




Longitudinal Changes in the Infant Metabolome

Figure 4 shows all analyzed metabolites longitudinally plotted with individual samples colored according to time point. The same metabolites presented by the three GA groups are shown in Figure 5. As seen in both the heatmap (Figure 2) and longitudinal plotting of the data (Figures 4, 5), the most pronounced metabolome changes occurred during the neonatal period, i.e., between birth and postnatal day 28. Specifically, this period was also defined by differences in metabolite levels between the three GA groups. Some metabolites, however, also displayed abundance changes in the later part of the study period (e.g., citrate, glutamine, and lysine).
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FIGURE 4. Metabolite levels over postnatal age (days). Individual sample values are plotted and colored according to time point as indicated in the legend. Lines represent smoothed conditional means with 95% confidence intervals (shaded areas). Y-axis shows z-score normalized metabolite abundances.
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FIGURE 5. Metabolite levels over postnatal age (days) by gestational age (GA) group. Accordingly to the legend, metabolite levels were stratified by GA at birth. Lines represent smoothed conditional means with 95% confidence intervals (shaded areas). Means are only shown up to day 120 due to few samples in each group at later time points. Y-axis shows z-score normalized metabolite abundances.




Relationships Between Nutritional Management, Growth, and the Infant Metabolome

Next, we explored relationships between the infant metabolome, growth, and nutritional parameters by correlating data collected the first 28 postnatal days (Figure 6). About half of the nutritional variables were significantly associated with metabolite levels (Figure 6A). Variables related to parenteral nutrition formed a cluster and were positively correlated with serum levels of glycerol, threonine, and ornithine (Figure 6B). Contrary, nutritional variables related to enteral nutrition formed a cluster together with choline and tyrosine. Surprisingly, donor milk and mother’s own milk were found in two separate clusters. Standardize weight (zWeight) and head circumference (zHC) formed a small cluster together with asparagine.


[image: image]

FIGURE 6. Correlations between nutritional intake, growth, and the infant serum metabolome. (A) Flow diagram showing the correlations within and between variables groups based on Spearman correlations above 0.5. Link-width is proportional to the number of features correlating between the variable groups. (B) Heatmap with hierarchical clustering based on the pairwise Spearman correlations between variables. Color reflects the Spearman’s rank correlation coefficient accordingly to the legend.




Enteral Nutritional Intake and the Serum Metabolome

To further understand how nutritional management influences the metabolome, we compared the % enteral of total energy intake (kcal/kg/d) PND 1–28 with mean metabolite levels. Only infants with complete metabolic profiles from PND 1 to PND 28 were included (n = 69). Isoleucine and tyrosine displayed positive correlations with % enteral energy intake, whereas many other (14/31) metabolites were negatively associated, including glycerol, threonine, and creatinine (Figure 7A). Next, infants were dichotomously grouped based on if they had high (>median) or low (<median) enteral energy intake PND 1–28 (Supplementary Table 3). Figures 7B–E show examples of metabolites that significantly differed between infants with high and low enteral energy intake. Among these examples, the daily mean glycerol and threonine levels were two-fold higher in infants who received little enteral intake compared to infants with high enteral intake.
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FIGURE 7. Relationship between enteral nutrition and serum metabolites. (A) Spearman correlation (95% confidence interval) between energy provided as enteral nutrition day 1–28 and mean daily metabolite levels during the corresponding period (n = 69). Triangles indicate metabolites that significantly (p < 0.05) correlate with enteral energy intake and the color of the symbols reflect the negative logarithm of the p-value. (B–E) Boxplots show mean daily levels of selected metabolites that depend on the total energy provided as enteral energy. Infants have been dichotomously grouped if they received above (n = 34) or below (n = 35) the median amount of total energy as enteral energy day 1–28. Y-axis shows normalized NMR signal. p-values have been false discovery rate adjusted using the Benjamini–Hochberg method.




Associations Between the Serum Metabolome and Morbidities

To identify metabolites associated with the development of preterm morbidities, we compared mean daily metabolite levels PND 1–28 with ROP and BPD outcomes. Before correction for multiple testing, 10 metabolites differed significantly between infants who developed no/mild ROP (stages 0–2, n = 39) and infants who developed severe ROP (stage 3 and/or Type 1 ROP, n = 29) (Supplementary Table 4). However, after false discovery rate correction, no metabolite remained statistically significant. Similarly, three metabolites differed significantly between infants who did not (n = 36) or did develop BPD (n = 32), but none remained significant after false discovery rate correction (Supplementary Table 4).




DISCUSSION

We longitudinally followed the serum metabolome of extremely preterm infants from birth to term equivalent age. Our results show that the metabolome of the infants undergoes substantial composition changes during the early perinatal period, strongly influenced by the feeding regime, and moreover, relates to GA at birth.

The levels of seven serum metabolites on PND 1 significantly correlated with GA at birth (3-hydroxyisobutyrate, acetate, acetoacetate, acetone, formate, glucose, and valine). Valine has previously been shown to be the amino acid with the most considerable concentration difference between extremely preterm and full-term infants, demonstrating a GA dependence (Wilson et al., 2014). Apart from valine, the identified metabolites constituted non-amino acid compounds and showed limited overlap with metabolites related to GA in very- and moderately preterm infants (Ernst et al., 2020). Formate can be produced from various sources and is a critical component in one-carbon metabolism, including the metabolic pathways of folate, choline, and methionine. The concentration of formate is higher in fetal plasma than in maternal plasma (Washburn et al., 2015; Brosnan et al., 2019). It has been suggested that high fetal formate supports increased one-carbon metabolism during late gestation when extensive growth occurs (Brosnan et al., 2019). We found that low GA at birth was associated with higher serum formate at PND 1. The implications of this finding need further studies. Acetoacetate, acetone, and 3-hydroxybutyrate are ketone bodies that generally increase in the blood under fasting conditions, a high-fat diet, suckling, and during the second half of the pregnancy. Ketone bodies are formed from the breakdown of fatty acids and are used as fuel when glucose is unavailable or needed for anabolism. Further metabolism of acetone yields lactate and acetate, among other compounds. Ketone bodies can freely cross the placenta, and maternal-fetal concentrations are closely related at delivery (Paterson et al., 1967). We found infant ketone levels at PND 1 to be lower in infants born at higher GAs. The increase in acetoacetate observed at PND 7 and 14, especially in lower GAs, likely reflects a high intake of parenteral lipids and increased plasma lipid levels.

Serum myo-inositol and ethanolamine followed a similar decline after birth to reach plateau levels around PND 28. Both of these metabolites are essential components of membrane phospholipids. A postnatal decrease in myo-inositol is known to occur in preterm infants (Brion et al., 2021), and attempts have been made to restore myo-inositol levels to reduce morbidity, particularly respiratory distress syndrome and ROP (Hallman et al., 1992; Phelps et al., 2018). However, a recent systematic review concluded that myo-inositol supplementation to preterm infants did not reduce adverse outcomes (Howlett et al., 2019). To the best of our knowledge, decreasing serum levels of ethanolamine following extremely preterm birth has not previously been reported, although urine metabolomics has identified ethanolamine to decline with postnatal age in full-term infants (Scalabre et al., 2017). Ethanolamine is a precursor for the synthesis of phosphatidylethanolamine and phosphatidylcholine, the two most abundant phospholipids in humans, and circulating ethanolamine can act as a growth factor to stimulate hepatocyte proliferation (Sasaki et al., 1997; Kume et al., 2006). The consequences of a postnatal loss of serum ethanolamine in preterm infants warrant further research.

We correlated infant serum metabolites with growth parameters and nutritional data collected over the first 4 weeks of infant life. Choline, a compound involved in one-carbon metabolism and phospholipid synthesis, correlated positively with enteral nutrition. Choline is not present in PN solutions, and we previously reported that high parenteral intake is associated with lower infant serum choline (Nilsson et al., 2020). Somewhat surprisingly, the mean intake (ml/kg) of human donor and mother’s own milk, respectively, were grouped into two separate clusters. This might reflect differences in the nutritional composition between mother’s own milk and donor milk [reviewed in Hård et al. (2019)], or reflect that the two types of milk are used to different extents during the neonatal period. The strongest (positive) association for z-score weight and head circumference was with asparagine. Other studies have identified metabolites, included asparagine, to be associated with poor extrauterine growth in preterm infants (Dudzik et al., 2020; Wang et al., 2020). Both of these studies found higher asparagine levels in well-grown infants compared to infants with extrauterine growth restriction, which matches our data.

Detailed analysis of the relationship between nutrition and metabolites revealed that a majority of the analyzed amino acids in serum were negatively correlated with enteral energy intake (i.e., positively related to parenteral nutrition intake). This finding is expected and in line with previous reports showing an increase in infant blood amino acids after parenteral administration of amino acids (Clark et al., 2007; Blanco et al., 2011). Furthermore, glucose and glycerol levels were similarly related to parenteral nutrition intake, likely reflecting glucose and parenteral lipid administration.

Previous efforts have been made to detect disturbances in metabolic pathways relating to ROP and BPD development. However, the results of these studies have not been conclusive; for studies on ROP, differences likely relate to clinical characteristics of the subjects, timing of sample collection, and analysis platform (Yang et al., 2020; Zhou et al., 2020). In an animal model for ROP, oxygen-induced retinopathy, arginine and proline pathways were identified to be dysregulated and proposed as biomarkers for human ROP (Paris et al., 2016; Lu et al., 2020). Blood, urine, and tracheal aspirate have been used as matrixes in search of metabolites relating to BPD (La Frano et al., 2018; Lal et al., 2018; Pintus et al., 2018; Piersigilli et al., 2019). As for ROP, the results from these studies have been inconclusive and several unrelated groups of metabolites have been pointed out as indicative for BPD development. We compared mean daily metabolite levels in the first 4 weeks of life with later development of severe ROP or BPD. While our analysis failed to identify metabolites related to ROP or BPD that could withstand false discovery rate correction, 10 of the analyzed metabolites were significantly associated with ROP outcome and three metabolites with BPD outcome before multiple testing corrections. We believe that these metabolites merit further discussion for hypothesis generation, keeping in mind the apparent risk of statistical Type 1 errors. There was considerable overlap between metabolites related to ROP outcome and enteral energy intake; metabolites associated with severe ROP tended to be negatively associated with enteral energy intake (3-hydroxyisobutyrate, glucose, glycerol, lactate, lysine, myoinositol, phenylalanine, and uridine). Moreover, several metabolites related to GA at PND 1 were also associated with severe ROP outcome (3-hydroxyisobutyrate, acetoacetate, glucose, lactate, and phenylalanine). We interpret this as a reflection of high parenteral nutrition intake as well as low GA in infants who develop severe ROP. Low energy intake per se in the 1st weeks of life is a known risk factor for ROP (Stoltz Sjöström et al., 2016; Klevebro et al., 2019). Metabolites associated with BPD severity (before adjusting for multiple testing) overlapped with those associated with ROP severity and included glucose, lactate, and uridine. In line with these results, severe BPD and severe ROP have been reported to be significantly related after adjustment for GA and other confounders (Podraza et al., 2018; Singh et al., 2019), and the two diseases share several pathogenic factors (Stark et al., 2018). As no metabolite was found to be significantly associated with ROP or BPD after correcting for multiple testing, we did not proceed to adjust for GA, nutritional intake, or other known confounders in our analyses. GA and parenteral nutrition are intimately linked: the transition to full enteral feeding proceeds slower in infants born at low GA. Thus, it is challenging to disentangle metabolomic alterations related to preterm disease and those that reflect GA-related nutritional management.

There are limitations to our study. Serum samples used in this study were subjected to one or a few freeze-thaw cycles before analysis, which is a known factor to impact the metabolome (Pinto et al., 2014). However, intra-individual differences in metabolic profiles have been reported to be smaller than inter-individual differences, i.e., the variability between infants is more extensive than can be expected due to sample handling (Hirayama et al., 2015). Further, although we used an untargeted metabolomics approach, NMR analysis primarily identifies compounds in the micromolar range, introducing a bias to the type of metabolites that are quantified. Finally, this study included a limited number of infants, and larger prospective studies are needed to elucidate the intricate relationships between the metabolome, environmental factors, and prematurity-related disorders. One of the strengths of this study lies in its longitudinal design. Few, if any, studies have previously followed the metabolome of preterm infants over the neonatal period with comparable high temporal resolution.



CONCLUSION

We provide a comprehensive view of the evolution of the serum metabolome of extremely preterm infants from birth to term equivalent age. There was large interindividual variability in the metabolome that was partly explained by the GA at birth and by the amount of enteral and parenteral nutrition the infant received. The results from our and other studies imply that there is not a single metabolic biomarker that could satisfactorily distinguish those infants who are at the highest risk to develop ROP or BPD. Instead, enhanced diagnosis of ROP and BPD must likely rely on integrative and multiparameter biosignatures that encompass the complexity of these diseases.
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Retinal ischemia/reperfusion (I/R) injury is a major cause of vision loss in many ocular diseases. Retinal I/R injury is common in diabetic retinopathy, which as a result of hyperglycemia damages the retina and can cause blindness if left untreated. Inflammation is a major contributing factor in the pathogenesis of I/R injury. α-Melanocyte-stimulating hormone (α-MSH) is an anti-inflammatory peptide hormone that has displayed protective effects against I/R-induced organ damages. Here, we aimed to investigate the protective role of α-MSH on I/R-induced diabetic retinal damage using hyperglycemic C57BL/6J Ins2Akita/+ mice. Experimental I/R injury was induced by blocking the right middle cerebral artery (MCA) for 2 h followed by 2 h or 22 h of reperfusion using the intraluminal method. Since ophthalmic artery originates proximal to the origin of the MCA, the filament also blocked blood supply to the retina. Upon treatment with α-MSH at 1 h after ischemia and 1 h after reperfusion, animals displayed significant improvement in amplitudes of b-wave and oscillatory potentials during electroretinography. α-MSH also prevented I/R-induced histological alterations and inhibited the development of retinal swelling. Loss of retinal ganglion cells as well as oxidative stress were significantly attenuated in the α-MSH-treated retinae. Level of interleukin 10 was significantly increased after α-MSH treatment. Moreover, gene expression of glutamate aspartate transporter 1, monocarboxylate transporter (MCT) 1 and MCT-2 were significantly higher after α-MSH administration. In conclusion, α-MSH mitigates the severity of I/R-induced retinal damage under hyperglycemic condition. These beneficial effects of α-MSH may have important therapeutic implications against retinal I/R injury under hyperglycemic condition.
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INTRODUCTION

Retinal ischemia is a major cause of vision loss and blindness, and is a common feature in various retinal disorders such as glaucoma, diabetic retinopathy (DR), central retinal artery (CRA), or vein occlusion, carotid artery disease, blood hyperviscosity, and retinopathy of prematurity (Osborne et al., 2004). Retinal ischemia leads to depletion of oxygen and glucose, and in turn causes glutamate excitotoxicity, increase in intracellular calcium and disruption of blood-retinal barrier (BRB). However, the degree of retinal damage during ischemia depends on the severity and duration of the obstruction to blood flow (D’Onofrio and Koeberle, 2013). Although immediate reperfusion could attenuate the retinal damage, it results in leukocyte infiltration, inflammation and production of reactive oxygen species (ROS) that alter the retinal structure and function.

DR is a common microvascular complication of diabetes, and remains the leading cause of vision loss and blindness in the working adult population (Wang and Lo, 2018). In diabetes, hyperglycemia leads to biochemical and cellular changes that trigger production of ROS as well as inflammatory cytokines and chemokines. These mediators are major pathogenic factors causing retinal neuronal dysfunction, BRB breakdown and vascular leakage in early DR (Wang and Lo, 2018). Also, pericytes that line retinal capillaries are damaged due to sustained increase in PKCδ level, which are not reversed with return of normoglycemia (Geraldes et al., 2009). As a result, these changes can lead to localized areas of ischemia, edema, and angiogenesis, all of which can impair vision (Caldwell et al., 2003) through hemorrhage and tractional retinal detachment (Cai and Boulton, 2002). One of the current treatment options for DR is targeting vascular endothelial growth factor (VEGF), an angiogenic factor that is upregulated. However, some patients do not respond to anti-VEGF therapy (Antonetti et al., 2021). Also, anti-VEGF mediators can cause systemic complications due to their ability to enter systemic circulation (Simo and Hernandez, 2008). This demonstrates the need to develop new therapeutic approaches.

α-Melanocyte-stimulating hormone (α-MSH) is a tridecapeptide derived from the precursor hormone pro-opiomelanocortin (POMC). Mainly synthesized in the hypothalamus and the brain stem as well as in the pituitary gland, POMC-derived peptides have a wide range of actions such as energy homeostasis, steroidogenesis, pigmentation, thermoregulation, and anti-inflammation. Several studies showed that α-MSH has protective effects against ischemia/reperfusion (I/R) organ damages such as brain (Huh et al., 1997; Huang and Tatro, 2002; Aronsson et al., 2006; Chen et al., 2008; Savos et al., 2011; Goit et al., 2021), eye (Varga et al., 2013), heart (Vecsernyes et al., 2003), kidney (Chiao et al., 1997; Gong et al., 2004), and gut (Hassoun et al., 2002; Zou et al., 2003). Indeed, α-MSH counteracts retinal degeneration during early diabetes, and it alleviates the pro-inflammatory microenvironment caused by hyperglycemia in diabetic retina (Cai et al., 2018). Since individuals with type 1 diabetes have an increased risk of DR (Fong et al., 2004; Jansson et al., 2018), this study aimed to investigate the protective role of α-MSH on I/R-induced retinal damage upon hyperglycemia using type 1 diabetic mouse.



MATERIALS AND METHODS


Animal

Twelve to fifteen weeks old C57BL/6J Ins2Akita/+ (Ins2Akita/+) mice were used as a model of type 1 diabetes in the present study. Since disease progression in female Ins2Akita/+ mice is slower and less uniform (Yoshioka et al., 1997) while estrogen exerts powerful neuroprotective actions during reproductive age following ischemic stroke in female mice (Brann et al., 2007; Suzuki et al., 2009), only male mice were included in this study. They were kept under standard laboratory conditions with 12 h light-dark cycle at the Centre for Comparative Medicine Research at The University of Hong Kong. All animal experiments followed the Cap. 340 Animals (Control of Experiments) Ordinance and Regulations and were approved by the Committee on the Use of Live Animals in Teaching and Research (CULATR 4837-18) at The University of Hong Kong.

One day before the experiment, blood glucose level was measured by Contour XT blood glucose meter (ELITE XL, Bayer HealthCare) and test strip (ELITE, Bayer HealthCare). Only mice with high blood glucose level (>20 mM) were included and randomly assigned to various experimental conditions. They were challenged with either sham operation or I/R injury with (i) 2 h of ischemia and 2 h of reperfusion or (ii) 2 h of ischemia and 22 h of reperfusion.



Animal Model of Retinal Ischemia and Reperfusion

Retinal I/R injury was achieved by blocking blood flow into the middle cerebral artery (MCA) as previously described (Lo et al., 2005, 2007; Li et al., 2009, 2011, 2012; Goit et al., 2021). Briefly, animals were anesthetized with 2% isoflurane in 70% N2O and 30% O2 for induction and 1–1.5% isoflurane in 70% N2O and 30% O2 for maintenance during surgery. MCA occlusion (MCAO) was induced on the right side with a monofilament suture (Johnson and Johnson, Belgium) coated with vinyl polysiloxane impression material (3 M Dental Products, United States). The suture was introduced into the external carotid artery (ECA) and moved forward into the internal carotid artery (ICA) until the tip of the filament occluded the opening of MCA. The blockage was considered successful when a drop of more than 70% of baseline signal measured by the laser Doppler flowmeter (PeriFlux System 5000, Sweden) was observed. Since the origin of the ophthalmic artery (OA) is proximal to the origin of the MCA (Smith et al., 2002), the filament also blocked blood supply to the retina. Once the blockage was confirmed, the animals were transferred to an intensive care unit where they recovered from anesthesia. They were re-anesthetized for the removal of the filament and thus allowing reperfusion. The sham-operated animals underwent MCA exposure without occlusion. The core temperature during the surgery was maintained approximately at 37°C using a heating pad as described (Goit et al., 2021).



α-Melanocyte-Stimulating Hormone Treatment

Animals were injected with 2, 10, 20, 50, 70, or 100 μg/mouse of α-MSH (Bachem AG, Switzerland) in phosphate-buffer saline (PBS) intraperitoneally at 1 h after ischemia and 1 h after reperfusion. Since α-MSH at 50 μg/mouse showed neuroprotective effects in cerebral I/R injury (Goit et al., 2021), this dosage was later used to further evaluate its protective effects in the I/R induced retinal damage. PBS was injected as a vehicle.



Electroretinography

Mice were dark-adapted before electroretinography (ERG). For general anesthesia, the animal was injected intraperitoneally with a mixture of Ketamine and Xylazine (100 and 10 mg/kg body weight, respectively) in PBS. The pupil was locally anesthetized with 0.5% proparacaine hydrochloride (Alcon, Belgium) and dilated with 1% Mydriacyl (Alcon, Belgium). Gold wire electrodes (Diagnosys, United States) were placed on the apex of the cornea. A reference electrode (Chalgren, United States) was attached subcutaneously on the forehead and a ground electrode (Chalgren, United States) was placed subcutaneously at the tail region. Tears naturale II (Alcon, Belgium) was used to lubricate the eye during the recording. White flash of 3 (p)cd.s/m2 and 10 (p)cd.s/m2 intensities were delivered from the ColorDome Ganzfeld System (Diagnosys, United States). a-wave, b-wave, and the ascending phase of the b-wave (oscillatory potentials, OPs) were recorded using the Espion ERG Diagnosys and analyzed by Epsion V5 System (Diagnosys software) as previously reported (Li et al., 2012; Yang et al., 2017; Wang et al., 2020).



Tissue Collection

After ERG recording, the animal was sacrificed by intraperitoneal injection of pentobarbital. Right eyeball was immediately enucleated and fixed with 4% paraformaldehyde (PFA) overnight at 4°C for histological and immunohistochemical staining. For Western blot and quantitative polymerase chain reaction (qPCR) techniques, the retina was snap frozen in liquid nitrogen immediately after collection.



Histological Evaluation

4% PFA fixed eyeball was first dehydrated with graded series of ethanol and then immersed in chloroform; and finally embedded in paraffin. 5 μm thick sections were obtained using a microtome (Microm HM 315R, Germany). After deparaffinization and rehydration, sections containing the optic nerve head were stained with hematoxylin and eosin. Subsequently, sections were dehydrated and mounted with Permount™ (Thermo Fisher Scientific, United States). Image of the whole retinal section was taken under 20× magnification with a microscope (Eclipse 80i; Nikon, Japan) equipped with a digital camera (Diagnostic Instruments, Inc., United States) using Spot Advanced software (SPOT Imaging Solutions, United States). ImageJ was used to count the total number of retinal ganglion cell (RGC) in the ganglion cell layer (GCL) as well as to measure thickness of GCL, inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), and the whole retina. The central (150 μm from the optic nerve head) and the mid-peripheral (middle area between the optic nerve and the most peripheral part of the retina) regions of the retina were selected for thickness measurement. Cells with pyknotic nuclei in the GCL were excluded in the counting. Pyknotic cells were identified by the presence of condensed and darkly stained or sometimes fragmented nuclei (Perry et al., 1983).



Immunohistochemistry

After deparaffinization and rehydration of sections containing the optic nerve head, antigen retrieval was achieved by incubation with proteinase K. Sections were blocked with 2% normal goat serum followed by overnight incubation with primary antibodies against glial fibrillary acidic protein (GFAP 1:500; Cat# ZO33429-2, Dako, Denmark), protein kinase C alpha (PKCα 1:1,000; Cat# sc-208, Santa Cruz Biotechnology, United States), calretinin (1:1,000; Cat# sc-11644, Santa Cruz Biotechnology, United States), and glutamine synthetase (GS 1:1,000; Cat# MAB302, Millipore, Germany). Subsequently, sections were incubated with the corresponding secondary antibodies (1:500; Molecular Probes, Invitrogen Corporation, United States) followed by incubation with 4′,6-diamidino-2-phenylindole (DAPI) and mounted for macroscopic analysis.

For DAB (3,3′-Diaminobenzidine) staining, 3% hydrogen peroxide was used to block endogenous peroxidase activity in sections after deparaffinization and rehydration. 10 mM sodium citrate was then used for antigen retrieval. Sections were blocked with 2% normal goat serum followed by overnight incubation with primary antibodies against poly-ADP-ribose (PAR 1:200; Cat# BML-SA216-0100, Enzo Life Sciences, United States) and nitrotyrosine (NT 1:200; Cat # 05-233, Merck KGaA, Germany). Subsequently, sections were incubated with the corresponding biotinylated secondary antibody (Vector Laboratories, United States) and avidin-biotin peroxidase complex (Vector Laboratories, United States). The immunoreactivity was developed with stable DAB (Invitrogen, United States) to generate the dark-brown color. After counterstaining with hematoxylin, sections were dehydrated and mounted for macroscopic analysis.

The immunohistochemical staining for each target antigen was performed in a single round including retinal sections from all experimental groups. The sections were then randomly coded and examined in a blinded approach. Photomicrographs were captured under 20× magnification. They were analyzed and scored according to the immunoreactivity intensity and distribution ranging from score 1 (absent or weak expression) to score 5 (strong expression) as previously reported (Li et al., 2009, 2011, 2012; Fu et al., 2012, 2015, 2017; Yang et al., 2017).



Western Blot

Retinal tissue lysates were obtained from snap frozen retina using the radio immunoprecipitation assay buffer. Total protein concentration of the sample was determined by bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific™ Pierce™ BCA Protein Assay Kit, Thermo Fisher, United States) using bovine serum albumin (Bio-Rad, United States) as a protein standard. Proteins were separated with SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Merck KGaA, Germany). After blocking in 5% skim milk in TBST (Tris-buffered saline, 0.1% Tween 20), the membrane was incubated overnight at 4°C with primary antibodies against interleukin 10 (IL-10 1:1,000; Cat# sc-1783, Santa Cruz Biotechnology, United States) and B-cell lymphoma 2 (Bcl-2 1:1,000; Cat# 2876, Cell Signaling Technology, United States). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH 1:1,000; Cat# sc-32233, Santa Cruz Biotechnology, United States) was used as an internal loading reference. After incubation with the corresponding horseradish peroxidase-labeled secondary antibody (Vector Laboratories, United States), protein bands on the membrane were detected by enhanced chemiluminescence using the ChemiDoc MP Imaging System (Bio-Rad Laboratories, Inc., United States). The intensities of bands were quantified with ImageJ.



Quantitative Polymerase Chain Reaction

RNA from snap frozen retina was extracted using TRIzol reagent (Invitrogen, United States). The concentration and quality of RNA were measured using a spectrophotometer (Hitachi Photodiode Array Bio-spectrophotometer U-0080D, Japan). Subsequently, 1 μg of total RNA was used as a template for cDNA synthesis using QunatiNova Reverse Transcription Kit (QIAGEN, Germany). cDNA equivalent to 50 ng of total RNA was subjected to qPCR using TB Green Master Mix (TaKaRa, Japan). The following sets of primers were used to determine the expression of glutamate and lactate related transporters in the retina: glutamate aspartate transporter (GLAST) 1 (Forward Primer 5′-GAATGGCGGCCCTAGATA GTA-3′; Reverse Primer 5′-CTTTCCGGGGTGGATGATGA-3′), monocarboxylate transporter (MCT) 1 (Forward Primer 5′-GGCTCCACTTAATCAGGCTTT-3′; Reverse Primer 5′-CAGGCCCTATTGGTCTCATCA-3′) and MCT-2 (Forward Primer 5′-GGGCTGGGTCGTAGTCTGT-3′; Reverse Primer 5′-ATCCAAGCGATCTGACTGGAG-3′). Beta-actin (Forward Primer 5′-GGCTGTATTCCCCTCCATCG-3′; Reverse Primer 5′-CCAGTTGGTAACAATGCCATGT-3′) was used as an internal reference. Each sample was tested in triplicate. The relative difference was expressed as the x-fold change of α-MSH-treated samples over vehicle-treated samples using the 2–ΔΔCT method.



Statistical Analysis

IBM SPSS Statistics Version 26 was used for statistical analysis. One-way ANOVA followed by Dunnett test was used to compare b-wave amplitude in ERG measurement. One-way ANOVA followed by Tukey’s test was used to compare retinal layer thickness, RGC count and OPs. Immunoreactivity was compared using Mann-Whitney U-Test. Independent samples t-test was used to compare Western blot and qPCR results. The results are presented as mean ± standard deviation. p < 0.05 was considered statistically significant.




RESULTS


α-Melanocyte-Stimulating Hormone Improved b-Wave Amplitude and Oscillatory Potentials After I/R Injury

The a-wave in ERG recording is associated with photoreceptors and the b-wave reflects the combined activity of depolarizing bipolar, amacrine, ganglion, and Müller cells (Kolb et al., 1995). In this study, the amplitude of a-wave was comparable between vehicle-treated animals and α-MSH-treated animals with/without retinal I/R injury (data not shown). However, retinal I/R injury resulted in significantly decreased b-wave amplitude in animals treated with vehicle when compared with sham-operated vehicle treated animals at 2 h of reperfusion. After retinal I/R injury, the amplitudes of b-wave were significantly higher in animals treated with 10, 20, 50, or 70 μg of α-MSH when compared with vehicle treatment (Figures 1A,C). At 22 h of reperfusion, a non-significant trend of decrease in b-wave amplitude was observed in vehicle-treated I/R injury animals when compared with vehicle-treated sham-operated animals (Figure 1D). More importantly, α-MSH treatment at 10, 20, or 50 μg significantly increased b-wave amplitudes when compared with vehicle treatment after I/R injury (Figures 1B,D). In addition, the b-wave amplitude in each experimental group appeared to be higher at 22 h of reperfusion when compared with that at 2 h of reperfusion (Figures 1A–D). In this study, the b-wave implicit times were also analyzed and compared; yet, no difference could be found among vehicle-treated and α-MSH-treated groups.
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FIGURE 1. α-MSH preserved the retinal function after I/R injury. (A) Representative ERG waves at 2 h of reperfusion. (B) Representative ERG waves at 22 h of reperfusion. (C) The amplitude of b-wave was significantly higher in animals treated with 10, 20, 50, and 70 μg of α-MSH at 2 h of reperfusion. (D) This amplitude was significantly higher in animals treated with 10, 20, and 50 μg of α-MSH at 22 h of reperfusion. One-way ANOVA followed by Dunnett test. (E,F) OPs were significantly higher in α-MSH (50 μg) treated animals in both experimental conditions. One-way ANOVA followed by Tukey’s test. Flash 3 (P)cd.s/m2. *P < 0.05, n = 5–6 for each group.


The OPs in ERG recording were calculated as the sum of the amplitudes of OP1, OP2, OP3, and OP4. After retinal I/R injury, they were significantly higher in animals treated with 50 μg of α-MSH compared with vehicle-treated animals at both 2 h and 22 h of reperfusion (Figures 1E,F). Animals treated with other doses of α-MSH did not yield significant improvements in OPs (data not shown).



α-Melanocyte-Stimulating Hormone Preserved Retinal Structure After I/R Injury

Fifty microgram/mouse of α-MSH had been shown to be neuroprotective in cerebral I/R injury (Goit et al., 2021). It also yielded beneficial effects in recovering b-wave amplitude and OPs in ERG measurements as describe above. Therefore, we further evaluated its protective effects in retinal damage at this dosage. Firstly, thickness of various retinal layers was measured in the central and the mid-peripheral parts of the retina from sham/MCAO-challenged animals with/without α-MSH treatment. In the central retina, thickness of individual layer was comparable among all experimental groups except that of GCL and total retinal at 2 h of reperfusion. The thickness of GCL and total retina was significantly higher in vehicle-treated I/R injury animals when compared with sham-operated vehicle control or I/R injury α-MSH treated animals (Figures 2A–D,I), suggesting the presence of retinal swelling after I/R injury in vehicle-treated animals. Thus, α-MSH treatment resulted in preservation of retinal morphology and protection from swelling after I/R injury. However, thicknesses of various retinal layers were comparable between groups after retinal I/R injury at 22 h of reperfusion (Figures 2E–H,J). Thickness measurement was also performed in the mid-peripheral retina but no significant differences could be observed at 2 h as well as 22 h of reperfusion (data not shown).
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FIGURE 2. α-MSH preserved morphological integrity of retina after I/R injury. (A–D,I) Thicknesses of GCL and total retina were significantly higher in animals treated with vehicle compared with α-MSH-treated animals or vehicle-treated sham animals at 2 h of reperfusion. (E–H,J) Only thickness of GCL was significantly higher in vehicle-treated animals compared to vehicle-treated sham animals at 22 h of reperfusion. *P < 0.05, **P < 0.01, ***P < 0.001, One-way ANOVA followed by Tukey’s test, n = 6 for each group. Scale bar = 25 μm.


The number of viable RGC in GCL was counted. α-MSH treatment did not impose a change in RGC number with sham operation (Figures 3A,B). After I/R injury, the number of viable RGC was significantly decreased in vehicle-treated animals when compared with those in sham-operated animals at both 2 h and 22 h of reperfusion (Figures 3A,B). More importantly, α-MSH treatment significantly prevented decrease in the RGC count at both 2 h and 22 h of reperfusion, suggesting its ability in attenuating the damage upon retinal I/R injury.


[image: image]

FIGURE 3. α-MSH maintained the number of RGC in the GCL. (A,B) Significantly lower number of RGC was recorded in vehicle-treated animals compared with α-MSH-treated animals or vehicle-treated sham animals in both experimental conditions. *P < 0.05, **P < 0.01, ***P < 0.001, One-way ANOVA followed by Tukey’s test, n = 6 for each group.




Immunohistochemistry Analysis

The calcium binding protein calretinin is a known marker for amacrine cells in the retina (Fu et al., 2015). Normally, calretinin immunoreactivity can be observed in the INL and in three distinct strata in the IPL (Figures 4A–D). At 2 h of reperfusion, there was no difference in calretinin immunoreactivity between vehicle-treated and α-MSH-treated retinae (Figures 4A,B,E). However, higher calretinin expression was observed in α-MSH-treated animals at 22 h of reperfusion (Figures 4C–E). Meanwhile, PKC-α is abundantly expressed in retinal bipolar cells (Fu et al., 2015). There was a trend of increase in its expression in animals treated with α-MSH at 2 h of reperfusion (Figures 4F,G,J). However, this trend was not sustained at 22 h of reperfusion (Figures 4H–J).
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FIGURE 4. Immunoreactivities of retinal neuronal and glial cells after I/R injury. (A–D) Calretinin expression was higher in α-MSH-treated animals at 22 h of reperfusion. (E) Number of calretinin positive cell/mm. (F–I) PKC-α expression was higher in α-MSH-treated animals at 2 h of reperfusion. (J) IHC scores for PKC-α.(K–N) GFAP expression was similar between the groups in both experimental conditions. (O) IHC scores for GFAP. (P–S) α-MSH reduced the GS expression at 2 h of reperfusion. (T) IHC scores for GS. Mann-Whitney U-Test, n = 6 for each group. Scale bar = 25 μm.


Retinal glial activation was also assessed. GFAP, a well-known marker for astrocytes (Fu et al., 2015), was present mostly in the GCL. Its immunoreactivity was similar between vehicle-treated and α-MSH-treated groups in both experimental conditions (Figures 4K–O). Meanwhile, the expression of GS, a marker for Müller cells in the retina was also examined. At 2 h of reperfusion, GS expression appeared to be higher in vehicle-treated animals when compared with α-MSH-treated animals (Figures 4P,Q,T). GS level after vehicle treatment was decreased to a level similar to that in α-MSH-treated retinae at 22 h of reperfusion (Figures 4R–T).

Immunoreactivity of PAR, an indicator of nitric oxide-dependent DNA damage, was localized in the GCL and INL and was significantly higher in vehicle-treated animals compared with α-MSH-treated animals at 2 h of reperfusion (Figures 5A,B,E). Thus, α-MSH treatment was able to significantly decrease PAR immunoreactivity at 2 h of reperfusion. At 22 h of reperfusion, PAR immunoreactivity was comparable (Figures 5C–E). Immunoreactivity of NT, a marker of reactive nitrogen species-induced nitrative stress, showed a non-significant trend of decrease in animals treated with α-MSH when compared with vehicle-treated animals at 2 h as well as 22 h of reperfusion (Figures 5F–J).
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FIGURE 5. α-MSH decreased the oxidative and nitrative stress after I/R injury. (A–D) Significantly weaker PAR immunoreactivity was observed in animals treated with α-MSH at 2 h of reperfusion. This immunoreactivity was comparable at 22 h of reperfusion. (E) IHC scores for PAR. (F–I) Weaker NT immunoreactivity was observed in α-MSH-treated animals in both experimental conditions. (J) IHC scores for NT. **P < 0.01, Mann-Whitney U-Test, n = 6 for each group. Scale bar = 25 μm.




α-Melanocyte-Stimulating Hormone Increased Expression of Anti-Inflammatory Protein After I/R Injury

The anti-inflammatory and anti-apoptotic properties of α-MSH was analyzed by Western blot. After I/R injury, IL-10 expression was significantly higher with α-MSH treatment at both 2 h and 22 h of reperfusion (Figures 6A,B). On the other hand, expression of Bcl-2 was unchanged with/without α-MSH treatment in both experimental conditions (Figures 6A,B).
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FIGURE 6. α-MSH increased expressions of anti-inflammatory and pro-survival proteins after I/R injury. (A,B) Protein expressions of IL-10 was significantly higher in animals treated with α-MSH at 2 h and 22 h of reperfusion. (A,B) Although Bcl-2 expression was higher in animals treated with α-MSH in both experimental conditions, the expression was comparable. *P < 0.05, ***P < 0.001, Independent samples t-test, n = 5–6 for each group.




α-Melanocyte-Stimulating Hormone Increased Gene Expression of Glutamate and Lactate Transporters After I/R Injury

Glutamate release is a common phenomenon during/after ischemia. Glutamate uptake into Müller cells is a major mechanism in regulating extracellular glutamate concentration in the retina (Rauen et al., 1998). Therefore, the gene expression of GLAST-1, a glutamate transporter in Müller cells, was determined by qPCR. GLAST-1 gene expression was significantly increased in animals treated with α-MSH at 2 h of reperfusion but not 22 h of reperfusion (Figure 7A). Meanwhile, gene expressions of lactate transporters, MCT-1 and MCT-2, were also assessed. MCT-1 and MCT-2 gene expressions were significantly increased in animals treated with α-MSH at 22 h of reperfusion but not 2 h of reperfusion (Figures 7B,C).
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FIGURE 7. α-MSH increased expression of glutamate and lactate related genes after I/R injury. (A) GLAST-1 expression was significantly higher in animals treated with α-MSH at 2 h of reperfusion. (B,C) MCT-1 and MCT-2 expressions were significantly higher in animals treated with α-MSH at 22 h of reperfusion. (A–C) GLAST-1 expression at 22 h of reperfusion and expressions of MCT-1 and MCT-2 at 2 h of reperfusion were comparable. *P < 0.05, Independent samples t-test, n = 5 for each group.





DISCUSSION

Retinal ischemia induces a wide range of deleterious effects, including excitotoxicity, inflammation, and oxidative stress. These events finally contribute to the death of retinal neurons and several vision-threatening diseases. Similarly, DR is associated with reduced retinal blood flow, dysfunction of the retinal neurons, followed by breakdown of BRB and finally changes in visual function.

In the eye, α-MSH suppresses proinflammatory signals, promotes production of anti-inflammatory cytokines, transiently lowers intraocular pressure, protects neuronal cells from damage, and modulates immune response (Lee et al., 2009; Taylor and Lee, 2010; Clemson et al., 2017). Anti-oxidative and anti-apoptotic effects of α-MSH was also reported when it was administrated intravitreally in early DR (Zhang et al., 2014). Besides, this neuropeptide plays a role in inhibiting BRB breakdown and vascular leakage as well as improving electrophysiological functions and morphology of retina in early DR (Cai et al., 2018). More importantly, it has no known adverse effects (Clemson et al., 2017) and is already under clinical trial for advanced dry age-related macular degeneration (ClinicalTrials.gov, 2018). A melanocortin agonist, PL9643 as ophthalmic solution for subjects with dry eye is progressing into late-stage clinical trials after improvements in dry eye disease in a phase 2 study (ClinicalTrials.gov, 2020; Palatin, 2021). In addition, melanocortin receptor agonists are under investigation for their therapeutic potential in inflammatory ocular diseases such as non-infectious uveitis, DR, and diabetic macular edema (Palatin, 2021). All these results suggest the beneficial effects of α-MSH in DR. The microvascular changes in the diabetic retina often result in ischemia, after which retinal neurons die over a long period of time. Therefore, there is a possible therapeutic window to rescue these neurons destined to die (Antonetti et al., 2021). So, the possible protective role of α-MSH on I/R-induced retinal damage in type 1 diabetic mouse was investigated in this study.

The a-wave is considerably less affected by ischemia than the b-wave, and b-wave amplitude has been used as a quantitative marker of reduced retinal blood flow as well as experimental ischemic retinal injury despite normal retinal histology (Osborne et al., 2004). Among α-MSH-treated animals, b-wave amplitude was reduced in animals treated with either lower (2 μg) or higher (70 μg) concentrations of α-MSH. This suggests that α-MSH follows a bell-shaped dose-response curve (Holdeman and Lipton, 1985; Goit et al., 2021). The significantly decreased b-wave amplitude in vehicle-treated animals in both experimental conditions may be related to the level of GS expression proportional to the extracellular glutamate concentration (Shen et al., 2004), a sign of retinal stress and pathology (Bringmann et al., 2009). In darkness, photoreceptors release glutamate to activate receptors on bipolar and horizontal cells, and rapid clearance plus recycling of glutamate is critical for effective neurotransmission. In this study, animals were dark adapted before ERG recording; decreased b-wave amplitude in the vehicle-treated animals could be linked to a transient functional impairment of Müller cells in response to ischemia resulting in insufficient recycling of glutamate. High level of glutamate in the synaptic zones between photoreceptor cells and ON-bipolar cells saturates the glutamate receptors on the bipolar cells in darkness. This leads to a decline in the amplitude of b-wave in light (Winkler et al., 1999). Therefore, one possibility would be the inability of α-MSH to raise extracellular glutamate concentration to a level high enough to induce higher expression of GS. This may explain why reduced GS expression was observed with α-MSH treatment despite the beneficial effect of GS. Similarly, OPs indicate amacrine cells activity in the inner retina (Wachtmeister and Dowling, 1978) and OPs amplitude loss is a significant parameter of retinal ischemia (Jehle et al., 2008). Moreover, low expression of GLAST-1, a glutamate transporter, in vehicle-treated animals indicate the possibility of a temporary functional impairment of Müller cells after I/R injury with inadequate recycling of glutamate. The high intravitreal glutamate levels after suppression of glutamate transporter leads to elevated ganglion cell death (Vorwerk et al., 2000) and might affect impulse conduction. Treatment with α-MSH increased the gene expression of GLAST-1 as well as increased immunoreactivities of PKC-α and calretinin, and in turn improved b-wave amplitude and OPs after I/R injury.

In sham operated animals, the amplitude of b-wave and OPs were higher in α-MSH treated animals compared to vehicle treated animals. It might be due to animals used in our study were dark adapted before ERG recording. More ATP is consumed in the dark due to Na+/K+ ATPase activity in the inner segment of rod photoreceptor. As lactate is produced, high photoreceptor metabolism may be maintained with lactate shuttles (Country, 2017). Lactate is taken up by Müller cells and oxidized to pyruvate to sustain oxidative metabolism (Lindsay et al., 2014). The lactate transporters, MCTs, are expressed in retinal cells and inhibition of MCTs causes reduction of b-wave and OPs (Bui et al., 2004). In addition, it has been suggested that hyperglycemia increases retinal metabolism and increases amplitudes of b-wave (Klemp et al., 2004) and OPs (Algvere and Gjotterberg, 1974) in diabetic patients without retinopathy compared to euglycemia. Both human and animal studies showed that α-MSH is involved in the management of glucose and slow progression of diabetes (Costa et al., 2006), suggesting its role in glucose metabolism. Interestingly, opposite effects have been observed in rodent studies. α-MSH when present in the central nervous system can increase insulin sensitivity but may contribute to insulin resistance when circulate in the periphery (Costa et al., 2006). At this point it is unclear which is the dominating effect in our investigations, although we cannot rule out the possibility that α-MSH’s effect on ERG may be mediated via its influence on glucose metabolism.

The retina has a dual blood supply to sustain high metabolic function; the outer layers being supplied by the choroid capillaries and the inner layers being supplied by the CRA. Therefore, the severe effects of ocular ischemia are less frequently observed due to collateral vessels and retrograde blood flow in the retina (Shuaib et al., 2011). As a result, the blood flow to the retina is reduced but not completely blocked after MCAO (Kaja et al., 2003) and b-wave recovers after reperfusion (Osborne et al., 2004). Significantly higher amplitude of b-wave in animals treated with α-MSH compared to vehicle treated animals in both experimental conditions supported that α-MSH decreases the recovery time after retinal I/R injury. In this study, amplitude of b-wave and OPs were higher in 22 h of reperfusion groups compared to 2 h of reperfusion groups. This difference was due to short and long dark adaptation times. As the dark adaptation time increases, the amplitude of ERG waves increases gradually (Yu et al., 2007).

Inward movement of sodium, calcium and chloride ions along with water after ischemia can cause cell swelling and cytotoxic edema (Lipton, 1999). After retinal I/R injury, marked swelling of the ganglion cell bodies and their processes precede loss of these cells (Stevens et al., 2002). Indeed, there was an increase in the thickness of GCL and total retina in animals treated with vehicle after I/R injury, in agreement with the presence of retinal edema. Importantly, this increase in retinal thickness was ameliorated by α-MSH treatment, which supports the protective effects of α-MSH in preventing cell swelling and thus helps to maintain retinal structural integrity after I/R injury.

It has been shown that antioxidants play a role in the recovery of b-wave amplitude, preservation of retinal morphology and rescue of neurons in GCL (Li et al., 2009, 2011; Wang et al., 2020). Stronger PAR immunoreactivity in GCL and INL might be another possible reason for delayed recovery of b-wave amplitude and histological alternations in vehicle-treated animals after I/R injury. Despite the decreased amplitude of b-wave and number of damaged ganglion cells in vehicle-treated animals, we did not detect TUNEL-positive cells in retinal sections after I/R injury (data not shown). This agreed with our observation that Bcl-2 expression was comparable with/without α-MSH treatment in both experimental conditions. Bcl-2 is an anti-apoptotic protein which expression is important for retinal survival after ischemia (Martinou et al., 1994; Park et al., 2013). This suggests that ischemic damage may also occur by non-apoptotic mechanisms (Steele et al., 2008; Allen et al., 2014). It might also be due to the considerably longer survival of ischemic retina than the ischemic brain due to 100-time higher concentration of neuroglobin, a neuron-specific respiratory protein, in the mouse retina than in the mouse brain (Schmidt et al., 2003). Moreover, glucose concentration is higher in the retina when compared with the brain (Tang et al., 2000). This higher glucose concentration might likely fuel the retina during ischemia. In addition, vitreous humor bathes the retina and oxygen in the vitreous body makes it possible for the retina to tolerate ischemia (Hayreh and Weingeist, 1980). Besides, we only recorded laser-Doppler reading from the MCA but not from the OA. There is a possibility that the brain and the retina received different levels of occlusion. In addition, previous studies indicate that the amount of cell death is related to the method used to induce retinal ischemia. For example, occlusion of retinal vessels induces less severe consequence than increase of the intraocular pressure above systemic blood pressure (Hayreh and Weingeist, 1980).

Moreover, α-MSH has a role in anti-inflammation because retinal expression of IL-10 was upregulated in animals treated with α-MSH after I/R injury. IL-10 suppresses inflammation and angiogenesis in most ocular inflammations (Ghasemi et al., 2012). It modulates the expression of cytokines and chemokines that medicate inflammation as well as attenuates endothelial dysfunction and vasoconstriction mediated by oxidative stress after ischemia (Garcia et al., 2017). Importantly, higher IL-10 level correlates with its protective function against DR (Mysliwiec et al., 2006; Lee et al., 2008).

It has been shown that pre-existing hyperglycemic conditions including diabetes provide substantial structural and functional protection to the ischemic retina (Osborne et al., 2004). However, hyperglycemia-induced oxidative stress and inflammation are primary pathogenic factors for DR. Also, degenerative changes in the ganglion cell and nerve fiber layers are prominent pathological features of DR. The reduction of oxidative stress and inflammatory effect are among the most important therapeutic strategies to slow down DR (Wang et al., 2020). In this study, α-MSH downregulated ROS production and upregulated expression of anti-inflammatory protein in addition to maintaining structural and functional integrities after I/R injury. Since neurodegenerative retinal disease such as DR alters expression of MCTs, these transporters may be important therapeutic targets (Kolko et al., 2016). Increased expressions of MCT-1 and MCT-2 in α-MSH-treated animals suggest a role for this neuropeptide in retinal metabolism through lactate signaling and transport. Thus, these beneficial effects of α-MSH may have important therapeutic implication against retinal I/R injury under hyperglycemic condition. As the present study was limited by inclusion of Ins2Akita/+ mice only, further studies using non-diabetic mice are required to confirm whether α-MSH only acts on the retina or it also normalizes systemic changes due to hyperglycemia in order to restore normal structure and function of the retina.
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The retinal pigment epithelium (RPE) acts as a metabolic gatekeeper between photoreceptors and the choroidal vasculature to maintain retinal function. RPE dysfunction is a key feature of age-related macular degeneration (AMD), the leading cause of blindness in developed countries. Inflammation is a key pathogenic mechanism in AMD and tumor necrosis factor-alpha (TNFα) has been implicated as a pro-inflammatory cytokine involved in AMD. While mitochondrial dysfunction has been implicated in AMD pathogenesis, the interplay between inflammation and cellular metabolism remains elusive. The present study explores how the pro-inflammatory cytokine, TNFα, impacts mitochondrial morphology and metabolic function in RPE. Matured human primary RPE (H-RPE) were treated with TNFα (10 ng/ml) for up to 5 days. TNFα-induced upregulation of IL-6 secretion and inflammatory genes (IL-6, IL-8, MCP-1) was accompanied by increased oxidative phosphorylation (OXPHOS) and reduced glycolysis, leading to an increase in cellular adenosine triphosphate (ATP) content. Transmission electron microscopy (TEM) revealed defects in mitochondrial morphology with engorged mitochondria and loss of cristae integrity following TNFα treatment. Pre-treatment with the anti-inflammatory drug, 80 μM dimethyl fumarate (DMFu), blocked TNFα-induced inflammatory activation of RPE (IL-6, IL-8, MCP-1, CFH, CFB, C3) and normalized their bioenergetic profile to control levels by regulating PFKFB3 and PKM2 gene expression. Furthermore, DMFu prevented TNFα-induced mitochondrial dysfunction and morphological anomalies. Thus, our results indicate that DMFu serves as a novel therapeutic avenue for combating inflammatory activation and metabolic dysfunction of RPE in AMD.
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INTRODUCTION

Dysfunction of retinal pigment epithelial cells (RPE) is an early sign of AMD and loss of RPE integrity increases as AMD progresses (Bonilha, 2008; Ao et al., 2018). Inflammation is a key pathogenic mechanism in AMD (Datta et al., 2017) through complement system activation, upregulation of inflammatory cytokines and recruitment of macrophages to the outer surface of the RPE-Bruch’s membrane interface in AMD eyes (Hageman et al., 2001) that facilitates drusen growth (Levy et al., 2015). A critical cytokine mediating inflammatory responses throughout the body is tumor necrosis factor-alpha (TNFα), which has been implicated in the pathogenesis of AMD (Oh et al., 1999; Wan et al., 2010; Kutty et al., 2016). Single nucleotide polymorphisms (SNPs) have been detected in the TNFα gene in AMD patients (Wan et al., 2010; Chernykh et al., 2019) and TNFα decreases the expression of genes regulating RPE function, including RPE65 (Kutty et al., 2016). Further, lower serum levels of TNFα have been associated with improved visual acuity after anti-VEGF therapy in wet AMD patients (Khan et al., 2021), highlighting TNFα as a pathogenic driver of wet AMD.

Defects in RPE mitochondria and metabolism drive AMD pathogenesis (Fisher and Ferrington, 2018; Kaarniranta et al., 2020; Zhang et al., 2020). Work in our laboratory has further implicated metabolic and mitochondrial dysfunction of RPE in AMD (Iacovelli et al., 2016; Satish et al., 2018; Rosales et al., 2019; Shu et al., 2020, 2021). Despite evidence for both inflammation and metabolic dysfunction in AMD, there is a paucity of literature dissecting the crosstalk between these two mechanisms in the AMD field. Hence, this study sought to examine whether TNFα-driven inflammation in RPE is accompanied by changes in mitochondria and metabolism. Further, we investigated the efficacy of the fumaric acid ester, dimethyl fumarate (DMFu), in blocking TNFα-driven inflammation and metabolic changes in RPE.

Fumaric acid esters have been used as anti-inflammatory treatments for the autoimmune disease, psoriasis, for over 20 years (Blair, 2018). DMFu is FDA-approved for the treatment of relapsing multiple sclerosis in the form of delay-release capsules for oral use (Cada et al., 2013). DMFu is rapidly hydrolyzed to its active metabolite, monomethyl fumarate (MMF), which has a terminal half-life of 1 h. MMF is then metabolized by the TCA cycle to fumaric acid, citric acid, glucose, and carbon dioxide. The potent anti-inflammatory effect of DMFu is linked to its ability to block the NF-κB pathway (Borgers et al., 2001), a downstream target of TNFα activation.

Here, we bridge the gap between inflammation and metabolic dysfunction in RPE showing that the pro-inflammatory effects of TNFα are associated with a dramatic change in mitochondrial morphology, function, and rewiring of the metabolic pathways. We reveal that pre-treatment of primary human RPE with the metabolic drug, DMFu, blocks the pro-inflammatory effects of TNFα, further highlighting the intertwined link between inflammation and metabolism.



MATERIALS AND METHODS


Cell Culture

Primary human fetal retinal pigment epithelial cells (H-RPE, Lonza Cat #00194987) were cultured in RtEGM Retinal Pigment Epithelial Cell Growth Medium supplemented with RtEGM SingleQuots (Lonza, Walkersville, MD, United States) as described previously (Shu et al., 2021). H-RPE were maintained at 37°C and 5% CO2 in a humidified incubator and passaged 1:3 at a maximum of 5 passages. Half media changes for H-RPE were performed every 2–4 days for a month to ensure proper RPE maturation and pigment accumulation. Cells were serum starved for 2–3 days before treatment for up to 5 days with recombinant human TNFα (Peprotech, Rocky Hill, NJ, United States) at 10 ng/mL and/or 80 μM dimethyl fumarate (242926, Sigma, St Louis, MO, United States) dissolved in the vehicle control, DMSO at the equivalent concentration of 0.04% (D4540, Sigma, St Louis, MO, United States). Brightfield images were captured on the EVOS M7000 Imaging System (Invitrogen, ThermoFisher, Waltham, MA, United States). Cells were tested monthly for mycoplasma contamination using the Mycoplasma PCR test (Applied Biological Materials, Cat #G238).



Quantitative PCR

Quantitative PCR (qPCR) assays were performed as previously described (Shu et al., 2021). Briefly, the E.Z.N.A. total RNA Kit I (Omega BioTek, Norcross, GA, United States) was used to extract total RNA and concentrations were determined using the NanoDrop Spectrophotometer ND-1000 (ThermoFisher Scientific, San Jose, CA, United States). cDNA synthesis was performed using the SuperScript IV VILO MasterMix and the Techne TC-512 Thermal Cycler at 25°C, 10 min; 50°C, 10 min; 85°C, 5 min (ThermoFisher Scientific, San Jose, CA, United States) and amplified by real-time PCR using the PowerUp SYBR Green Master Mix (ThermoFisher Scientific, San Jose, CA, United States) in a LightCycler 480 (Roche, Basel, Switzerland). Reactions were run in duplicate under the following thermal cycling conditions: 50°C, 2 min; 95°C, 2 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Melt curve analysis was performed to confirm amplification specificity. Ct values were normalized to the housekeeping gene, TATA-binding protein (TBP), using the second derivative maximum method. Primer sequences are listed in Table 1.


TABLE 1. Primer sequences for qPCR.
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High-Resolution Respirometry

The Seahorse XFe96 Analyzer (Agilent Technologies, Santa Clara, CA, United States) was used to determine real-time bioenergetic profiles. 20,000 H-RPE cells were seeded per well according to the manufacturer’s instructions. For the Mito Stress Test, the medium was replaced with the assay medium (Seahorse XF Base Medium without Phenol Red, Agilent) supplemented with 2 mM GlutaMAX (ThermoFisher), 1 mM pyruvate (Gibco, Carlsbad, CA, United States) and 25 mM glucose (Sigma, St. Louis, MO, United States), pH 7.4 and placed in a 37°C, CO2-free, humidified incubator for 1 h. The drug injections were oligomycin (2.5 μM), BAM15 (10 μM) and a combination of rotenone and antimycin A (both at 2 μM). The same reagents were used for the ATP Rate Assay with the BAM15 drug injection excluded. For the Glycolytic Stress Test, the medium was replaced with the assay medium (Seahorse XF Base Medium without Phenol Red, Agilent) supplemented with 1 mM GlutaMAX (ThermoFisher), pH 7.4, and placed in a 37°C, CO2-free, humidified incubator for 1 h. The drug injections were glucose (10 mM), oligomycin (2 μM), and 2DG (50 mM). On completion of the Seahorse assays, cells were lysed in cold 1× Cell Lysis Buffer (Cell Signaling Technology, Beverly, MA, United States) supplemented with 1 mM PMSF (Sigma, St Louis, MO, United States) and stored at −80°C. Protein concentration was quantified using the Pierce BCA Assay kit (ThermoFisher, Waltham, MA, United States). Data were normalized to protein content using the XF Wave software by exporting the XF Mito Stress Test, XF Glycolytic Stress Test and XF ATP Rate Assay Test Report Generators to Excel and GraphPad Prism.

Oxygen Consumption Rate (OCR) was also measured using the Resipher (Lucid Scientific, Atlanta, GA, United States). 50,000 H-RPE cells were seeded into the Falcon flat-bottom 96-well microplate (Corning #353072) in H-RPE culture medium with the Resipher oxygen sensing lid. Cells were serum starved for 2 days before treatment with TNFα at 10 ng/ml. Real-time continuous OCR measurements were monitored in the incubator for a week. Data were analyzed using the Resipher web application and Python.



Measurement of Intracellular ATP Content

ATP content was measured using the ATP bioluminescence assay kit CLS II (Roche, Heidelberg, Germany) as previously described (Shu et al., 2021). Protein content was measured using the Pierce BCA Assay kit. 20 μg of protein was run in duplicate in a white, flat-bottom 96-well microplate. Determination of free ATP was performed against an ATP standard curve. Luminescence was determined at 60 ms integration using a Synergy H1 Plate Reader (BioTek, Winooski, VT, United States).



Quantification of Mitochondrial Copy Number

Genomic DNA (gDNA) was isolated using the Universal Genomic DNA Kit (CWBio #CW2298S). DNA concentration and purity was measured using the NanoDrop Spectrophotometer ND-1000. 10 ng of gDNA was used for the qPCR reactions and performed as previously described (Shu et al., 2021) using the Clontech Human Mitochondrial DNA (mtDNA) Monitoring Primer Set (Takara Bio Inc., Kusatsu, Shiga, Japan). mtDNA copy number was calculated as the average of the ratio of mtDNA to nuclear DNA using the two pairs of genes mt-ND5 with SERPINA1 and ND1 with SLCO2B1.



Transmission Electron Microscopy

Cells were fixed with quarter strength Karnovsky’s fixative (1% formaldehyde + 1.25% glutaraldehyde, in 0.1 M sodium cacodylate buffer, pH 7.4) for 6 h at room temperature, then transferred into 0.1 M sodium cacodylate buffer, post-fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h, en bloc stained with 1% gadolinium triacetate in 0.05 M sodium maleate buffer, 4–6°C, pH 6 for 30 min. Samples were dehydrated with graded ethyl alcohol solutions, transitioned with propylene oxide and infiltrated in tEPON-812 epoxy resin (Tousimis, Rockville, MD, United States) utilizing an automated EMS Lynx 2 EM tissue processor (Electron Microscopy Sciences, Hatfield, PA, United States). The processed samples were oriented into tEPON-812 epoxy resin inside flat molds and polymerized using an oven set at 60°C. The polymerized blocks were cleaved from the coverglass through brief exposure in liquid nitrogen. Semi-thin sections were cut at 1 μm thickness and stained with 1% toluidine blue in 1% sodium tetraborate aqueous solution for assessment by light microscopy. A region containing a monolayer of cells was selected from each sample from the semi-thin toluidine blue stained sections and block face trimmed to <1 mm × 0.5 mm for ultramicrotomy. Ultrathin sections (80 nm) were cut from each block face using a Leica EM UC7 ultramicrotome (Leica Microsystems, Buffalo Grove, IL, United States) and diamond knives (Diatome, Hatfield, PA, United States), to collect onto 2 × 1 mm, single slot formvar-carbon coated grids and 200 mesh copper/rhodium uncoated grids (Electron Microscopy Sciences, Hatfield, PA, United States). The ultrathin sections on grids were stained with aqueous 2.5% gadolinium triacetate and modified Sato’s lead citrate using a modified Hiraoka grid staining system (Seifert, 2017). Grids were imaged using a FEI Tecnai G2 Spirit transmission electron microscope (FEI, Hillsboro, OR, United States) at 80 kV interfaced with an AMT XR41 digital CCD camera (Advanced Microscopy Techniques, Woburn, MA, United States) for digital TIFF file image acquisition. All TEM digital images were captured at 2k × 2k pixels at 16-bit resolution with the same magnification. Images were processed using Contrast Limited AHE (CLAHE) on ImageJ to reduce background noise and amplify mitochondrial ultrastructural features. Images were further analyzed on ImageJ using the hand-trace tool to obtain the area of the mitochondria.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9.1.1. Parametric data were analyzed by one-way ANOVA with Tukey’s post hoc analysis or unpaired Student’s t-test. Statistical significance was considered when p ≤ 0.05 and all data are shown as mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.




RESULTS


Tumor Necrosis Factor-Alpha-Induced Inflammation in Retinal Pigment Epithelial Cells Is Accompanied by Mitochondrial Dysfunction

TNFα induced H-RPE elongation after 5 days of treatment (Figure 1A) while triggering a rapid inflammatory response with increased IL-6 secretion (Figure 1B) and increased gene expression of pro-inflammatory cytokines (IL-6, IL-8, and MCP-1) at 24 h (Figure 1C). This pro-inflammatory activation of RPE by TNFα was accompanied by the repression of PGC-1α, a master regulator of RPE mitochondrial function and homeostasis, at 24 h (Figure 1D). Ultrastructural analysis showed that TNFα induced a dramatic enlargement of mitochondria and cristae sparsity at 5 days as observed by TEM imaging (Figure 1E). Quantification of mitochondrial area showed that TNFα-treated cells displayed a higher frequency of larger mitochondria (Figure 1F) and a significantly larger average mitochondrial area (Figure 1G).
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FIGURE 1. Tumor necrosis factor-alpha-induced inflammation in H-RPE is accompanied by mitochondrial dysfunction. (A) Brightfield images of H-RPE cells with and without TNFα treatment. (B) IL-6 secretion at 24 h measured using ELISA for H-RPE. (C,D) qPCR analysis of inflammatory (C) and PGC-1α (D) gene expression in H-RPE following 24 h treatment with TNFα. (E) TEM images of H-RPE comparing untreated control and TNFα-treatment for 5 days. (F) Quantification of mitochondrial size from TEM images presented as a frequency distribution histogram, and (G) quantification of average mitochondrial size (unpaired t-test). Error bars are means ± SEM. ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; ns, not significant. Scale bar for panel (A) is 100 μm and panel (E) is 500 nm.




Tumor Necrosis Factor-Alpha Increased Mitochondrial Respiration and Reduced Glycolysis in Retinal Pigment Epithelial Cells

Given the aberrant mitochondrial morphology observed, we next investigated whether TNFα induced any changes in mitochondrial function by assessing RPE bioenergetics on the Seahorse XFe96 Mito Stress Test. Enlarged mitochondrial size typically confers enhanced bioenergetic capacity (Westermann, 2012). Accordingly, the larger mitochondria observed with TNFα was associated with a significantly increased basal respiration, maximal respiration, ATP production, and spare respiratory capacity (SRC) at 5 days (Figures 2A,B). TNFα also significantly increased coupling efficiency (Figure 2C). In contrast, TNFα reduced glycolysis and glycolytic capacity with a slight elevation of glycolytic reserve (Figures 2D,E). Consistent with the fact that OXPHOS is far more efficient at generating ATP compared to glycolysis, the increased mitochondrial respiration with TNFα was accompanied by a significant increase in intracellular ATP content at 5 days (Figure 2F). Furthermore, the Seahorse ATP rate assay confirmed the enhanced OXPHOS with TNFα, highlighting that a higher proportion of ATP generation was derived from mitochondrial respiration than glycolysis (Figures 2G,H), further indicated by the significantly higher ATP rate index (Figures 2I,J). Continuous monitoring of oxygen flux of H-RPE in the incubator using the Resipher confirmed the elevated OCR with TNFα (Figure 2K) with increasingly significant OCR elevations over time from 24 to 96 h (Figure 2L).
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FIGURE 2. Tumor necrosis factor-alpha increased mitochondrial respiration and reduced glycolysis in RPE. (A) Real-time measurement of oxygen consumption rate (OCR) using the Seahorse XFe96 BioAnalyzer to assess (B) OXPHOS parameters: basal respiration, ATP-linked respiration, proton leak, spare respiratory capacity (SRC), and maximal respiration based on responses to drug injections of oligomycin (Oligo), BAM15, and rotenone and antimycin A (Rot/AA) at 5 days with and without TNFα (n = 10–12, unpaired t-test) and (C) coupling efficiency. (D) Real-time measurement of extracellular acidification rate (ECAR) using the Seahorse XFe96 BioAnalyzer to assess glycolytic function parameters: (E) glycolysis, glycolytic capacity, and glycolytic reserve based on responses to drug injections of glucose (Glu), oligomycin (Oligo), and 2-deoxyglucose (2DG) at 5 days of treatment with and without TNFα (n = 10–12, unpaired t-test). (F) Intracellular ATP content at 5 days with or without TNFα (n = 6, unpaired t-test). (G) OCR curves and (H) ECAR curves for the Seahorse ATP rate assay at 5 days with TNFα. (I) Proportion of mitochondria-derived ATP production and glycolysis-derived ATP production and (J) increased ATP Rate Index representing a more oxidative and less glycolytic phenotype with TNFα treatment. (K) Real-time monitoring of OCR using the Resipher technology over 96 h following treatment with TNFα and (L) quantification of OCR over time (n = 7, unpaired t-test). Error bars are means ± SEM. * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001; ns, not significant.




Pre-treatment With Dimethyl Fumarate Blocks Tumor Necrosis Factor-Alpha-Induced Inflammation and Restores Mitochondrial Health

Pre-treatment with DMFu for 2 h prior to TNFα exposure blocked TNFα-induced cellular elongation, maintaining the regular cobblestone-like epithelial morphology (Figure 3A). DMFu alone did not affect cellular morphology (Figure 3A). DMFu significantly suppressed TNFα-induced IL-6 secretion at both 24 h (Figure 3B) and 5 days (Figure 3C). Moreover, DMFu reduced gene expression of inflammatory cytokines including IL-6 (Figure 3D), IL-8 (Figure 3E), and MCP-1 (Figure 3F) at 24 h and 5 days.
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FIGURE 3. Pre-treatment with dimethyl fumarate (DMFu) blocks TNFα-induced inflammation. (A) Brightfield images of H-RPE cells treated with TNFα (10 ng/ml) and/or DMFu (80 μM) or vehicle control (DMSO). (B,C) Quantification of secreted IL-6 following TNFα and/or DMFu treatment for (B) 24 h and (C) 5 days. (D–F) qPCR analysis of inflammatory gene expression following treatments on H-RPE for (D) IL-6, (E) IL-8, and (F) MCP-1. n = 6, one-way ANOVA with Tukey’s post hoc analysis. Error bars are means ± SEM. * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001; ns, not significant. Scale bar is 100 μm.


Local activation and induction of the alternative complement cascade, an integral part of innate immunity, has been implicated in AMD pathogenesis (Johnson et al., 2001). At 24 h, TNFα robustly enhanced the gene expression of key components of the alternative complement cascade including complement factor H (CFH, Figure 4A), complement factor B (CFB, Figure 4B), and complement component 3 (C3, Figure 4C), which were all significantly suppressed with DMFu pre-treatment. There were no significant changes observed for complement factor I (CFI, Figure 4D).
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FIGURE 4. Pre-treatment with dimethyl fumarate (DMFu) blocks TNFα-induced complement activation. qPCR analysis of gene expression of the complement cascade following treatments on H-RPE for (A) complement factor H, (B) complement factor B, (C) complement component 3, (D) complement factor I at 24 h. qPCR analysis of gene expression of (E) VEGF-A and (F) VEGF-C n = 5–6, one-way ANOVA with Tukey’s post hoc analysis. Error bars are means ± SEM. ** p ≤ 0.01; **** p ≤ 0.0001; ns, not significant.


A critical driver of late-stage neovascular AMD is the pro-angiogenic factor, vascular endothelial growth factor (VEGF) (Rosenfeld et al., 2006). Polarized VEGF expression is important for RPE homeostasis and survival (Ford et al., 2011). Specifically, VEGF-A expression by RPE is essential for choriocapillaris maintenance, and RPE dedifferentiation is associated with loss of VEGF secretion and choriocapillaris dropout (Blaauwgeers et al., 1999; Saint-Geniez et al., 2009). TNFα significantly reduced VEGF-A gene expression at 5 days while pre-treatment with DMFu maintained basal VEGF-A levels (Figure 4E). No significant changes for VEGF-A occurred at 24 h (Figure 4E). VEGF-C is a potent enhancer of vascular permeability and has been identified in RPE derived from choroidal neovascular (CNV) specimens from patients (Martin et al., 2004). VEGF-C gene expression was increased with TNFα at both 24 h and 5 days and appeared to be further increased in the presence of DMFu (Figure 4F).

The anti-inflammatory activity of DMFu was accompanied by a shift toward normalized mitochondrial function. While TNFα increased mtDNA copy number, co-treatment with TNFα and DMFu reduced mtDNA copy number down to basal levels (Figure 5A). Similarly, co-treatment with TNFα and DMFu significantly enhanced PGC-1α levels compared to TNFα alone; however, this was not sufficient to maintain basal levels of PGC-1α (Figure 5B). On an ultrastructural level, DMFu blocked TNFα-induced loss of cristae architecture and maintained normal mitochondrial size (Figure 5C).
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FIGURE 5. Pre-treatment with dimethyl fumarate (DMFu) blocks TNFα-induced mitochondrial dysfunction. (A) Quantification of mtDNA copy number following treatments with TNFα and/or DMFu or the vehicle control (DMSO). (B) qPCR analysis of gene expression of PGC-1α on H-RPE following treatments. n = 6, one-way ANOVA with Tukey’s post hoc analysis. Error bars are means ± SEM. ** p ≤ 0.01; **** p ≤ 0.0001. (C) TEM images of H-RPE treated with DMSO, TNFα 10 ng/ml, TNFα with DMFu, and DMFu alone and magnified images. Scale bar is 1 μm.




Pre-treatment With Dimethyl Fumarate Blocks Tumor Necrosis Factor-Alpha-Induced Metabolic Reprogramming

On the Seahorse Mito Stress Test, DMFu blocked the elevated mitochondrial respiration induced by TNFα (Figure 6A). Specifically, DMFu blocked TNFα-dependent elevation of basal respiration (Figure 6B), maximal respiration (Figure 6C), ATP production (Figure 6D), spare respiratory capacity (Figure 6E), and coupling efficiency (Figure 6F). This blockade was accompanied by a reduction in gene expression of ATP5O, a key component of ATP synthase in the electron transport chain (Figure 6G). The Seahorse Glycolytic Stress Test showed that DMFu restored the suppression of glycolysis induced by TNFα (Figure 6H) with a statistically significant increase in glycolysis (Figure 6I), but no changes in glycolytic capacity (Figure 6J) and a reduction in glycolytic reserve (Figure 6K). The enhanced glycolysis with co-treatment of DMFu and TNFα is supported by the enhanced gene expression of glycolytic enzymes, namely, PFKFB3 (Figure 6L) and PKM2 (Figure 6M).
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FIGURE 6. Pre-treatment with dimethyl fumarate (DMFu) blocks TNFα-induced metabolic reprogramming. (A) Real-time measurement of oxygen consumption rate (OCR) using the Seahorse XFe96 BioAnalyzer to assess OXPHOS parameters: (B) basal respiration, (C) maximal respiration, (D) ATP-linked respiration, (E) spare respiratory capacity, and (F) coupling efficiency based on responses to drug injections of oligomycin (Oligo), BAM15 and rotenone and antimycin A (Rot/AA) at 5 days with and without TNFα and/or DMFu or the vehicle control (DMSO) (n = 10–12, unpaired t-test). qPCR gene expression of (G) ATP5O following 24 h of treatments. (H) Real-time measurement of extracellular acidification rate (ECAR) using the Seahorse XFe96 BioAnalyzer to assess glycolytic function parameters including (I) glycolysis, (J) glycolytic capacity, and (K) glycolytic reserve based on responses to drug injections of glucose (Glu), oligomycin (Oligo), and 2-deoxyglucose (2DG) at 5 days of treatments (n = 10–12, unpaired t-test). qPCR gene expression of (L) PFKFB3 and (M) PKM2 following 24 h of treatments. n = 6 for gene expression, one-way ANOVA with Tukey’s post hoc analysis. Error bars are means ± SEM. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; ns, not significant.





DISCUSSION

TNFα-induced inflammation in H-RPE is accompanied by a dramatic disruption in normal mitochondrial morphology and metabolic function. We show that TNFα induces the accumulation of engorged mitochondria with loss of cristae integrity and overactive metabolic function, promoting increased mitochondrial respiration, ATP production and reduced glycolysis in H-RPE. Pre-treatment of H-RPE with DMFu blocked TNFα-induced inflammation and normalized metabolic function and mitochondrial ultrastructural morphology.

An intricate interplay exists between inflammation and metabolic dysfunction at sites of ongoing inflammation (Kominsky et al., 2010). The enhanced OXPHOS and increased ATP production induced by TNFα in our study highlights the substantial bioenergetic challenge required to mount an inflammatory response in RPE. Intriguingly, our previous work showed that TGFβ2, an important cytokine in AMD pathogenesis, induces the opposite metabolic changes in RPE with reduced OXPHOS and enhanced glycolysis, leading to an overall reduction in ATP content (Shu et al., 2021). Since TGFβ2 itself does not induce inflammation, it is possible that the enhanced OXPHOS induced by TNFα may facilitate its pro-inflammatory activity. The capacity of RPE to switch between different bioenergetic profiles depending on cytokine stimulation shows the metabolic flexibility of RPE. Despite the capacity of both TGFβ2 and TNFα to induce robust EMT responses in RPE, a key component of pathogenic subretinal fibrosis in AMD (Shu et al., 2020, 2021), their divergent impact on metabolic reprogramming highlights the complexity of targeting metabolism as a therapeutic avenue for AMD. Future studies will continue to dissect the extensive crosstalk that exists between metabolism and EMT (Jia et al., 2021), examining how other metabolic pathways such as fatty acid oxidation and glutamine metabolism are impacted by TGFβ2 and TNFα in RPE.

Metabolic reprograming of immune cells during activation is highly cell-type and context dependent. Divergent metabolic profiles have been observed with B and T lymphocytes with B cells relying more on OXPHOS, while T cells rely more on aerobic glycolysis (Khalsa et al., 2019). Activation of B cells is bioenergetically demanding and consequently induces a progressive upregulation of OXPHOS to fulfill their new energy requirements (Price et al., 2018). Treatment of RPE with TNFα appears to mimic the metabolic changes observed in activated B cells. Indeed, activated B cells are known to secrete pro-inflammatory cytokines including TNFα and IL-6 (Gupta et al., 2013), which may, in turn, further potentiate inflammation and mitochondrial respiration. Our finding that TNFα increases OXPHOS in RPE has also been reported in platelets of aged mice where the pro-inflammatory activity of TNFα was linked to mitochondrial dysfunction, increased mitochondrial mass and metabolite rewiring to favor elevated pentose phosphate pathway intermediates (Davizon-Castillo et al., 2019). Future studies on comprehensive metabolomics analysis of TNFα-treated H-RPE will determine the precise metabolic pathway reconfigurations, further unraveling the complex interplay between inflammation and the RPE metabolome.

Activation of the alternative pathway of the complement cascade has been implicated in the pathogenesis of AMD and in particular, geographic atrophy (Desai and Dugel, 2022). Our study shows that TNFα robustly upregulates critical components of the complement cascade and that DMFu is able to suppress TNFα-induced complement activation. Intriguingly, the ability of DMFu to suppress complement activation is accompanied by enhanced angiogenic gene expression. VEGF-C, an established pro-angiogenic factor and enhancer of vascular permeability, was strongly induced by TNFα and further upregulated in the presence of DMFu, indicating a potential risk for promoting an angiogenic response as observed in neovascular AMD. Complement inhibition is believed to induce a shift in macrophage polarization from the pro-inflammatory M1 to the pro-angiogenic M2 macrophages (Cao et al., 2011). Indeed, in the clinical trial for the C3 inhibitor, APL-2, 18% of patients on monthly injections showed conversion to neovascular AMD, highlighting a critical link between complement inhibition and the risk of increased angiogenic potential (Park et al., 2019).

Our study highlights DMFu as a novel immunometabolic regulator of RPE. We show that the anti-inflammatory effect of DMFu was accompanied by a normalization of RPE metabolic function, blocking TNFα-induced elevated OCR and maintaining glycolysis at basal levels. The anti-inflammatory capacity of DMFu showed beneficial effects in an autoimmune uveitis rat model (Labsi et al., 2021) and optic neuritis murine model (Zyla et al., 2019). Further, DMFu promotes the survival of retinal ganglion cells (RGCs) after optic nerve crush (Mori et al., 2020) and protects against retinal degeneration in a light-induced photoreceptor loss mouse model (Dietrich et al., 2020). Mechanistically, studies have shown that DMFu activates Nrf2/heme oxygenase-1 (HO-1) (Zyla et al., 2019; Mori et al., 2020) and increases glutathione (Nelson et al., 1999; Dietrich et al., 2020) to mediate its anti-inflammatory and anti-oxidative effects. Intriguingly, in this study, DMFu alone induces significant metabolic changes compared to DMSO-treated control cells. For example, DMFu slightly reduces basal levels of PGC-1α gene expression and increases the gene expression of glycolytic enzymes, PFKFB3 and PKM2, despite reducing glycolytic capacity and reserve. These metabolic changes do not impinge on the potent anti-inflammatory activity of DMFu against TNFα in RPE. The favorable efficacy and safety profiles of oral administration of DMFu for psoriasis and multiple sclerosis highlights its promise as a therapeutic avenue for immunomodulation of retinal diseases, including AMD. Furthermore, DMFu will only be considered as a treatment against active pathology rather than as a prophylactic therapy.

Ultrastructural mitochondrial imaging on TEM revealed dramatic mitochondrial defects following TNFα treatment of H-RPE, which was prevented by co-treatment with DMFu. Typically, long fused mitochondria are associated with enhanced OXPHOS capacity compared to smaller, fragmented mitochondria with reduced OXPHOS (Galloway et al., 2012). Indeed, our data shows that TNFα-induced elevated OXPHOS is associated with enlarged mitochondrial size, highlighting the morphological plasticity of RPE and reciprocal relationship between bioenergetic status and mitochondrial morphology. Elevated OXPHOS levels may generate more reactive oxygen species (ROS) byproducts that can cause further oxidative damage to mitochondrial morphology (Jassim et al., 2021). It is hypothesized that increased oxidative damage to mitochondria may lead to increased mtDNA copy number as an initial compensatory mechanism (Wang et al., 2014). Our data shows that TNFα increases mtDNA copy number in RPE, which can be blocked by co-treatment with DMFu. Similar results were observed in a clinical study of obese diabetic participants where increased body mass index (BMI) was associated with increased TNFα production, inflammation and mtDNA copy number (Skuratovskaia et al., 2019).

Our study reveals the dynamic interplay between inflammation and metabolic function in RPE, highlighting the morphological and bioenergetic alterations in mitochondria following TNFα stimulation. TNFα-driven inflammation causes a dramatic increase in energy demands in RPE, leading to increased oxygen consumption and ATP production at the expense of mitochondrial health. Such pro-inflammatory activation of RPE in vivo would undoubtedly cause an imbalance in the tightly regulated metabolic ecosystem of the retina (Kanow et al., 2017) through altered nutrient and oxygen availability for neighboring retinal cells. DMFu effectively abolished the drastic mitochondrial changes induced by TNFα, maintaining normal mitochondrial morphology and bioenergetic profiles and thus serves as a promising therapeutic avenue for combating inflammation in AMD.
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Necroptosis mediates the chronic inflammatory phenotype in neurodegeneration. Receptor-interacting protein kinase (RIPK) plays a pivotal role in the induction of necroptosis in various cell types, including microglia, and it is implicated in diverse neurodegenerative diseases in the central nervous system and the retina. Targeting RIPK has been proven beneficial for alleviating both neuroinflammation and degeneration in basic/preclinical studies. In this review, we discuss the role of necroptosis in retinal degeneration, including (1) the molecular pathways involving RIPK, (2) RIPK-dependent microglial activation and necroptosis, and (3) the interactions between necroptosis and retinal neuroinflammation/degeneration. This review will contribute to a renewed focus on neuroinflammation induced by necroptosis and to the development of anti-RIPK drugs against retinal degeneration.

Keywords: necroptosis, neuroinflammation, microglia, retinal degeneration, RIPK


INTRODUCTION

Neurodegenerative diseases are a complex group of disorders involving the processes of cell death and inflammation cell death inflammation, and include Alzheimer's and Parkinson's disease, amyotrophic lateral sclerosis (ALS) and retinal degeneration (Tansey and Goldberg, 2010; Heneka et al., 2015; Ito et al., 2016; Kauppinen et al., 2016). Inflammation is a multicellular process by which immune cells defend against pathogens and repair injury through a series of molecular and cellular changes, including the release of pro-inflammatory cytokines, apoptosis, and necroptosis (Wallach et al., 2014). Inflammation is strongly associated with cell death, especially that in a necrotic form (Wallach et al., 2014). Damage associated molecular patterns (DAMPs) generated by necrotic cells, such as interleukin-1α (IL-1α), tumor necrosis factor α (TNF-α), and high-mobility group box 1 protein (HMGB1) (Rock and Kono, 2008; Yanai et al., 2009; Wallach et al., 2014), strongly exacerbate inflammation.

Microglia are the first line of defense in the central nervous system (CNS), and exert both cytotoxic and cytoprotective effects at the crossroads between homeostasis and disease (Cherry et al., 2014; Lloyd et al., 2019; Rodríguez-Gómez et al., 2020). Persistent activation of microglia can trigger necroptosis, a type of necrosis induced by the activation of receptor-interacting protein kinase 1 (RIPK1)/RIPK3 (Weinlich et al., 2017; Galluzzi et al., 2018), and necroptosis in turn induces secretion of proinflammatory DAMPs and mediates chronic inflammation (Rodríguez-Gómez et al., 2020). It has been shown that microglial necroptosis executed by RIPK1/3 contributes to neuronal damage as well as brain regeneration (Welser et al., 2010; Ofengeim et al., 2017; He et al., 2021).

This review focuses on RIPK-dependent necroptosis which orchestrates neuroinflammation and degeneration in the CNS and retina. We also discuss the potency of anti-necroptosis therapy, which may inhibit excessive neuroinflammation and promote neuronal survival and regeneration.



NECROPTOSIS AND RIPK SIGNALING


Necroptosis—A Programmed Necrotic Cell Death

Necrosis is a type of cell death that has morphologic features of cellular swelling, cell membrane rupture and the release of intracellular molecules including DAMPs (Kaczmarek et al., 2013; Galluzzi et al., 2018; Yuan et al., 2019). Although necrosis was traditionally deemed as a passive process of cell death, it is now known that some necrosis is molecularly regulated, and differential mechanisms that underlie programmed necrosis have been identified (e.g., necroptosis, pyroptosis, and ferroptosis). Necroptosis was originally described in 2005 as necrotic cell death mediated by the activation of RIPK1 (Degterev et al., 2005). The stimuli that induce necroptosis include TNF-α (Degterev et al., 2008), Fas ligand (FasL) (Holler et al., 2000), TNF-related apoptosis-inducing ligand (TRAIL) (Holler et al., 2000), the interferons (IFNs) (Thapa et al., 2013; Dillon et al., 2014), and ligands for pathogen recognition receptors (PRRs), such as toll-like receptor 3 (TLR3) (Bermejo and Rey-Bellet, 1975), TLR4 and DNA-dependent activator of interferon regulatory factors (DAI) (Upton et al., 2012; Wang et al., 2014; Huang et al., 2015).



Structure and Function of RIPK

RIPK1 is a multi-functional protein that regulates cell survival, inflammation, and cell death. It is composed of three domains, an N-terminal kinase domain for phosphorylation, an intermediate domain containing an RIP homotypic interaction motif (RHIM) for RIPK1/RIPK3 interaction and pro-inflammatory action, and a C-terminal death domain (DD) for recruiting TNFα receptor 1 (TNFR1) and the TNFR1-associated death domain (TRADD) protein (Figure 1) (Yuan et al., 2019). RIPK3, a key molecule for RIPK1/RIPK3 phosphorylation, also has an N-terminal kinase domain and RHIM domain, but lacks the DD in its C-terminus (Figure 1) (Wu et al., 2014). Mixed lineage kinase domain-like protein (MLKL) consists of an N-terminal 4-helix bundle (4HB) for interacting with the membrane and the first brace helix, an intermediate brace region with two helices involved in MLKL oligomerization, and a C-terminal pseudokinase domain (PsKD) for interaction with phosphorylated RIPK3 kinase domains (Figure 1) (Murphy et al., 2013; Quarato et al., 2016; Petrie et al., 2018, 2019). MLKL forms oligomers and the 4HB insert into the plasma membrane through phosphatidylinositol phosphate (PIP)-binding sites, resulting in membrane disruption and necroptosis induction (Dondelinger et al., 2014; Su et al., 2014; Quarato et al., 2016; Petrie et al., 2019). Therefore, the phosphorylation of MLKL and the membrane translocation of MLKL oligomers are the optimal markers for necroptosis (Fricker et al., 2018).
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FIGURE 1. Structure of RIPK1, RIPK3 and MLKL. KD, N-terminal kinase domain; ID, intermediate domain; RHIM, RIP homotypic interaction motif; DD, death domain; 4HB, 4-helix bundle; PsKD, pseudokinase domain.


Among several stimuli for necroptosis, TNFR1 signaling is the most thoroughly investigated and proceeds as follows (Figure 2) (Seo et al., 2019). First, TNF binding to its receptor initiates the formation of complex I at the cell membrane. TNFR1 recruits RIPK1, TRADD, TNF receptor associated factor 2 (TRAF2) and cellular inhibitor of apoptosis 1/2 (cIAP1/2). cIAP1/2 initiates the ubiquitination process on the complex I (Bertrand et al., 2008; Varfolomeev et al., 2008; Annibaldi et al., 2018; Seo et al., 2019), and K63 poly-ubiquitination (Ub) of RIPK1 links many molecules, thereby forming a larger complex I. The TGF-β activated kinase 1 (TAK1) complex phosphorylates inhibitor of NF-κB kinase β (IKKβ) to activate the nuclear factor-κB (NF-κB) pathway (Jha et al., 2019; Seo et al., 2019). The NF-κB-dependent production of pro-survival genes, such as cIAP1, A20 and caspase-8-like inhibitory protein (c-FLIPL), protects cells from RIPK1-independent death. A20 is a deubiquitinating enzyme that prevents NF-κB activation and restricts TNF-induced apoptosis (Onizawa et al., 2015). cIAP1 and c-FLIPL facilitate NF-κB activation and inhibit necroptosis. NF-κB activation also modulates immune response via the production of proinflammatory molecules (Jha et al., 2019; Jensen et al., 2020).
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FIGURE 2. RIPK signaling. TNFR1 recruits RIPK1, TRADD, TRAF2, and cIAP1/2. cIAP1/2 initiates the ubiquitination process on complex I. The K63 Ub chain of RIPK1 links molecules in the large TNF complex I. The TAK1 complex phosphorylates IKKβ to induce NF-κB activation. When NF-κB, the complex of cIAP1/2, or LUBAC, TAK1, or TBK1 is inhibited, membrane-bound complex I is dissociated and complex II is formed. If NF-κB is inhibited, TRADD, FADD and caspase-8 form complex IIa, inducing RIPK1-independent apoptosis. When inhibition of cIAP1/2, TAK1, TBK1, or LUBAC occurs, RIPK1, FADD, caspase-8, and c-FLIPL form complex IIb, inducing RIPK1-dependent apoptosis. Procaspase-8/cFLIPL heterodimers prevent necroptosis. Upon caspase-8 inhibition, complex IIb initiates RIPK1- and RIPK3-dependent necroptosis. Activated RIPK1 heterodimerizes with RIPK3 and RIPK3 phosphorylates MLKL, thereby driving the polymerization of RIPK1, RIPK3 and MLKL. This RIPK1-RIPK3-MLKL complex is called a “necrosome.” In macrophages/microglia, LPS or poly(I:C) is recognized by TLR4 and mediates the interaction between TRIF and RIPK3. In the presence of caspase inhibitor, the TRIF/RIPK3 complex induces ROS accumulation, and subsequently triggers necroptosis independent of NF-κB activation. TLR4 also recruits MyD88 and cIAPs to activate the NF-κB pathway, thereby inducing pro-inflammatory cytokines. TNF-α, tumor necrosis factor-α; TNFR1, TNFα receptor 1; RIPK1/3, receptor-interacting protein kinases 1/3; TRADD, TNFR1-associated death domain protein; TRAF2, TNF receptor associated factor 2; cIAP1/2, cellular inhibitor of apoptosis 1/2; HOIL-1, haem-oxidized iron-regulatory protein 2 ubiquitin ligase-1; HOIP, HOIL-1 interacting protein; SHARPIN, SHANK-associated RH domain-interacting protein; NF-κB, nuclear factor-κB; NEMO, cell death-protective nuclear factor-κB essential modulator; IKKα/β, inhibitor of NF-κB kinase α/β; TAB2/3, TAK1-binding protein 2 and 3; FADD, Fas associated via death domain; cFLIPL, the long isoform of cellular FLICE-like inhibitory protein; MLKL, mixed lineage kinase domain-like protein; TIRF, TIR-domain containing adapter-inducing interferon-b; MYD88, myeloid differentiation primary response gene 88; SMs, SMAC mimetics; ROS, reactive oxygen species.


The TNFR1-mediated signaling pathway can induce apoptosis. Once the NF-κB pathway or complex I is inhibited by cIAP1/2 or by the linear ubiquitination assembly complex (LUBAC), TAK1, or TANK binding kinase 1 (TBK1), the membrane-bound complex I is dissociated and cytosolic complex IIa and IIb are formed. TRADD, FADD and caspase-8 form complex IIa and mediate RIPK1-independent apoptosis (Dondelinger et al., 2016; Annibaldi and Meier, 2018). Complex IIb is composed of RIPK1, FADD, caspase-8 and c-FLIPL, and initiates RIPK1-dependent apoptosis (Cho et al., 2009; Oberst et al., 2011; Sun et al., 2012).

Upon caspase-8 inhibition, complex IIa contributes to necroptotic induction by recruiting RIPK1, and complex IIb initiates RIPK1- and RIPK3-dependent necroptosis. Activated RIPK1 heterodimerizes with RIPK3 and RIPK3 phosphorylates MLKL, thereby polymerizing RIPK1, RIPK3 and MLKL (Sun et al., 2012; Zhao et al., 2012). This RIPK1-RIPK3-MLKL complex, called a “necrosome,” triggers the subsequent cell lysis. A20 inhibits formation of the RIPK1-RIPK3 complexes by deubiquitinating RIPK3 (Onizawa et al., 2015; Galluzzi et al., 2018).

The PRR family can also initiate necroptosis. TLR4 recruits the adaptor molecules myeloid differentiation primary response gene 88 (MyD88) and TIR-domain containing adapter-inducing interferon-b (TRIF), while TRIF is the sole adaptor molecule for TLR3 (Kawai and Akira, 2010). Stimulation of TLR4/TLR3 via LPS or poly(I:C) induces the formation of the TRIF-RIPK3 complex (Kaiser and Offermann, 2005; He et al., 2011). In the presence of caspase-8 inhibitor, reactive oxygen species (ROS) accumulation occurs downstream of the TRIF-RIPK3 complex, and the subsequent c-jun N-terminal kinase (JNK) activation forms the RIPK1-RIPK3-MLKL complex and induces necroptosis independent of NF-κB activation (He et al., 2011; Kim and Li, 2013). TLR4 also recruits the adaptor molecules MyD88 and cIAPs to induce the NF-κB pathway activation and release of pro-inflammatory cytokines (Figure 2).




INTERACTIONS BETWEEN NECROPTOSIS AND NEUROINFLAMMATION

Necroptosis can trigger inflammation. Activated microglia/macrophages also induce necroptosis at the chronic inflammatory site, thereby forming a positive feedback loop. In neurodegenerative diseases, dying or dead neuronal cells release DAMPs and activate PRRs (Wallach et al., 2014). PRR signaling activates microglia and transforms them to a pro-inflammatory phenotype that produces abundant pro-inflammatory cytokines (Fernández-Velasco et al., 2014). TNF-α and PRPs-mediated signals activate intracellular pathways, such as the NF-κB activation pathway, which leads to the transcription of various pro-inflammatory molecules, and the RIPK pathway, which mediates microglial activation and necroptosis (Granger and Kolb, 1968; Liu et al., 2017).


Characteristics of Microglial Activation in Neurodegeneration

Microglia are resident macrophages in the CNS and retina that surveil the surrounding environment and maintain tissue homeostasis (Nimmerjahn et al., 2005). Microglia can dynamically change their morphology and function in response to microenvironmental alterations (Choi et al., 2021). Although, in healthy individuals, blood circulating monocytes cannot enter the CNS and retina due to the healthy blood-brain and retina-barrier, under disease conditions they can infiltrate and differentiate into macrophages.

Microglia exhibit diverse functional phenotypes depending on the disease context (Ransohoff, 2016). In the same way that peripheral macrophages are traditionally classified into two major phenotypes (Martinez and Gordon, 2014) (i.e., M1 and M2), microglia can also polarize into both pro- and anti-inflammatory states at the diseased loci. Once microglia and/or macrophages detect DAMPs, they convert to the pro-inflammatory M1-like phenotype and form a high motility amoeboid shape (Chen and Xu, 2015). Activated microglia translocate to the damage site and secrete pro-inflammatory cytokines (IL-1β, IL-6, IL-8, TNF-α, iNOS) (Kalkman and Feuerbach, 2016; Aguzzi and Zhu, 2017). After the damaging molecules are diminished, the microglia change their polarity to an anti-inflammatory M2-like phenotype, improving their phagocytotic function, secreting IL-4, IL-10, IL-13, TGF-β, and arginase 1 and clearing the cellular debris to promote recovery (Cherry et al., 2014; Park et al., 2016). Triggering-receptors-expressed-on-myeloid-cells 2 (TREM2) is one kind of microglial receptor that is highly expressed in anti-inflammatory or pro-regenerative microglia and involved in phagocytosis and immune regulation (Paloneva et al., 2002; Hickman and El Khoury, 2014; Hickman et al., 2018). Overexpression of TREM2 enhances phagocytic activity and down-regulates pro-inflammatory responses (Han et al., 2017). In contrast, deletion of TREM2 or the adaptor tyrosine kinase-binding protein (TyroBP or DAP12), which binds to TREM2, leads to an excess of the pro-inflammatory phenotype, which decreases microglial survival and causes amyloid plaque deposition in experimental models of Alzheimer's disease (AD) (Ito and Hamerman, 2012). Therefore, these findings suggest that TREM2 is a key immune regulator that mediates the homeostatic function of microglia. However, it should be noted that there are more diverse and complex phenotypes in microglia and macrophages, and their plasticity (reaction states) and diversity (subtypes) should both be considered rather than merely the two commonly phenotypes (Stratoulias et al., 2019). Single-cell level analyses will help further clarify the microglia/macrophage subsets that regulate CNS health and diseases (Ransohoff, 2016; Hammond et al., 2019; Masuda et al., 2019; Stratoulias et al., 2019).



RIPK Modulates Microglial Activation and Necroptosis in Neuroinflammation

Microglia recognize the DAMPs through pattern recognition proteins (PRPs) such as TLRs. As shown in Section 2.2, TLR signaling mediates microglial activation (i.e., M1-like polarization) as well as apoptosis/necroptosis through RIPK recruitment into the cell death complex. TNF-α released from microglia may also activate RIPK pathways in the surrounding neuronal cells as well as microglia themselves.

Soluble oligomeric amyloid β (Aβ) has been shown to stimulate TNF-α release from activated microglia, leading to the induction of neuronal necroptosis in an in vitro model of AD (Salvadores et al., 2021). Ripk3−/− and Mlkl−/− mice favor pro- to anti-inflammatory phenotype transformation of microglia in response to ischemic cortex injury (Yang et al., 2018). Therefore, RIPK may regulate necroptosis and microglia/macrophage polarization in neurodegeneration (Table 1).


Table 1. Pharmacological and genetic interventions that manage cell death and inflammation in RIPK-related pathways in CNS diseases.
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RIPK may contribute to microglia/macrophage polarization via a mechanism that is at least partly independent of necroptosis (Ofengeim and Yuan, 2013; Ofengeim et al., 2015, 2017; Kondylis et al., 2017; Ueta et al., 2019). Our previous study showed that RIPK inhibition suppresses M2-like polarization through caspase activation and attenuates the formation of laser-induced choroidal neovascularization (CNV) (Ueta et al., 2019). Both in vivo and in vitro experiments have shown that infiltrating macrophages, rather than vascular endothelial cells, are the main target for catalytic inhibition of RIPK. These findings suggest that RIPK has a non-necrotic function in angiogenesis via regulation of the macrophage phenotype. Ofengeim et al. reported a non-cell death function of RIPK1—namely, mediation of the disease-associated microglia (DAM) phenotype—in AD pathology (Ofengeim et al., 2017). They showed that RIPK1 is highly expressed in the cerebral microglia of patients with AD. In a mouse model of AD and in vitro cultured microglia, RIPK1 inhibition was shown to attenuate the DAM response and to enhance phagocyte activity to clear Aβ (Ofengeim et al., 2017). Transcriptional analysis found that RIPK1 induces Cst7 expression, which regulates the lysosomal function of microglia, suggesting that RIPK1-dependent transcription disturbs the homeostatic function of microglia and leads to Aβ accumulation in AD (Ofengeim et al., 2017). Alternatively, Vince et al. demonstrated that RIPK3 directly regulates NLRP3 inflammasome activation and IL-1β secretion in macrophages (Vince et al., 2012). They showed that RIPK3 mediates IAP-antagonist-induced IL-1β secretion prior to inducing necrotic changes (Vince et al., 2012).



Ubiquitination in Microglia-Related Inflammation

Ubiquitin participates in various biological processes, including protein degradation, transcription, DNA and immune regulation (Husnjak and Dikic, 2012; Zinngrebe et al., 2014). Several E3 ubiquitin ligases are involved in the regulation of MyD88- and TRIF-dependent signaling from TLRs (Wertz and Dixit, 2010). TRAF6, one of the ubiquitin E3 ligases, mediates K63-linked ubiquitination of the IKK complex subunit, IKKγ, and activates MyD88- and TRIF-dependent NF-κB signaling (Walsh et al., 2008). A20 can modulate ubiquitination and remove K63 polyubiquitin chains from target proteins to terminate signaling, as shown in Figure 2 (Komander et al., 2009; Mohebiany et al., 2020).

Kinsella et al. (2016) identified that the Bcl-2 family protein BH3-interacting domain death agonist (Bid) strengthens the TLR4-NF-κB pro-inflammatory response by promoting K63-linked polyubiquitination of TRAF6 in microglia. In a subsequent study, they demonstrated that Bid modulates MyD88- and TRIF-dependent signaling by attenuating the cleavage of polyubiquitin chains, thereby enhancing the inflammatory response (Kinsella et al., 2018).

A study on AD demonstrated that the E3 ubiquitin ligase COP1 inhibits the activation of microglia and the release of pro-inflammatory factors by degrading the transcription factor CCAAT/enhancer binding protein beta (c/EBPβ) (Ndoja et al., 2020). These transcription factors promote gene expressions related to microglial activation and inflammation. Increased secretion of pro-inflammatory factors and neurotoxicity in COP1-deficient microglia were observed in a mouse model of tau-mediated neurodegeneration and microglia-neuronal co-cultures. Thus, COP1 is important for suppression of the pathogenic c/EBPβ-dependent gene expression process in microglia.

RIPK is also involved in K63-linked Ub. IAPs are the key E3 ubiquitin ligases that ubiquitinate RIPK1/2 and cause NF-κB activation (Figure 2) (Jensen et al., 2020). Several studies have shown that RIPK1-mediated inflammatory signaling can be inhibited by second mitochondria-derived activator of caspases (SMAC), a small-molecule antagonist of IAPs (Busca et al., 2018; Goncharov et al., 2018). SMAC mimetics can also suppress the pro-inflammatory response in TLR signaling (Figure 2) (Tseng et al., 2010). Deubiquitinating enzyme is an alternative target to modulate RIPK activation. Lu et al. recently demonstrated that microglial necroptosis is suppressed by melatonin via the regulation of A20 in a model of intracerebral hemorrhage (Lu et al., 2019). Therefore, targeting ubiquitination may be a promising anti-inflammatory strategy.



The Role of Microglial Necroptosis in Neuroinflammation

Necroptosis can occur in neurons as well as microglial cells in CNS diseases. Thadathil et al. investigated the expression of p-MLKL, a marker of necroptosis, in the brains of young and aged mice and showed that nearly 70–80% of p-MLKL immunoreactivity is observed in neurons and <10% in microglia (Thadathil et al., 2021). Blocking or inhibiting necroptosis resulted in a significant reduction in neuroinflammation in aged mice (Thadathil et al., 2021). Therefore, necroptosis may be critically important in age-associated neuroinflammation and neurodegeneration.

Ito et al. investigated the functional roles of RIPK in an amyotrophic lateral sclerosis (ALS) model. Mutations in the optineurin OPTN gene have been implicated in patients with ALS (Ito et al., 2016). Using an ALS model of optineurin (Optn)-deficient mice, they reported that RIPK1 inhibition reduces the levels of proinflammatory cytokines, including IL-1α, IL-1β, interferon-γ (IFNγ), and TNF-α, in the spinal cord (Ito et al., 2016). RNA-sequencing analysis of Optn−/−, and Optn−/−; Ripk1D138N/D138N microglia revealed that the M1-like phenotype in Optn−/− microglia is suppressed by RIPK1 inhibition (Kigerl et al., 2009; Ito et al., 2016). In addition, necrotic cell death in the spinal cord of Optn−/− mice was rescued by RIPK inhibition, which led to improved motor function (Ito et al., 2016). In pathological spinal cord sections from patients with ALS, increased co-immunostainings of RIPK1, RIPK3, MLKL, RIPK1 p-Ser14/15, p-MLKL, and microglia were observed (Ito et al., 2016). Therefore, RIPK1 may be a critical mediator of microglial activation as well as necroptosis in the axonal pathology of ALS.




THE ROLE OF RIPK IN RETINAL DEGENERATION AND NEUROINFLAMMATION

Given the significant roles of the RIPK pathway in necroptosis induction and microglial activation in CNS disorders, it would be natural to expect that RIPK is involved in retinal necroptosis and inflammation. Indeed, although it was traditionally considered that apoptosis is the main form of cell death in retinal degeneration, our group revealed that RIPK-dependent necroptosis is redundantly activated when caspases are inhibited in experimental retinal detachment (RD) (Trichonas et al., 2010). Rosenbaum et al. also demonstrated that treatment with Nec-1 prevents retinal cell death in a rat model of retinal ischemia (Rosenbaum et al., 2010). It is now known that RIPK plays pivotal roles in various retinal and optic nerve disorders, including inherited retinal diseases (IRDs), age-related macular degeneration (AMD), and glaucoma, even in the absence of caspase inhibition (Trichonas et al., 2010; Murakami et al., 2012, 2014; Kataoka et al., 2015; Do et al., 2017; Kayama et al., 2018). In the discussion below, we introduce studies addressing the RIPK function in necroptosis, microglial activation, and neuroinflammation in retinal degeneration (Figure 3; Table 2).


[image: Figure 3]
FIGURE 3. Microglia/Macrophages in retinal disorders. Schematic representation of necroptotic and activated microglia/macrophages in retinal necroptosis and inflammation. Various damages and DAMPs activate innate immune cells. Activated and necroptotic microglia/macrophages via inflammasome-dependent/-independent mechanisms secrete inflammatory and angiogenic mediators. These pro-inflammatory and angiogenic factors induce choroidal neovascularization. Pro-inflammatory factors and DAMPs also lead to necrotic cell death of RGCs, RPE cells and photoreceptors. Moreover, activated microglia/macrophages infiltrate to the outer retina to phagocytose dead cells and modulate inflammation.



Table 2. Pharmacological and genetic interventions that manage cell death and inflammation in RIPK-related pathways in retinal diseases.
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Role of RIPK in Retinal Detachment

Photoreceptor cells receive metabolic support from the underlying retinal pigment epithelium (RPE) and choroidal vessels, and when the neuroretina is physically detached from the RPE, photoreceptor cells start to die. Experimental models of RD induced by the subretinal injection of sodium hyaluronate and human samples with RD have shown that photoreceptor cell death is induced as early as 12 h and peaks at around 2–3 days after RD (Cook et al., 1995; Hisatomi et al., 2001; Arroyo et al., 2005). Hypoxia plays an important role in this process, because oxygen therapy substantially prevents photoreceptor cell loss in a cat model of RD (Lewis et al., 2004). Neuroinflammation also contributes to RD-induced retinal degeneration. Multiple cytokines/chemokines, including TNF-α, IL-1β, and MCP-1, are substantially elevated in the eyes in both experimental and human RD (Nakazawa et al., 2006a; Yoshimura et al., 2009). Moreover, genetic knockout of Mcp-1 attenuates macrophage infiltration and prevents photoreceptor cell death in a rodent model of RD (Nakazawa et al., 2007). Sweigard et al. suggested that hypoxia mediates the activation of the alternative complement pathway in the detached mouse retina, indicating a molecular link between hypoxia and neuroinflammation (Sweigard et al., 2015).

Apoptosis is the main form of photoreceptor cell death after RD (Cook et al., 1995; Hisatomi et al., 2001; Arroyo et al., 2005). Consistent with the apoptotic morphological changes, such as pyknosis, both caspase activation in intrinsic and extrinsic pathways and upregulated expression of death receptor ligands (e.g., TNF-α and Fas-L) are observed in the rat retina after RD (Zacks et al., 2003, 2004). Paradoxically, however, caspase inhibition via intravitreal injection of pan-caspase inhibitor did not lead to protection against RD-induced retinal degeneration, suggesting the presence of other or redundant effectors for the photoreceptor cell death after RD.

As described above, caspases and RIPK redundantly function as cell death effectors in TNF-α signaling. Given the evidence that RIPK-dependent necrosis is strongly induced when the caspase pathway is blocked under various physiological and pathological conditions, we hypothesized that RIPK may mediate photoreceptor cell death after RD in concert with caspases. Indeed, we found that caspase inhibition in rodent models of RD substantially reduced apoptosis of photoreceptor cells while simultaneously increasing necrotic cell death in the detached retina. This necrotic change was rescued by additional treatment with Nec-1 or Ripk3 deficiency, indicating that photoreceptor cell death after RD is redundantly regulated by at least two cell death pathways, i.e., caspase-dependent apoptosis and RIPK-dependent necroptosis (Trichonas et al., 2010). Consistent with our findings, Dong et al. demonstrated that Nec-1 inhibits RIPK phosphorylation and prevents necrotic photoreceptor cells after experimental RD (Dong et al., 2012).

RIPK inhibition in experimental RD prevents photoreceptor cell death, in addition to attenuating the infiltration of CD11b-positive microglia/macrophages in the detached retina (Trichonas et al., 2010). Kataoka et al. further investigated the roles of RIPK in inducing neuroinflammation after mouse experimental and human RD and showed that RIPK regulates NLRP3/caspase-1 inflammasome activation and prevents IL-1β secretion from subretinal microglia/macrophages (Kataoka et al., 2015). Because Vince et al. (2012) demonstrated that RIPK3 directly promotes IL-1β secretion in macrophages via inflammasome-dependent and -independent mechanisms, it may be possible that RIPK directly modulates microglia/macrophage activation after RD, in addition to indirectly activating neuroinflammation through the release of necrotic DAMPs.



Role of RIPK in Retinitis Pigmentosa

Retinitis pigmentosa (RP) is a set of hereditary retinal diseases characterized by the degeneration of rod and cone photoreceptors with genetic defects (Hartong et al., 2006). The typical progression in patients with RP begins with night blindness and loss of mid-peripheral visual field due to rod cell dysfunction and death, followed by loss of peripheral and central vision due to cone cell death (Hartong et al., 2006; Murakami et al., 2015). Many studies have shown that multiple signaling pathways lead to photoreceptor death, including apoptosis, autophagy and necroptosis (Murakami et al., 2012, 2015; Sizova et al., 2014; Athanasiou et al., 2018; Viringipurampeer et al., 2019). However, the specific mechanisms predominating in each of rod and cone photoreceptor cell death in RP remain elusive.

Rod cell death in RP is induced by mutations in the causal genes, most of which are related to rod function, structure or homeostasis, and the dead cells exhibit apoptotic morphology. In contrast, cone cells, which do not express deleterious genes, remain healthy in the early stage of disease, but also degenerate after rod cell death. The mechanisms of this secondary cone cell death have not been fully understood; however, accumulating evidence suggests that microenvironmental alterations such as neuroinflammation, oxidation and metabolic imbalance contribute to the cone cell death in RP (Yoshida et al., 2013; Olivares-González et al., 2018, 2021; Newton and Megaw, 2020). Interestingly, morphological analyses of the postmortem eyes of RP patients demonstrated some necrotic features, such as swollen cytoplasm and membrane rupture in remaining cones (To et al., 2004). Consistent with these anatomical features, our group demonstrated that RIPK is essential for induction of cone necroptosis and microglia activation in rd10 mice, a mouse model of RP induced by a missense mutation in the Pde6β gene, and both effects could be suppressed by Ripk3 deletion (Murakami et al., 2012). Subsequently, we found significantly enlarged cone cells in the macula of human RP patients using adaptive optics technology, and observed higher levels of HMGB1, a DAMP released from necrotic cells, in the vitreous of RP patients (Scaffidi et al., 2002; Murakami et al., 2015).

Consistent with our findings, Viringipurampeer et al. (2014) identified that cones expressed high levels of RIPK1 and RIPK3, and that the dying cones could be rescued by knockdown of Ripk3 in pde6cw59 mutant zebrafish. Yang et al. (2017) also revealed that RIPK1 and RIPK3 were markedly upregulated in the retinas of sigma-1 receptor (S1R)-deficient rd10 mice, accompanied with a deteriorated loss of cones. A recent study reported that the necroptosis pathway is highly activated during photoreceptor death in Pro23His (P23H) transgenic albino rats, and P23H is also the most common mutation in autosomal dominant RP (Kakavand et al., 2020). Increased phospho-MLKL has been observed in the inner and outer segments of the P23H-3 mouse retina (Kakavand et al., 2020). Furthermore, Sato et al. (2013) observed TNF-induced rod and cone necroptosis in Irbp-deficient mice. Interphotoreceptor retinoid-binding protein (IRBP) secreted by photoreceptors is important for photoreceptor survival, and IRBP mutation is associated with human RP.

Therefore, RIPK-mediated necroptosis may be a common mechanism for cone cell death in RP, and RIPK-mediated necroptosis may be a novel target to prevent the death of photoreceptors in RP patients.

Cell death and inflammation are interconnected. Indeed, we previously demonstrated that microglial activation is suppressed by Ripk3 deficiency in rd10 mice. This anti-inflammatory effect of RIPK inhibition may be explained by the reduced release of DAMPs from necrotic cone cells as well as by the attenuation of microglial activation/necroptosis.

To our knowledge, only a single report has described the implications of microglial necroptosis in both in vitro and in vivo (rd1 mice, pde6βrd1 and NMDA-damaged mice) models of retinal degeneration (Huang et al., 2018). TLR4 is involved in the activation of microglia in these models, in association with infiltration of Iba-1+/RIPK3+ necroptotic microglia at the site of degeneration. These necroptotic microglia secrete inflammation mediators, e.g., TNF-α, chemokine (C-C motif) ligand 2 (CCL2), IL-17, IL-23 and IFN-γ. Pharmacological blockade of RIPK1 has been shown to ameliorate microglial activation and retinal degeneration in both an NMDA-induced retinal neural injury model and murine BV2 microglial cells (Huang et al., 2018). These findings suggest that microglial necroptosis may regulate neuroinflammation in RP, at least in part.



Role of RIPK in Dry Age-Related Macular Degeneration

AMD is a primary cause of central visual loss in developed countries and affects primarily the elderly (Smith et al., 2001). Early AMD is characterized by pathological deposits (drusen) between the RPE and the Bruch's membrane (Al-Zamil and Yassin, 2017; Handa et al., 2019). RPE are monolayer cells maintaining the functionality of overlying photoreceptors (Boulton and Dayhaw-Barker, 2001). Widespread drusen, various pathologies such as inflammation, and various genetic and environmental factors promote RPE dysfunction and photoreceptor death (Handa et al., 2019; Miller et al., 2021). Advanced late-stage dry AMD, also known as geographic atrophy (GA), is associated with the degradation of RPE cells in a non-neovascular form (Handa et al., 2019; Miller et al., 2021). Oxidative stress is implicated in the pathogenesis of both wet and dry AMD, and it can cause blood-retinal barrier breakdown that triggers chronic inflammation (Barnett and Handa, 2013).

Alterations of many inflammatory cytokines have been detected in plasma, serum or intraocular fluid in patients with AMD, but regrettably there is no stable trend or consistency in the reported findings (Tan et al., 2020).

Infiltration of macrophages has been detected in late advanced dry AMD and neovascular AMD (Penfold et al., 1985; Lad et al., 2015). Activated immune cells such as microglia/macrophages can migrate or infiltrate to the outer nuclear layer and remove photoreceptor debris, which is believed to be related to atrophic AMD (Killingsworth et al., 1990; Gupta et al., 2003). Analysis of a single-cell transcriptomic atlas of human retinas indicated that microglia are one of the factors most predictive of AMD, which highlights the importance of microglia in AMD pathogenesis (Menon et al., 2019). A histological study of the human eyes revealed that higher numbers of macrophages are concentrated in the choroid in late dry AMD than in normal AMD (Wang et al., 2022). Taken together, these data indicate a pathogenetic role of inflammation and immune response in AMD. Yet there is still controversy and debate regarding the origin of the cells reported in histopathology as macrophages, with some studies supporting the notion that some of these cells may not be bona-fide immune cells but rather transdifferentiated RPE cells (Lad et al., 2015; Curcio and Ach, 2016).

The RIPK-dependent necrotic pathway is crucial in RPE and photoreceptor cell death in AMD. Our previous study identified that programmed necroptosis is the main mechanism for cell death of RPE in dsRNA-induced retinal degeneration, a model of dry AMD (Murakami et al., 2014). Ripk3 deficiency in this model reduced the release of DAMPs and suppressed the inflammatory response in the retina (Murakami et al., 2014). These findings suggest that RIPK-dependent necroptosis amplifies neuroinflammation by regulating the release of intracellular DAMPs (Murakami et al., 2014). Oxidative stress is one important component of AMD pathogenesis. Hanus et al. (2015) confirmed that RPE necroptosis is the predominant mechanism of NaIO3-induced RPE cell death, a model of dry AMD induced by oxidative injury. Because caspase-8 is severely downregulated in the mature RPE (Yang et al., 2007), RPE cells may be predisposed to undergo necroptosis under a stressed condition.

A study by Pan et al. (2021) reported that retinal lipofuscin activates an atypical necroptosis in RPE cells as well as macrophages/microglia. That study provided new insights into necroptosis activation in aged human retinas with AMD. Interestingly, its authors demonstrated an atypical RPE necroptotic mechanism that involves neither RIPK1 nor RIPK3, but rather is mediated by lysosomal membrane permeabilization (LMP) and subsequent MLKL phosphorylation (Pan et al., 2021). In addition to RPE cells, phospho-MLKL staining was also observed in microglia/macrophages, which phagocytosed the sloughed RPE fragments (Pan et al., 2021). These findings suggest the intimate interactions between necroptosis and neuroinflammation in the pathology of dry AMD. They also show that anti-necroptosis agents that target MLKL phosphorylation (Nec-7) and oligomerization (NSA) prevent light-independent lipofuscin-elicited necroptosis. Thus, targeting lipofuscin-induced necroptosis may be a new therapeutic strategy for dry AMD.



Role of RIPK in Wet Age-Related Macular Degeneration

CNV is the end stage of the wet form of AMD, with growth of new blood vessels between Bruch's membrane and the RPE (Hobbs and Pierce, 2021). After CNV, extravasations, hemorrhage and fibrovascular scar formation occur in the subretinal space, leading to the death of the neurosensory retina and vision loss (Al-Zamil and Yassin, 2017; Hobbs and Pierce, 2021). How does the accumulated drusen induce neovascularization? Although vascular endothelial growth factor (VEGF) has been established as the key factor that initiates and promotes CNV, neuroinflammation also modulates CNV formation (Balser et al., 2019; Uemura et al., 2021). Activated microglia/macrophages release angiogenic and anti-angiogenic factors and work with VEGF to regulate retinal and choroidal angiogenesis (Pollard, 2009; Welser et al., 2010).

Doyle et al. (2012) showed that isolated drusen from AMD donor eyes can activate the NLRP3 inflammasome and secretion of IL-1b and IL-18. In a model of wet AMD with laser-induced CNV, IL-18 activation inhibited CNV development in Nlrp3−/− mice (Doyle et al., 2012). This study indicates that NLRP3 and IL-18 play a protective role in angiogenesis. Some in vitro studies have suggested that IL-18 may inhibit vascular endothelial cell proliferation (Park et al., 2001; Kim et al., 2005, 2006). The results of numerous studies are consistent with those of Doyle et al. (2012) that IL-18 has an antiangiogenic effect (Kim et al., 2005, 2006). The findings of Qiao et al. support the notion that IL-18 plays a role in suppressing angiogenesis by promoting the regression of pathologic neovascularization (NV), and the work of Cao et al. revealed an inhibitory effect of IL-18 on FGF-induced NV (Cao et al., 1999; Qiao et al., 2007). Therefore, IL-18 neuroinflammation may function in part to repress CNV formation in AMD, though other studies have failed to observe a significant contribution of IL-18 deficiency to spontaneous CNVM formation in Vegfahyper mice (Malsy et al., 2020; Marneros, 2021).

RIPK-dependent microglial necroptosis is also involved in retinal angiogenesis. He et al. argued that microglial necroptosis may be an important biological process in the etiology of retinal angiogenesis. They identified a subpopulation of microglia that highly express RIPK3 and MLKL through single-cell RNA sequencing in an oxygen-induced retinopathy (OIR) model (He et al., 2021). This necroptotic subpopulation of microglia promoted angiogenesis by releasing intracellular FGF2 (an angiogenic factor). The extracellular release of FGF2 was reduced by Nec1 treatment or conditional deletion of Ripk3. Moreover, combined treatment with anti-RIPK1 and anti-VEGF drugs has been shown to remarkably suppress angiogenesis in an OIR model (He et al., 2021). Collectively, this evidence reveals a new mechanism by which microglial necroptosis contributes to angiogenic retinopathy.

RIPK also regulates angiogenesis via non-necroptotic modulation of macrophages. Ueta et al. demonstrated that RIPK1 inhibition suppressed angiogenesis by modulating macrophage polarization in a mouse model of laser-induced CNV and alkali injury-induced corneal neovascularization (Ueta et al., 2019). Mechanistically, we revealed that RIPK1 inhibition mediates caspase activation and suppresses the pro-angiogenic M2-like phenotype in infiltrating macrophages. Therefore, RIPK may be a potential therapeutic target of pathological angiogenesis that could both inhibit necroptosis and modulate microglia/macrophage polarization.



Role of RIPK in Glaucoma

Glaucoma is characterized by the progressive loss of retinal ganglion cells (RGCs) and is a leading cause of irreversible blindness (Quigley and Broman, 2006). Glaucomatous neurodegeneration is attributed to various pathologies, such as mechanical pressure, vascular deficiency, inflammation, oxidative stress and metabolic dysregulation (Tezel, 2021). Elevated intraocular pressure (IOP) is the major risk factor for the progression of glaucoma, and pressure-induced retinal ischemia aggravates the death of RGCs (Sellés-Navarro et al., 1996).

While apoptosis has traditionally been considered the major type of RGC death in glaucoma, attempts to rescue RGCs by regulating apoptosis in glaucoma have been unsuccessful. Accumulating evidence indicates that both apoptosis and necroptosis participate in glaucomatous RGC death, and RIPK also plays a crucial role (Lee et al., 2013; Dvoriantchikova et al., 2014; Do et al., 2017; Wang et al., 2020). Dvoriantchikova et al. demonstrated that RIPK inhibition prevented RGC necroptosis in both an in vitro and an in vivo model of ischemic injury (Dvoriantchikova et al., 2014). Do et al. reported that RIPK1 was activated in a rat model of high IOP-induced ischemic injury, and a novel RIPK1-inhibitory compound significantly attenuated RGC death in a dose-dependent manner (Do et al., 2017). Consistent with these in vivo findings, Xiong et al. revealed that RIPK-mediated necroptosis is induced by oxygen-glucose deprivation in retinal ganglion cell line 5 (RGC-5) (Liao et al., 2017). Subsequently, they found that p90 ribosomal protein S6 kinase 3 (RSK3) is an upstream regulator of RIPK3 phosphorylation, and that an RSK3 inhibitor conferred RGC protection and functional recovery in rat with high IOP-induced ischemic injury (Wang et al., 2020). Our previous study also revealed that the expression of RIPK was increased in an optic nerve (ON) crush model, and necrosis inhibitors promoted a moderate level of axonal regeneration (Kayama et al., 2018). Collectively, these findings suggest that RIP kinase-dependent necroptosis is both a novel mechanism of RGC death and a suitable therapeutic target.

As described above, neuroinflammation is one of the pathogenic mechanisms of RGC degeneration in glaucoma (Weinreb et al., 2014). TNF-α is elevated in the aqueous humor, retina and optic nerve of glaucoma patients (Yan et al., 2000; Tezel, 2008; Sawada et al., 2010) as well as in a glaucoma mouse model induced by chronic ocular hypertension (Nakazawa et al., 2006b). In the latter study in mice (Nakazawa et al., 2006b) further showed that increased IOP induces TNF-α production in the retina and optic nerve, and ultimately causes RGC loss via microglia activation (Figure 3). Moreover, they found that intravitreal TNF-α injection induced RGC death that mimics that the glaucoma, and blockade of microglial activation rescued this RGC death induced by TNF-α (Nakazawa et al., 2006b). Collectively, these findings of Nakazawa et al. (2006b) highlight the importance of TNF-α and microglial neuroinflammation in the pathology of glaucoma. Other authors similarly showed that microglia are highly activated in the optic nerve head in human eyes with glaucoma, in association with the abundant expression of TNF-α, TGF-β and matrix metalloproteinases (Neufeld, 1999; Yuan and Neufeld, 2001).

The roles of RIPK and necroptosis in the neuroinflammation of glaucoma are still elusive. Dvoriantchikova et al. demonstrated that RIPK inhibition attenuates the expression of pro-inflammatory genes such as Il-1b, Ccl5, Cxcl10, Nos2, and Cybb in a high-IOP induced ischemic injury model, suggesting that RIPK may also mediate neuroinflammation in glaucoma (Dvoriantchikova et al., 2014).

Using a neuroinflammatory model of glaucoma (TNF-α induced RGC degeneration), Ko et al. revealed that a non-canonical form of necroptosis is critical for axonal degeneration of RGCs. They showed that sterile alpha and TIR motif 1 (SARM1), an inducible NAD+ cleavage enzyme, act downstream of TNF-α and activate MLKL. In this model, MLKL does not directly induce necroptosis but rather mediates the loss of axon survival factors NMNAT2 and SCG10/STMN2, which leads to axon degeneration. Therefore, inhibition of TNF-α and/or SARM1 may suppress axon necroptosis, and these pathways may serve as alternative targets for glaucomatous neurodegeneration.




PROSPECTS FOR ANTI-RIPK/NECROPTOSIS TREATMENT IN RETINAL DISORDERS

RIPK-dependent necroptosis has been proposed as a promising target for a variety of neurodegenerative diseases that involve both neuronal cell death and neuroinflammation. Inhibition of the RIPK pathway has been proven effective in blocking necroptosis and suppressing neuroinflammation in many of the basic experiments mentioned above, and therefore, strategies to translate these studies into clinical trials should be explored.

In preclinical studies, RIPK1 inhibitors have been the agents most studied for the treatment of CNS diseases. Such research has shown that Nec-1 administration controls the neuronal cell death induced by acute neuronal injury and improves motor and spatial memory (You et al., 2008). Nec-1 also promotes the ability of microglia to degrade Aβ in APP/PS1 mice (Ofengeim et al., 2017). The RIPK1 inhibitor GSK′547 ameliorated the aggregation of lipofuscin-like lysosomal inclusions in microglia and improved survival in a model of lysosomal storage disorder (Safaiyan et al., 2016; Cougnoux et al., 2018). RIPK is activated under various necrotic or non-necrotic pathological inflammatory conditions, and thus well-designed drugs that target certain RIPK regulation points are critical for the treatment of human CNS and peripheral pathologies.

Indeed, Nec-1s and other RIPK1 inhibitors (e.g., GSK2982772, DNL104, DNL747, and DNL788) are presently being assessed in clinical trials for neurodegenerative and autoimmune diseases (Degterev et al., 2019; Mifflin et al., 2020). A phase II study of GSK2982772 for the treatment of psoriasis and ulcerative colitis (UC) was completed. The authors reported that GSK2982772 was safe and well-tolerated when dosed at 60 mg t.i.d., and that it may have ameliorated inflammation in 65 psoriasis patients (Weisel et al., 2020). They then assessed the potential effects at higher dosages and in patients with more active disease (Weisel et al., 2020). However, GSK2982772 showed no significant difference in clinical efficacy between the treatment and placebo groups in UC patients (Weisel et al., 2021). A phase I clinical trial of DNL747 for the treatment of AD has been completed, but the results have not been disclosed. RIPK3 inhibitors have not yet entered clinical trials, but studies on these agents are developing rapidly (Jensen et al., 2020).

Although the existing results of these clinical trials show the safety of anti-RIPK drugs with currently unknown efficacy, it will be critical to develop more secure, sustained, and effective inhibitors of RIPK to combat chronic neurodegeneration. Therefore, medicines with better pharmacological designs and sustained local delivery may be required for the further development of anti-RIPK therapy to prevent blindness in patients with currently incurable retinal degeneration.
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Glaucoma is an optic neuropathy that leads to irreversible blindness, the most common subtype of which is typified by a chronic increase in intraocular pressure that promotes a stretch injury to the optic nerve head. In rodents, the predominant glial cell in this region is the optic nerve head astrocyte that provides axons with metabolic support, likely by releasing lactate produced through astrocytic glycolysis. Our primary hypothesis is that stretching of the optic nerve head astrocytes alters their metabolic activity, thereby advancing glaucoma-associated degeneration by compromising the metabolic support that the astrocytes provide to the axons in the optic nerve head. Metabolic changes in optic nerve head astrocytes were investigated by subjecting them to 24 h of 12% biaxial stretch at 1 Hz then measuring the cells’ bioenergetics using a Seahorse XFe24 Analyzer. We observed significant glycolytic and respiratory activity differences between control and stretched cells, including greater extracellular acidification and lower ATP-linked respiration, yet higher maximal respiration and spare capacity in stretched optic nerve head astrocytes. We also determined that both control and stretched optic nerve head astrocytes displayed a dependency for glutamine over pyruvate or long-chain fatty acids for fuel. The increased use of glycolysis as indicated by the extracellular acidification rate, concomitant with a dependency on glutamine, suggests the need to replenish NAD + for continued glycolysis and provision of carbon for TCA cycle intermediates. Stretch alters optic nerve astrocyte bioenergetics to support an increased demand for internal and external energy.
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Introduction

Glaucoma is an optic neuropathy that is the largest cause of irreversible blindness in the world (Weinreb et al., 2014). The optic nerve head (ONH) is the initial site of degeneration in glaucoma as demonstrated in human glaucomic patients (Quigley et al., 1981), as well as rodent glaucoma models (Howell et al., 2007; Chidlow et al., 2011). Loss of axon transport and axonal loss at the ONH is present in many in vivo models of glaucoma (Guo et al., 2005; Chidlow et al., 2011; Wilson et al., 2016; Maddineni et al., 2020), indicating that the ONH is an important region for understanding glaucoma. The distension of the eye through the lamina cribrosa causes the optic disk to press back through the lamina cribrosa of the ONH, leading to an estimated chronic 9% stretch (Girard et al., 2016). This optic cupping accompanies RGC loss, axonal transport loss, and visual field loss. Optic nerve head astrocytes (ONHAs) react to this stretch in glaucoma by entering a state of reactivity and hypertrophy (Hernandez, 2000a; Sun et al., 2013) that impacts the health of the retinal ganglion cells (RGCs) and their axons (Schneider and Fuchshofer, 2015). Reactive astrocytes negatively impact neurons through the generation of pro-inflammatory molecules (Neufeld and Liu, 2003; Oikawa et al., 2020), deposition of extracellular matrix (Morgan, 2000), and changes in metabolic support that can impact axonal transport, mismanage metabolism, and lead to degeneration (Chung et al., 2009; Vohra et al., 2013; Iglesias et al., 2017).

We have demonstrated changes in metabolic transporter profiles in retina and optic nerve from glaucoma subjects (Harun-or-Rashid et al., 2018). Glucose transporter 1 (GLUT1), the primary glucose transporter found on epithelial cells and astrocytes (Morgello et al., 1995), is decreased in the optic nerve (ON) in a chronic mouse model of glaucoma (Harun-or-Rashid et al., 2018). Additionally, monocarboxylate transporters that move lactate, pyruvate, and ketone bodies (Halestrap, 2012) across membranes, are decreased in glaucomic ON. Downregulation of transporter proteins suggest metabolic shifts accompany glaucomic degeneration because glial cells and RGCs form a metabolic unit of cells that operate as a mutually supportive entity to meet energy needs (Tsacopoulos and Magistretti, 1996). The lactate shuttle hypothesis proposes that glial glycolysis produces lactate to be exported to neighboring neurons for conversion to pyruvate and as fuel for mitochondrial respiration (Pellerin et al., 1998; Volkenhoff et al., 2015; Saab et al., 2016; Muraleedharan et al., 2020). Glucose entry to this metabolic unit would be decreased by the loss of GLUT1, and loss of MCT-1, -2, or -4 would ultimately limit the energy availability in the RGC axons in the ON, which is detrimental for the health of the glaucomic nerve.

Altering metabolic activity in mouse models of glaucoma has had protective effects for RGCs, suggesting that provision of adequate sources of energy can sustain RGC survival (Harun-Or-Rashid et al., 2020b; Tribble et al., 2021). We have increased metabolic activity in glaucomic animals by using a ketogenic diet to increase mitochondrial activity and by using an adeno-associated virus to increase MCT-2 expression, thereby increasing metabolic substrate availability in glaucomic tissues (Harun-or-Rashid et al., 2018; Harun-Or-Rashid et al., 2020a). Additionally, restoration of nicotinamide adenine dinucleotide (NAD+), a critical electron carrying molecule for the citric acid cycle and glycolysis, to glaucomatous retina with administration of vitamin B3 protects RGCs (Williams et al., 2017). Providing pyruvate or nicotinamide directly in the drinking water preserved RGC number and positively impacted inner retina function in the DBA/2J model of glaucoma (Harder et al., 2020). Promisingly, treatment of glaucoma patients with a nicotinamide supplement increased inner retina function (Hui et al., 2020). Our lab has shown that glaucomic ON has a higher glycolytic rate and impaired glycolytic responsiveness than control ON by measuring the extracellular acidification rate (ECAR) as well as measuring glycolytic increase after inhibiting mitochondrial ATP production in ex vivo ON (Jassim et al., 2019). In this study, we move from the ON to the ONH to evaluate the metabolic changes in ONHAs that have been subjected to a glaucoma-associated stretch injury. Previous investigation of basic ONH metabolism has been limited to human lamina cribrosa cells, which were observed to increase glycolysis concomitant with reduced oxidative phosphorylation in glaucoma patients (Kamel et al., 2020). Our findings in ONH astrocytes show greater capacity for oxidative phosphorylation when cells are placed under stretch. We also observe increases in glycolysis in stretched cells, and find that ONH astrocytes have a preference for glutamine to meet their energy needs.



Materials and methods


Primary optic nerve head astrocyte isolation

Primary optic nerve head astrocytes (ONHAs) were isolated from postnatal day (P) 5-7 rat pups (CD (Sprague Dawley) IGS rats from Charles River Laboratories, Wilmington, MA, United States) using modified methods (Kaja et al., 2015). P5-7 rat pups were sacrificed by decapitation and their eyes and ON were harvested. All procedures were approved by the Institutional Animal Care and Use Committee and performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Individual optic nerve head explants were placed into a 24-well plate, and allowed to adhere before 1 mL of astrocyte growth media (DMEM with 4.5 mg/mL glucose (Gibco through Fisher Scientific, Cat. No. 11995073), 2 mM glutamine, 1 mM sodium pyruvate, 1x penicillin/streptomycin and 10% heat inactivated-fetal bovine serum, [ThermoFisher Scientific, Cat. No. 16140063)] was added to the explants. Astrocytes grew out from the explants for 5–7 days before they were passaged using TrypLE (Gibco through Fisher Scientific, Cat. No. 50-591-419), with additional filtration through a sterile 100 μm filter before centrifugation, TrypLE removal, then plating in T75 flasks. In the flasks, primary astrocytes were grown to 75% confluence then shaken at 200 RPM for 30 min at room temperature to remove any non-astrocytic cells. ONH astrocytes (150,000 per well) were then seeded on 6-well FlexCell culture plates coated with 200 μg/mL type 1 collagen for the stretch experiments (FlexCell International, Cat. No. BF-3001C).



Stretch experiments

Primary cells grown to 75% confluency were stretched in a manner similar to that experienced in the optic nerve head (ONH) in glaucoma (Downs et al., 2008; Girard et al., 2016) using the FlexCell 6000T which uses vacuum to pull the membrane on which the cells are seeded over a plastic post, thus stretching them biaxially. We used a 12% sinusoidal stretch protocol with a 1 Hz frequency for 24 h to imitate glaucomic stretch in the cultured ONH astrocytes, and emulate other published research done on mechanical stretch in primary ONH cells and astrocytes (Rogers et al., 2012a,b; Albalawi et al., 2017). Control primary cells were grown on 6-well FlexCell plates coated with 200 μg/mL type 1 collagen until 75% confluency before being collected for the Seahorse experiments.



Seahorse XFe 24 analyzer experiments

The Seahorse XFe24 Analyzer (Agilent Technologies, Santa Clara, CA, United States) measures oxygen and pH in mitochondria, cells or tissue using fiber optic sensors. Oxygen consumption rate allows the user to estimate mitochondrial respiration while released protons can be used to estimate lactate release, a measure of glycolytic activity. Injection ports for each culture well enable challenges of cellular metabolic processes through the addition of inhibitors of electron transport chain complexes. We used the glycolytic rate assay, the mitochondrial fuel flex test, and the mitochondrial stress test protocols to measure the metabolic changes in ONHAs following glaucoma-like stretch. Seeding optimization for the initial Seahorse experiments proceeded by seeding at densities from 10,000 to 50,000 cells per well, then evaluating baseline oxygen consumption rate. The most reliable oxygen consumption rate was obtained with 50,000 cells per well, so that is the cell density used throughout these experiments. Data points in all graphs represent data from individual wells in the Seahorse plate. The experiments were repeated 5-6 times using biological replicates (separate ONH astrocyte isolations from different rat litters).

CellTak-coated Seahorse plates were prepared prior to the addition of the ONH astrocytes by incubating the plates with 22.4 μg/mL CellTak (Corning, through Fisher Scientific, Cat. No. 354240) for 20 min before rinsing twice with sterile ddH2O. Once the FlexCell stretch protocol was complete, ONH astrocytes were removed from the membranes with TrypLE, resuspended in 1 mL of the appropriate Seahorse assay media (DMEM with 2 mM glutamine for the glycolytic stress test, or DMEM with 2 mM Glutamine, 1 mM sodium pyruvate, and 1 mM glucose for the mitochondrial stress test, mitochondrial fuel dependency test, or mitochondrial fuel flexibility test), and seeded at 50,000 cells per well on the CellTak-coated Seahorse culture plates. The plates were spun at 200 g for 1 min with no braking then incubated without CO2 at 37°C for 25 min before the final 400 μL of Seahorse assay media was added to each well in preparation for the Seahorse experiment.



Glycolytic stress test

For the modified glycolytic stress test, cells were assayed in DMEM media with only 2 mM glutamine, depriving the cells of glucose to allow for a baseline measurement of the extracellular acidification rate (ECAR). Once glucose is added, the difference between baseline and post-glucose injection is the ECAR associated with glycolysis. All inhibitor compounds are from Sigma-Aldrich, St. Louis, MO, United States, unless otherwise specified. With the injection of 0.5 μM rotenone (Cat. No. R8875) and 0.5 μM antimycin-a (Cat. No. A8674), Complex I and Complex III inhibitors, respectively, mitochondrial respiration in the cells ceases while glycolytic activity and ECAR increase due to metabolic shift from the loss of mitochondrial adenosine triphosphate (ATP) production. Finally, addition of excess 2-deoxyglucose (2-DG, 50 mM, Cat. No. D8375), a non-hydrolyzable form of glucose, competitively inhibits hexokinase, thereby stopping glycolysis and restoring cells to baseline ECAR. The maximal glycolytic rate is defined as the maximal ECAR minus the baseline ECAR, and the glycolytic reserve is the maximal ECAR minus the glycolytic ECAR.

Cells were removed following the glycolytic rate assay, fixed for 15 min at 37°C with 2% formaldehyde, labeled with 4′,6-diamidino-2-phenylindole (DAPI, Cat. No. D9542) in Tris-buffered saline (TBS) for 10 min, then rinsed with PBS with 0.1% sodium azide until the cells were counted for assay data normalization.



Mitochondrial stress test

The mitochondrial stress test measures oxygen consumption rate (OCR) in response to serial injection of an inhibitor of ATP synthase (oligomycin-a, Cat. No. 75351), a protonophore (trifluoromethoxy carbonylcyanide phenylhydrazone, FCCP, Cat. No. C2920), and electron transport chain Complex I and III inhibitors (rotenone and antimycin-a). The media used was DMEM with 1 mM glucose, 1 mM sodium pyruvate, and 2 mM glutamine. After baseline OCR measures, an injection of oligomycin (1 mM) typically halts mitochondrial respiration-associated ATP production and the OCR falls; the difference between baseline OCR and OCR during oligomycin-a exposure is considered the oxygen consumption attributable to ATP production. The protonophore FCCP (2 mM), by uncoupling the mitochondrial membrane potential from ATP production, leads to an increase in oxygen consumption (maximal respiration) as the electron transport chain (ETC) tries to maintain the proton gradient. Finally, rotenone and antimycin-a (0.5 μM each) inhibit Complexes I and III, respectively, thereby completely shutting down respiration-associated OCR. Following the mitochondrial stress test, cells were fixed and labeled with DAPI as previously described.



Mitochondrial fuel dependency

The mitochondrial fuel dependency test was used to test the reliance of the mitochondria on three of the most common mitochondrial substrates; pyruvate, glutamine, and long chain fatty acids. The assay was run in triplicate on a single plate, with 6-7 wells dedicated to each fuel dependency. All compounds for the dependency tests were obtained from Sigma-Aldrich (St. Louis, MO, United States). The assay used the mitochondrial pyruvate carrier inhibitor 2-cyano-3-(1-phenyl-1H-indol-3-yl)-2-propenoic acid (UK5099, Cat. No. PZ0160); an allosteric inhibitor of glutaminase, bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES, Cat. No. SML0601); and the carnitine palmitoyl-transferase 1A inhibitor etomoxir (Cat. No. 236020) to inhibit long chain fatty acid transport into the mitochondria. To determine the mitochondrial dependency on each fuel source, we followed instructions as outlined in the Agilent Seahorse XF Mito Fuel Flex Test Kit. To summarize, changes in OCR are measured after addition of a pathway inhibitor followed by the addition of the other inhibitors. For example, to measure pyruvate dependence, baseline OCR is measured then UK5099 is added; OCR change is recorded, then BPTES and etomoxir (inhibitors of the glutamine and long chain fatty acid pathways, respectively) are added. The difference in the UK5099 OCR from baseline divided by and the other inhibitors’ OCR compared to baseline yields the dependency measure; the equation used: Dependency% = [Baseline OCR – Target Inhibitor OCR/Baseline OCR – All Inhibitors OCR] *100.



Protein isolation and analysis

Optic nerve head astrocyte (ONHA) protein was isolated from control and stretched primary cells after removal from FlexCell plates using TrypLE followed by lysis in tissue protein extraction reagent (T-PER, ThermoFisher, Waltham, MA, United States, Cat. No. PI78510) containing HALT protease and phosphatase inhibitors (ThermoFisher, Cat. No. 78442). Protein lysates collected from four separate experiments were subjected to three pulses of sonication (10% amplitude), with a few minutes rest between pulses, then centrifugation at 10,000 g for 10 min. Supernatants were collected and protein concentration determined through BCA assay (Pierce through ThermoFisher, Cat. No. PI23225). Proteins were quantified using the Jess capillary electrophoresis instrument from ProteinSimple (San Jose, CA, United States), and normalized to total protein. For each ONH astrocyte sample, a “no primary antibody” negative control was included, as well as a positive control consisting of mouse retinal protein. Protein-antibody interactions were optimized by varying the protein and antibody concentrations until clear, strong, specific binding was observed as denoted by a single peak at the correct molecular weight for the protein in question. All antibodies were tested at 1:25, 1:50, and 1:100 concentrations across protein concentrations of 0.2, 0.4, 0.8, and 1.2 μg/μL. Chemiluminescence plots with the highest peaks were identified and the antibody-protein concentrations from those combinations were used. Antibodies used were LDH-A (Novus Biologicals, Centennial, CO, United States, NBP1-48336, RRID:AB_10011099), GFAP (Abcam, Cambridge, MA, United States, Cat# ab53554, RRID:AB_880202), GFAP (Millipore, Burlington, MA, United States, Cat# MAB3402, RRID:AB_94844), GLUT-1 (Novus Biologicals, Centennial, CO, United States, NB110-39113, RRID:AB_1851003), Glutamine synthetase (Santa Cruz Biotechnology, Dallas, TX, United States, sc-74430, RRID:AB_1127501), GLAST (Novus Biologicals, NB100-1869, RRID:AB_531518), S100β (Sigma-Aldrich Cat# S2644, RRID:AB_477501), glucose-6-phosphate dehydrogenase (Cell Signaling Technology, Danvers, MA, United States, 8866, RRID:AB_10827744), Iba1 (FUJIFILM Wako Shibayagi, Richmond, VA, United States, Cat# 019-19741, RRID:AB_839504), and β-tubulin (Covance Cat# PRB-435P-100, RRID:AB_291637).



mRNA isolation and analysis

All reagents for mRNA isolation and analysis were obtained from ThermoFisher Scientific (Waltham, MA, United States) unless otherwise specified. ONH astrocytes were grown to confluence, media was removed and Trizol (Invitrogen through ThermoFisher Scientific, Cat. No. 15596026) added to the flask. Cells in Trizol were scraped together and collected into a 2 mL tube. Isolation of mRNA proceeded according to the manufacturer’s instructions for Trizol. Briefly, the cells were pipetted up and down to shear, then rested for 5 min for nucleoprotein complex dissociation before addition of chloroform. After 3 min incubation, samples were centrifuged for 15 min at 14,000× g at 4°C. The resultant upper aqueous phase was transferred to a new tube and isopropanol was added to precipitate the RNA. The samples were incubated for 10 min then centrifuged for 10 min at 14,000× g at 4°C. The pellet was washed 2× in 75% ethanol then resuspended in 20 uL RNase-free water (Cat. No. AM9937). Isolated mRNA was converted to cDNA using the Verso cDNA Synthesis Kit (Cat. No. AB1453B). For qPCR, cDNA was diluted to 5 ng/uL, combined with TaqMan Universal PCR Master Mix (Cat. No. 4440040) and one of the following TaqMan assays (Cat. No. 4331182, see below) then loaded onto a QuantStudio-5 384-well real-time PCR system (Applied Biosystems through ThermoFisher Scientific, Cat. No. A28575). Samples were run in triplicate. The housekeeping gene was β-actin. The endogenous control was cDNA from a 2 month-old mouse retina. Fully validated TaqMan assays used in this analysis: Actb (Mm02619580_g1), Gfap (Mm01253033_m1), Glud1 (Mm00492353_m1), Glul (Mm00725701_s1), Slc1a3 (Mm00600697_m1), Rbpms (Mm00803908_m1), Mbp (Mm01262037_m1), Iba1 (Mm00479862_g1), Gja1 (Mm00439105_m1).



Immunolabeling of cells and tissue

Optic nerve head (ONH) astrocytes grown on coverslips were fixed in pre-warmed 3% paraformaldehyde in minimal media for 15 min at 37°C. Coverslips were rinsed 2× in 0.1M phosphate buffered saline (PBS) before aldehydes were quenched during 30 min incubation with 50mM ammonium chloride. Cells were permeabilized for 10 min with 0.1% Triton X-100 in 0.1M PBS, then rinsed 2× in 0.1M PBS. Cells were blocked in 5% bovine serum albumin + 5% donkey serum in 0.1M PBS for 2 h at room temperature. Block was removed and primary antibodies added for 2 h at RT. Primary antibody information is listed above in the section on Protein Isolation and Analysis. Cells were rinsed 1× in block solution prior to addition of secondary antibodies for 1h at RT. Secondary antibodies were species-specific secondary antibodies conjugated to AlexaFluor-488 or -594, or -647 (Jackson ImmunoResearch, Cat. No.s 711-545-152, 703-585-155, and 715-605-151). Cells were rinsed 3x in 0.1M PBS then coverslipped with DAPI-Fluoromount-G (SouthernBiotech, Cat. No. 0100-20).

Eye globes with attached optic nerves were obtained from a 2 month-old mouse that had been trans-caridally perfused with 4% paraformaldehyde. After cryoprotection in 30% sucrose for 24 h, the lens and cornea were removed from the globes and then they were frozen using isopentane-cooled liquid nitrogen in Tissue-Tek OCT Compound (Sakura Finetek, Torrance, CA, United States, Cat. No. 4583). Globes were sectioned at 20 μm using a Leica CM-1510 cryostat and collected on SuperFrost charged glass slides (Fisher Scientific, Cat. No. 12-550-15). Immunolabeling proceeded after frozen tissue was thawed for 20 min at RT, followed by 3 × 10 min rinses in 0.1M PBS. Slides were blocked for 1 h in 5% donkey serum and 0.4% Triton X-100 in 0.1M PBS then incubated in primary antibodies (see above) overnight at 4°C. After washing 3× for 10 min each with 0.1M PBS, slides were incubated in block for 30 min then incubated for 2 h in secondary antibodies (described above). A final series of 0.1M PBS washes were followed by coverslipping the slides in DAPI-Fluoromount-G.

Cells and tissue were imaged using a Leica DMi8 confocal microscope. Laser intensity and exposure settings were kept consistent across groups within cell or tissue imaging sessions.



Data normalization

Oxygen consumption rate (OCR) and ECAR values were normalized to DAPI-labeled cell number in each well as quantified using the Cytation 5 (Biotek) cell imaging multi-mode reader and its automated counting feature. Five images at 4× were taken per well, and images were examined to exclude aberrations such as cell clusters in which individual nuclei could not be resolved. Average cell density of each image was used to calculate the number of cells present in each well. Normalized OCR and ECAR data were analyzed in GraphPad Prism v. 9.



Statistical analysis

Unpaired two-tailed student’s t-tests were used to compare control and stretched ONH astrocytes, with Mann-Whitney rank comparisons when necessary for data that was not normally distributed. Fuel dependency data (Figure 4) was analyzed by one-way ANOVA with Tukey’s multiple comparisons test to compare individual groups. Comparisons for which p < 0.05 were considered statistically significant. Statistical analysis was done using GraphPad Prism 9. Data points in all bioenergetic analysis graphs represent data from individual wells in the Seahorse plate. Experiments were repeated 5-6 times using biological replicates (separate ONH astrocyte isolations from different rat litters).
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FIGURE 1
Optic nerve head astrocyte characterization. (A) Isolated optic nerve head (ONH) astrocytes were immunolabeled using antibodies against GFAP (green), β-tubulin (red, upper panels), and Iba1 (red, lower panels) to determine the purity of the cell cultures. DAPI was used to stain cell nuclei (blue). Neither β-tubulin nor Iba1 was detected in the cultures. Scale bar = 10 μm. (B) Sections of retina with ONH and optic nerve attached served as positive controls for the immunolabeling in (A). Both β-tubulin and Iba1 were observed in the mouse ONH and optic nerve. Scale bar = 25 μm. (C) Quantification of β-tubulin and Iba1 protein in the optic nerve head (ONH) and isolated ONH astrocytes using capillary electrophoresis. Neither β-tubulin nor Iba1 was detected in the ONH astrocyte cultures (square symbols); n = 3 biological replicates per group. (D) Quantitative PCR for a number of glial transcripts and transcripts for retinal ganglion cells (Rbpms), microglia (Iba1), and oligodendrocytes (Mbp) was used to further characterize the ONH astrocytes. Rbpms, Iba1, and Mbp were not detected in mRNA isolated from control or stretched ONH astrocytes (ND). There were no differences in transcripts for Gfap, Slc1a3 (glutamate-aspartate transporter), Glud1 (glutamate dehydrogenase-1), and Glul (glutamine synthetase). There were significant differences in the Gja1 transcript levels, with stretched ONH astrocytes showing greater fold change as compared to control (*p = 0.0152, n = 3). Gja1 encodes Connexin-43; n = 3 biological replicates per group. (E) GFAP protein, increased when astrocytes undergo hypertrophic reactivity, did not statistically differ between control and stretched ONH astrocytes; n = 3 biological replicates per group. (F) S100β protein, also upregulated in reactive astrocytes, did not statistically differ between control and stretched ONH astrocytes; n = 3 biological replicates per group.



[image: image]

FIGURE 2
Glaucoma-like stretch causes an increase in glycolytic activity in primary optic nerve head astrocytes (ONHAs). (A) Stretch increases the extracellular acidification rate (ECAR) of primary ONH astrocytes. Measurements were taken every 9 min for baseline OCR, then addition of glucose, rotenone with Antimycin-A, and 2-deoxyglucose (2-DG). (B) Following the addition of glucose, stretched ONH astrocytes have a significantly higher ECAR than control ONH astrocytes (**p = 0.0037, n = 20). (C) Stretched ONH astrocytes have a significantly higher maximal ECAR than control ONH astrocytes (**p = 0.0039, n = 20). (D) Stretched ONH astrocytes have a significantly higher ECAR upregulation following the addition of rotenone and Antimycin-A compared to control ONH astrocytes (*p = 0.0136, n = 20). Values for panels (B–D) are normalized to cell number.
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FIGURE 3
Optic Nerve Head Astrocytes (ONHAs) stretched as in glaucoma have altered mitochondrial respiration compared to control ONHAs. (A) Stretched ONH astrocytes have no difference in basal oxygen consumption rate (OCR) when compared to Control. Graph shows one representative example of OCR taken from the three biological replicates analyzed over 20–30 wells. (B) Stretched ONH astrocytes have a significantly lower ATP-linked mitochondrial OCR than control ONH astrocytes (***p = 0.0009, n = 27). (C,D) Stretched ONH astrocytes have a higher maximal respiration and spare capacity than control ONH astrocytes (*p = 0.0157, n = 27; ***p = 0.0010, n = 27).
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FIGURE 4
Mitochondrial substrate dependency of optic nerve head astrocytes (ONHAs) is changed by glaucomic stretch. (A) Representative oxygen consumption rate (OCR) output for the pyruvate dependency test. Cells are exposed to the mitochondrial pyruvate carrier inhibitor UK5099 followed by the glutamine and fatty acid oxidation pathway inhibitors BPTES and Etomoxir, respectively. (B) OCR for pyruvate dependency is significantly higher for stretched ONH astrocytes compared to Control (*p = 0.0347, n = 20). (C) Representative oxygen consumption rate (OCR) output for the glutamine dependency test. Cells are exposed to the glutaminase inhibitor BPTES followed by the fatty acid oxidation and pyruvate pathway inhibitors Etomoxir and UK5099, respectively. (D) Glutamine dependency is significantly lower in Stretched ONH astrocytes compared to Control (**p = 0.0052, n = 27). (E) Representative OCR output for the fatty acid dependency test. Cells are exposed to the carnitine palmitoyl-transferase 1a inhibitor Etomoxir followed by the glutamine and pyruvate pathway inhibitors BPTES and UK5099, respectively. (F) Fatty acid metabolic dependency is significantly higher in Stretched compared to Control ONH astrocytes (**p = 0.0071, n = 17). (G) Control ONHA fuel dependency is significantly different by one-way ANOVA (p < 0.0001). Control ONH astrocytes are significantly more dependent on glutamine as compared to fatty acids (****p < 0.0001) or pyruvate (****p < 0.0001) for fuel. These control ONH astrocyte data are the same as in panels (B–F), collected together for ease of comparison. (H) Stretch ONHA fuel dependency is significantly different by one-way ANOVA (p < 0.0001). Stretched ONH astrocytes are also significantly more dependent on glutamine as compared to fatty acids (****p < 0.0001) or pyruvate (****p < 0.0001) for fuel. These stretch ONH astrocyte data are the same as in panels (B–F), collected together for ease of comparison.





Results


Optic nerve head astrocyte characterization

Optic nerve head astrocytes from the initial cell isolations were grown on coverslips to facilitate characterization by immunocytochemistry, protein analysis by capillary electrophoresis, and by quantitative PCR. Figure 1A shows the ONH astrocytes fully confluent and immunolabeled with astrocyte marker GFAP, neuronal marker β-tubulin, and microglial marker Iba1. No cells were observed to express either β-tubulin or Iba1. Tissue from mouse optic nerve head and optic nerve were also immunolabeled with GFAP, β-tubulin, and Iba1 for use as a positive control (Figure 1B). Quantification of β-tubulin and Iba1 in the optic nerve head (positive control) and ONH astrocytes also showed no measurable β-tubulin or Iba1 in the ONH astrocytes (ONHA), Figure 1C. We used isolated mRNA from the control and stretched ONH astrocytes to characterize culture purity, finding that transcripts such as Rbpms (a retinal ganglion cell gene), Iba1 (specifically found in microglia), and Mbp (myelin basic protein found in oligodendrocytes) were not detected in the control and stretched ONH astrocyte cultures (Figure 1D). There were no statistically significant differences in transcripts between the control and stretch ONH astrocytes with the exception of Gja1, the gene that encodes Connexin-43. Stretched ONH astrocytes had significantly higher Gja1 transcript levels as compared to control (p = 0.0152, n = 3).

Biaxial stretch (12% stretch for 24 h, see Methods for more detail) of the ONH astrocytes resulted in increased GFAP and S100β protein in the stretched ONH astrocytes, though these changes were not statistically significant (Figures 1E,F), likely a reflection of the relatively short duration of stretch injury. Both GFAP and S100β are upregulated in reactive astrocytes (Cerutti and Chadi, 2000; Sofroniew, 2005).



Glycolytic rate assay

We first exposed stretched and control ONH astrocytes to a glycolytic stress test in order to compare the glycolytic rate, as measured by extracellular acidification rate (ECAR) following exposure to electron transport chain (ETC) inhibitors rotenone (Complex I) and antimycin-A (Complex III). ECAR data normalized to cell number showed no difference in baseline ECAR between stretched and control ONH astrocytes (Figure 2A; p = 0.770, n = 20). Due to the absence of glucose in the media, this extracellular acidification comes from cell processes other than glycolysis, mainly oxidative respiration (Wu et al., 2007; Mookerjee et al., 2015). Once glucose was added, stretched ONH astrocytes had higher glycolytic ECAR values compared to control (Figure 2B, p = 0.0037, n = 20), suggesting that the stretched ONH astrocytes are more glycolytically active than control astrocytes. Maximal ECAR, the degree to which the cells can increase their glycolytic activity to produce ATP when mitochondrial respiration is inhibited, was significantly higher in stretched compared to control ONH astrocytes (Figure 2C, p = 0.0039, n = 20). Stretched ONH astrocytes also had a higher glycolytic reserve than control ONH astrocytes, as determined by the difference between maximal and glycolytic ECAR (Figure 2D, p = 0.0136, n = 20). These data indicate the stress caused by biaxial stretch of the ONH astrocytes expanded energy utilizing processes.



Mitochondrial stress test

To determine to what degree the stretched ONH astrocytes utilized their mitochondria, we exposed ONH astrocytes to the mitochondrial stress test, and assay that uses electron transport chain complex inhibitors to challenge mitochondrial respiration as measured by oxygen consumption rate (OCR) in the Seahorse Analyzer. Stretched ONH astrocytes had no difference in their basal respiration compared to control ONH astrocytes (Figure 3A). Inhibition of the ATP synthase using oligomycin-A showed that stretched ONH astrocytes had lower ATP-linked respiration compared to control ONH astrocytes (Figure 3B, p = 0.0009, n = 27). Despite this difference in ATP-linked respiration, stretched ONH astrocytes had higher maximal respiration (Figure 3C, p = 0.0157, n = 27) and higher spare capacity (Figure 3D, p = 0.0010, n = 27), than control ONH astrocytes. This suggests that the stretched ONH astrocytes have the capacity to be more responsive to metabolic challenges than control ONH astrocytes.



Mitochondrial fuel dependency test

Cells under stress may be inclined to shift their ability to use energy substrates for fuel, including expanding their capacity to use certain substrates. To test this hypothesis, we used the mitochondrial fuel dependency test on three possible fuel sources, pyruvate, glutamine, and long chain fatty acids. Compounds that can block transport or conversion of each of these fuel sources are used to observe how OCR changes under their influence. A large decrease in OCR after application of UK5099, an inhibitor of the mitochondrial pyruvate carrier, for example, suggests pyruvate as an important source of mitochondrial fuel for ONH astrocytes. Inhibitors of glutaminase for glutamine conversion to glutamate (BPTES), and carnitine palmitoyl-transferase 1A for long chain fatty acid translocation into the mitochondria for β-oxidation (Etomoxir) were used to evaluate dependence on glutamine and long chain fatty acids, respectively (Figures 4A–C). Representative OCR plots for pyruvate, glutamine, and long chain fatty acids are shown (Figures 4A–C). Stretched ONH astrocytes significantly increased their dependence on pyruvate compared to control (p = 0.0347, n = 12), Figure 4B. Dependence on glutamine decreased significantly in the stretched ONH astrocytes compared to control (p = 0.0052, n = 16), Figure 4D. Stretched ONH astrocytes significantly increased their reliance on fatty acids, as shown in Figures 4E,F (p = 0.0071, n = 9).

Interestingly, the stretched ONH astrocytes increased their dependency on pyruvate and fatty acids compared to control ONH astrocytes, but the relative dependence of specific substrates within groups remained equivalent. For example, both control and stretched ONH astrocytes were dependent upon glutamine to degree that was significantly greater than either long chain fatty acid or pyruvate (Figures 4G,H; p < 0.0001 for glutamine comparisons to either long chain fatty acid or pyruvate). There was no difference in dependence on long chain fatty acid or pyruvate within the control or stretched ONHA groups. These data indicate that dependency on pyruvate and fatty acids expanded, making up the share of fuel that was not coming from glutamine in stretched ONH astrocytes.



Optic nerve head astrocyte protein analysis

The metabolic alterations we observed in ONHA function after stretch suggest we might also identify corresponding changes in metabolism-associated proteins in these cells. For example, glutamine dependency might suggest potential changes in glutamate-aspartate transporter (GLAST), or glutamine synthetase. There was a significant increase in the protein levels of glucose transporter-1 (GLUT1) in the stretched ONH astrocytes as compared to control; the difference was noted in the astrocyte-specific 45kDa isoform of the transporter (p = 0.0225, Figure 5A). This suggests that stretched astrocytes had an increased capacity for the uptake of glucose. There was no difference in protein levels for the astrocyte-specific lactate dehydrogenase (Figure 5B); glucose-6-phosphate-dehydrogenase (Figure 5C), the enzyme that shunts glucose into the pentose-phosphate pathway; or glutamine synthetase (Figure 5D), the enzyme that converts glutamate to glutamine. However, the glutamate-aspartate transporter (GLAST) protein in monomeric form was significantly increased in the Stretch group (p = 0.020). GLAST dimers were prominent in the analyzed proteins, but did not differ across the Control and Stretch groups.
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FIGURE 5
Protein changes in ONHAs corroborate bioenergetics data. (A) Glucose transporter-1 protein levels in Stretched ONH astrocytes are significantly higher than Control (*p = 0.0225, n = 7 Control, n = 8 Stretch). Retinal lysate from a 2 month-old mouse was used as a positive control for each protein analyzed, while negative control was the signal obtained when no primary antibody was included in the capillary. (B) Lactate dehydrogenase-A, the astrocyte-specific isoform of the enzyme that catalyzes the interconversion of pyruvate and lactate, has equivalent protein levels in Control and Stretch ONH astrocytes. (C) Glucose-6-phosphate dehydrogenase, the enzyme that shunts glucose into the pentose phosphate pathway, is no different in Control and Stretch ONH astrocytes. (D) Glutamine synthetase, the enzyme that synthesizes glutamine from glutamate, is no different in Control and Stretch ONH astrocytes. (E) The monomeric form of glutamate-aspartate transporter (GLAST) has significantly higher protein levels in the Stretch as compared to the Control ONH astrocytes (p = 0.020; n = 4 Control, n = 5 Stretch). (F) GLAST dimer protein levels are no different in Control and Stretch ONH astrocytes.





Discussion

Isolating ONH astrocytes, subjecting them to biaxial stretch then evaluating their bioenergetics using the Seahorse Analyzer has yielded insight into astrocytic metabolic changes as a result of mechanical stress. To the degree that these mechanical stresses recapitulate the strain experienced by the cells of the ONH during ocular hypertension, we have gained insight into the metabolic shifts and fuel preferences of ONH astrocytes in glaucoma.

Optic nerve head astrocytes subjected to stretch increase their extracellular acidification when glucose is made available, but also after electron transport chain (ETC) disruption. This likely reflects an overall increase in metabolic demand as a result of mechanical stress. Interestingly, stretched ONH astrocytes had higher maximal respiration and spare capacity compared to control cells, but lower ATP-linked respiration. Finally, we showed that stretched ONH astrocytes were more dependent on pyruvate and fatty acids as fuel compared to control ONH astrocytes, but this did not significantly alter their significant reliance on glutamine. Both control and stretched ONH astrocytes exhibit a preference for glutamine.

Despite having extensive mitochondrial networks, astrocytes are primarily reliant on glycolysis (Rahman and Suk, 2020) for their ATP production than on mitochondrial respiration (Dienel and Hertz, 2001; Turner and Adamson, 2011). Consistent with this, extracellular acidification rate (ECAR) in the stretched and control ONH astrocytes was robust. The stretched ONH astrocytes exhibited significantly greater ECAR than control in the presence of glucose and after inhibition of Complexes I and III of the electron transport chain (ETC). Our interpretation of these data is that the stretched ONH astrocytes were much more metabolically active than control cells. Our ECAR data does not distinguish between proton release from lactate extrusion versus from the tricarboxylic acid cycle, though with glucose as the primary substrate, the contribution of ECAR from glycolysis often outpaces that from the TCA cycle (Mookerjee et al., 2015). Lamina cribrosa cells isolated from ONHs of patients with glaucoma showed increased lactate-associated extracellular acidification compared to control patient lamina cribrosa (LC) cells, suggesting increased glycolytic flux with glaucoma (Kamel et al., 2020). Our findings are consistent with the LC observations. Whereas the human LC cells are not astrocytes, the two cell types have overlapping roles in the ONH since rodents possess a glial lamina composed of astrocytes (Hernandez, 2000b; Sun et al., 2009).

The increased ECAR after glucose addition in the stretched ONH astrocytes might have been anticipated to accompany an increase in lactate dehydrogenase (LDH) since ECAR is primarily a result of lactate release, which co-transports a proton, thereby acidifying the extracellular milieu. In many contexts, astrocytes are a source of lactate to fuel/support the neurons in their vicinity (Pellerin et al., 1998; Volkenhoff et al., 2015; Muraleedharan et al., 2020). However, we observed no changes in the LDH protein when comparing control and stretched ONH astrocytes. One possible explanation is that the dual role of LDH, the interconversion of pyruvate and lactate, precludes a linear relationship between lactate production and LDH protein levels. We specifically probed for LDHA, the isoform that preferentially converts pyruvate into lactate (O’Brien et al., 2007). Another possibility is that LDH enzymatic activity might have been increased in stretched ONH astrocytes without a change in the overall protein. ECAR was not different between control and stretched ONH astrocytes prior to the addition of glucose, so LDH stability is consistent with the data indicating stretched ONH astrocytes are more dependent on glutamine than pyruvate. Proteomics undertaken on human ONH astrocytes subjected to 2h of 3% stretch showed a downregulation of lactate dehydrogenase A-like 6B protein (Rogers et al., 2012a), but this change was not observed when the degree of stretch and length of time at stretch were increased to values that matched our own experiment.


Stretched optic nerve head astrocyte mitochondria are more responsive than control

Stretched ONH astrocytes showed increased maximal respiratory rate and spare capacity compared to control ONH astrocytes. We observed no difference in the baseline mitochondrial OCR in stretch and control ONHA groups. These observations differ from those made of glaucoma patient LC cells, which showed significantly lower basal OCR and spare capacity compared to control patient LC cells (Kamel et al., 2020). A key difference is that LC cells from glaucoma patients are likely to have had chronic exposure to strain, while our ONH astrocytes were under biaxial strain for 24 h only. In microarray analysis of human glaucomatous ONHA, genes associated with ATP metabolism were downregulated (Nikolskaya et al., 2009). Though not detailed enough to indicate which metabolic genes in particular were affected, the ATP metabolism gene downregulation could be consistent with the significantly lower ATP-linked respiration we observed in stretched ONH astrocytes compared to control. Since ECAR data indicates greater metabolic activity in the stretched cells, these observations indicate the stretched cells obtained slightly greater metabolic support from glycolysis than the control ONH astrocytes. This is corroborated by the increased pyruvate dependency demonstrated by the stretched ONH astrocytes. The stretched ONH astrocytes had greater maximal respiration and spare capacity than control, indicating that the biaxial strain has promoted a metabolic resilience or responsiveness in the cells such that they should be able to meet additional energy demand when called upon to do so. The increased dependency on fatty acids for energy by the stretched cells is consistent with studies showing that reactive astrocytes increase their fatty acid metabolism (Zamanian et al., 2012; Liddelow et al., 2017). The ability to utilize fatty acids contributes to the metabolic resilience. Fuel flexibility and resilience are positive, though in vivo would be limited by the eventual structural breakdown of ONH astrocytes that has been observed in rat (Dai et al., 2012) and mouse (Lye-Barthel et al., 2013) ONH in the course of glaucoma pathogenesis.



Stretched optic nerve head astrocytes had altered mitochondrial fuel dependency

The dependency of ONH astrocytes for each of the three fuel sources we tested differed across stretched and control ONH astrocytes. Stretched ONH astrocytes had significantly greater dependency on pyruvate and fatty acids than controls ONH astrocytes. Dependence of stretched ONH astrocytes on glutamine decreased compared to control. However, since the dependence of both stretched and control ONH astrocytes was nevertheless overwhelmingly for glutamine, we interpret the shift toward pyruvate and fatty acid for the stretched ONH astrocytes as revealing an expansion of their possible means by which to meet their increased metabolic needs.

Optic nerve head astrocyte dependence on glutamine over fatty acids or pyruvate was somewhat unexpected given the emphasis on astrocyte glycolysis as opposed to respiration to meet metabolic needs (Dienel and Hertz, 2001; Turner and Adamson, 2011). Our data suggest the glutamate-glutamine cycle plays a much larger role in ONHA metabolism than previously appreciated. Astrocytes transport glutamate from the extracellular space using GLAST and GLT-1, a critical management of excitatory neurotransmitters (Robinson and Jackson, 2016). Glutamate is converted to glutamine through the activity of glutamine synthetase. We observed no difference in glutamine synthetase (GS) protein in control versus stretched ONH astrocytes. At first glance, this could suggest that imported glutamate may not be the source of glutamine for these ONH astrocytes; glutamine was available directly from the cell media. However, we observed significant upregulation of GLAST in the stretched ONH astrocytes. The capacity for glutamate import increased in stretched ONH astrocytes, and it may be the case that GS activity increased to address the greater concentrations of glutamate without altering overall GS protein. Alternatively, the dependency on glutamine may be masking a use of glutamate by the ONH astrocytes. Glutamate can be oxidized via glutamate dehydrogenase, or oxidized to α-ketoglutarate for the TCA cycle via aspartate aminotransferase (Daikhin and Yudkoff, 2000). In fact, glutamate could theoretically substitute for glucose for fuel. In human LC cells from glaucoma patients, there was a significant upregulation of glutaminase-2 (Kamel et al., 2020), an enzyme that converts glutamine to glutamate. We did not measure glutaminase-2, but anticipate that it may be increased in stretched ONH astrocytes. If ONH astrocytes are using glutamine to generate glutamate that supplies the TCA cycle with carbon, then we would anticipate that these cells would not be exporting glutamine for uptake by neurons. This is testable by measuring amino acid transporter Slc38a1 protein or activity (Bröer and Brookes, 2001). Interestingly, fatty acids are critical for the success of the glutamate-glutamine cycle because the amino groups provide the nitrogen for the production of glutamine from glutamate (Daikhin and Yudkoff, 2000). This may explain the increased metabolic dependency of stretched ONH astrocytes on fatty acids we observe.

Might the ONH astrocytes generate glutamine only to convert it to glutamate for fuel when it is not taken up by neurons? At high external concentrations of glutamate, the entry of glutamate into the TCA cycle in astrocytes is favored over conversion to glutamine (McKenna et al., 1996). What is unclear for our experiments is the source of glutamate since these cultures did not include cells other than the ONH astrocytes. Relatedly, the dependence of ONH astrocytes in general on glutamine in our experiments raises the issue of whether their metabolic choices are governed by being a monoculture. It would not be surprising if ONH astrocytes do not prefer glucose for fuel as a result of not having neurons to which they can easily pass lactate. Future experiments that co-culture ONH astrocytes with neurons could resolve this question. The upregulation in GLAST and the distinct reliance of ONH astrocytes on glutamine metabolism also indicates a larger role for mitochondrial respiration in the stretched ONH astrocytes. The astrocytic preference for glutamine over pyruvate as a mitochondrial fuel source reinforces the lactate-shuttle hypothesis (Pellerin et al., 1998) since not relying on pyruvate for mitochondrial respiration allows them to export lactate.

In our protein analysis to corroborate our bioenergetic findings, we observed no increase in glucose-6-phosphate-dehydrogenase, the enzyme that shunts glucose into the pentose phosphate pathway. This suggests that there is no change in the management of metabolites into the pentose phosphate pathway, which may also be consistent with the emphasis of these ONH astrocytes on utilizing glutamine for fuel. The absence of this shunting could ultimately be deleterious for the stretched ONH astrocytes since NADPH from the pentose phosphate pathway is used for the production of glutathione (Grant, 2008), an antioxidant effective at limiting reactive oxygen species (ROS). ROS production is upregulated in reactive astrocytes (Sheng et al., 2013; Vicente-Gutiérrez et al., 2021), so one might expect increased glutathione from the pentose phosphate pathway could assist in ROS management. In future experiments, we will evaluate antioxidant production in stretched ONH astrocytes.

We observed a significant increase in GLUT1 protein, the primary means by which astrocytes take up glucose from the vasculature and the parenchyma. In past studies, we have reported a significant decline in GLUT1 protein in the optic nerve (ON) of glaucomatous mice (Harun-or-Rashid et al., 2018). Timing is a consideration here, as we cannot easily compare ONH astrocytes exposed to 24 h of stretch to ONs from mice with 6 + months of increased IOP. Perhaps the difference between GLUT1 protein in the ON and ONH is one that requires a metabolic perspective and not just a structural one. GLUT1 upregulation serves the stretched ONH astrocytes well by importing more glucose. Our data indicates the stretched ONH astrocytes become more dependent on pyruvate, a situation that would be enabled by increased glucose transport. We have little reason to think that ON and ONH astrocytes are homogeneous. The glia lamina of the ONH is a unique structure with astrocytes oriented differently than those in the ON (Sun et al., 2009). While it has been shown that ONH astrocytes are connected by gap junctions (Quigley, 1977), it remains to be determined if the two populations of ON and ONH astrocytes are connected by gap junctions. In vitro experiments have shown that both hydrostatic pressure and oxygen-glucose deprivation and reperfusion led to decreases and relocation of connexin-43 intracellularly (Malone et al., 2007; Xie et al., 2017), potentially reducing the availability of glucose among astrocytes. We did not evaluate astrocyte coupling, but recognize the need to determine whether ON and ONH astrocytes form a network. The alternate roles and morphologies across the ON and ONH argue for heterogeneous populations of astrocytes. Increased GLUT1 protein in the stretched ONH astrocytes enables greater metabolic activity, likely to support the cellular alterations in cytoskeleton and function prompted by the strain experienced by the cells.

Stretched ONH astrocytes demonstrate metabolic changes that indicate the expansion of metabolic substrate utilization to support the increased metabolic activity noted in these cells. Future work will investigate the implications of these ONHA changes on retinal ganglion cells axon function.
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Age-related macular degeneration (AMD) is a leading cause of irreversible vision loss in the older population. Classical hallmarks of early and intermediate AMD are accumulation of drusen, a waste deposit formed under the retina, and pigmentary abnormalities in the retinal pigment epithelium (RPE). When the disease progresses into late AMD, vision is affected due to death of the RPE and the light-sensitive photoreceptors. The RPE is essential to the health of the retina as it forms the outer blood retinal barrier, which establishes ocular immune regulation, and provides support for the photoreceptors. Due to its unique anatomical position, the RPE can communicate with the retinal environment and the systemic immune environment. In AMD, RPE dysfunction and the accumulation of drusen drive the infiltration of retinal and systemic innate immune cells into the outer retina. While recruited endogenous or systemic mononuclear phagocytes (MPs) contribute to the removal of noxious debris, the accumulation of MPs can also result in chronic inflammation and contribute to AMD progression. In addition, direct communication and indirect molecular signaling between MPs and the RPE may promote RPE cell death, choroidal neovascularization and fibrotic scarring that occur in late AMD. In this review, we explore how the RPE and innate immune cells maintain retinal homeostasis, and detail how RPE dysfunction and aberrant immune cell recruitment contribute to AMD pathogenesis. Evidence from AMD patients will be discussed in conjunction with data from preclinical models, to shed light on future therapeutic targets for the treatment of AMD.
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Introduction

Age-related macular degeneration (AMD) is a leading cause of irreversible blindness in people over 50 years of age. Patients initially present with distortions in fine visual perception, and as the disease develops, vision symptoms progress to loss of central vision impacting abilities such as reading, face recognition and driving (Hassell et al., 2006; Rattner and Nathans, 2006). In severe cases, vision loss can progress to complete legal blindness impacting an affected individual’s independence and quality of life (Hassell et al., 2006; Rattner and Nathans, 2006). AMD is characterized by chronic and progressive degeneration of the light sensitive neurons of the retina, the photoreceptors, and their support cells, the retinal pigment epithelium (RPE) (Miller, 2013). In the early and intermediate stages, AMD is diagnosed based on the presence and size of extracellular deposits, called drusen, which accumulate between the RPE and choroidal blood supply, and also by the presence of pigmentary abnormalities in the RPE. Abnormal waste deposits within RPE cells, called lipofuscin, and extracellular deposits between the photoreceptor and the RPE, called reticular pseudodrusen (RPD) are also manifestations of the disease (Holz et al., 2001; Greferath et al., 2016). Late AMD is generally classified into two groups: dry AMD or geographic atrophy (GA), and wet or neovascular AMD (nAMD) (Figure 1). Around 80–90% of AMD cases including intermediate and late-stage GA are the dry, atrophic form, which is generally a slowly progressing disease, where over time the atrophic areas become larger and confluent (Ferris et al., 1984). nAMD occurs when abnormal choroidal vessels grow under the RPE or when retinal blood vessels sprout within the retina. Vision loss in nAMD is accelerated as these abnormal vessels leak and bleed into the macula, leading to sudden vision loss due to macular edema and direct damage to the photoreceptors, and over time this leads to fibrous scarring (Ciulla et al., 2001; Lim et al., 2012; Little et al., 2018). At present, there are no effective treatments to slow progression from early and intermediate AMD to late stages of the disease (GA and nAMD). While there are no treatments for GA, nAMD is treated with anti-vascular endothelial growth factor (VEGF) drugs (Solomon et al., 2019) and while short-term visual acuity improvement is often observed, vision loss over the longer term occurs despite treatment in most cases (Rofagha et al., 2013). Effective treatments for slowing progression of early AMD to the late stages are urgently required.
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FIGURE 1
Schematic of changes that occur in the eye of age-related macular degeneration (AMD) patients. (A) Schematic render of the eye showing posterior ocular tissues affected in AMD, expanded in subsequent panels. (B) Healthy posterior eye, showing transverse section of the retinal layers, the retinal pigment epithelium (RPE), Bruch’s membrane (BM), and vascular supply (the choriocapillaris, CC). The location of the mononuclear phagocytes (MPs) is indicated including retinal tissue resident microglia associated with the neuronal synaptic layers (nerve fiber layer MPs not shown) and MPs in the choroid, including dendritic cells, macrophages and other monocytes. (C) Schematic of early/intermediate AMD showing thickening of BM, deposition of extracellular waste around the RPE (drusen and reticular pseudodrusen, RPD), thinned choroid, and changes in MPs, including activation of microglia within the retina. (D) Schematic of late-stage AMD, geographic atrophy, showing loss of photoreceptors and RPE cells, thinning of BM in regions of cell loss, and deposition of large drusen. Microglia within the retina are activated and activated macrophages on the choroidal side are associated with the damaged basal RPE/BM. (E) Schematic of late-stage neovascular AMD showing choroidal neovascularization (CNV), loss of photoreceptors and RPE cells, thinning of BM in regions of cell loss and deposition of large drusen. Microglia within the retina are activated and peripheral circulating monocytes and dendritic cells are activated and associated with damaged RPE and are also able to enter the retina via new leaky vessels. This illustration was started from a BioRender Template and content and stylistic modifications were made.


In AMD, RPE and photoreceptor dysfunction occur alongside accumulation of waste materials in the subretinal space (RPD) and between the RPE and choroid (drusen), initiating recruitment of resident and systemic immune cells. The dominant immune cell type observed is mononuclear phagocytes (MPs) and these are rarely seen in the outer retina and RPE-Bruch’s membrane complex in age-matched, non-diseased eyes, which implicates MPs in the pathology of AMD. MPs play a primary role in phagocytosis of pathological material in AMD. Resident MPs in the retina are called microglia and are postulated to remove cell debris in the subretinal space to protect photoreceptors and the RPE against injury and death (Langmann, 2007; Ambati et al., 2013). Additionally, drusen deposition between the RPE and choroid and failure of the RPE can cause breakdown of the blood retinal barrier, which can lead to recruitment and infiltration of systemic circulating MPs, the myeloid cells in the peripheral blood circulation comprising monocytes, macrophages and dendritic cells (Ransohoff and Cardona, 2010; Luhmann and Ali, 2012). In the early stages, AMD presents as a disease of low-grade chronic inflammation, called para-inflammation, which is denoted by the perpetual recruitment and non-resolving presence of MPs (Xu et al., 2009; Leveillard et al., 2019). Indeed, RPE dysfunction and non-resolving inflammation remain two prominent hypotheses for the pathogenesis of AMD (Xu et al., 2009; Guillonneau et al., 2017). In this review, we explore how the RPE and innate immune cells maintain retinal homeostasis, and consider the role of RPE dysfunction and aberrant immune cell recruitment in AMD pathogenesis.



Clinical definitions and treatment of age-related macular degeneration


Early and intermediate age-related macular degeneration

Diagnosis of AMD is made based on clinical fundus examination or assessment of color fundus photographs usually in conjunction with imaging for pigmentary changes and changes in the structure of the retina. Several classification systems for AMD are available. The Beckman classification suggests small drusen with a size of ≤63 μm are considered as a sign of normal aging and are associated with a low risk of progressing to AMD, with around 1% of population having small drusen that may progress to late AMD in 10 years (Ferris et al., 2013). Medium drusen between >63 and ≤125 μm are considered as an early sign of AMD and suggest an increased risk of progressing to large drusen and late AMD (Ferris et al., 2013). Other phenotypes that are associated with early to intermediate AMD include RPE pigmentary changes and the formation of RPD deposits in the subretinal space. There are no treatments for early or intermediate AMD to markedly slow or completely arrest development to late stages of the disease.



Geographic atrophy

Patients with early or intermediate AMD may develop either of the two advanced forms of the disease: GA or nAMD. In GA there is a sharply demarcated area of RPE hypo-pigmentation with a diameter of at least 175 μm and visible choroidal vessels on fundus examination (Bird et al., 1995). GA usually originates in a region around the perimeter of the fovea and expands across other parts of the parafovea (Sarks et al., 1988; Sunness, 1999; Wolf-Schnurrbusch et al., 2008). The hypo-pigmentary abnormalities of the RPE correlate with RPE atrophy and photoreceptor deterioration, involving the disorganization and loss of photoreceptor inner and outer segments and eventually photoreceptor death (Young, 1987; Sarks et al., 1988; Kim et al., 2002). Additionally, age-dependent accumulations of autofluorescent lipofuscin, which are hyperfluorescent waste deposits within the RPE, is another characteristic of AMD (Hogan, 1972; Sarks, 1976; Young, 1987). Diagnosis of GA can be aided by examination of fundus autofluorescence (FAF). Regions of hyper-autofluorescence correlate with increased deposition of autofluorescent lipofuscin, subretinal autofluorescent material including RPD, and changes in the photoreceptor photopigment. Large regions of hypo-autofluorescence correlate with decreased lipofuscin due to loss of RPE cells, generally indicating regions of late-stage AMD. There are no approved therapies for atrophic AMD.



Neovascular age-related macular degeneration

The hallmark of nAMD is the pathological proliferation of new blood vessels into the macula, with subsequent macular edema, subretinal hemorrhage and end-stage fibrous scarring. Based on the origin of the abnormal vessel growth, nAMD can be classified into three subtypes: types I and II choroidal neovascularization (CNV), and type III which occurs in the retina, retinal angiomatous proliferation (RAP) (Sarks et al., 1997; Yannuzzi et al., 2008). CNV is the aberrant extension of vessels from the choroid passing into either the sub-RPE space (occult CNV; type I), or further anteriorly into the subretinal space following loss of the RPE (classic CNV; type II) (Sarks et al., 1997). RAP refers to the growth of blood vessels originating from the inner retinal circulation, which continues into the subretinal space, and merges with the choroidal circulation to form an anastomosis between the retinal and the choroidal vessels (Yannuzzi et al., 2001, 2008). Regardless of the nAMD subtypes, the new blood vessels can be leaky, causing serous fluid and blood to accumulate in the subretinal space and the neural retina, often leading to rapid and severe vision impairment and potential detachment of the retina. Furthermore, fibrotic changes occur in late stages of nAMD and this is denoted by a well-circumscribed fibrotic white or yellow scar on fundus examination (Stevens et al., 1997; Rogers et al., 2002; Bloch et al., 2013). Fibrosis may cause dysfunction and degeneration of the photoreceptors, through hindering vascular supply and provoking RPE degeneration (Bloch et al., 2013).

Therapeutic approaches currently approved by the United States Food and Drug Administration and the Australian Therapeutic Goods Administration for arresting nAMD are intravitreal injections of drugs that block VEGF, a growth factor which induces proliferation of vascular endothelial cells and angiogenesis (Solomon et al., 2019). Whilst this treatment enables short-term visual improvement in the majority of treated patients, one-third of nAMD patients, especially those with classic CNV, do not show any arrest of vision loss or improvement in visual acuity after receiving anti-VEGF therapy (Bloch et al., 2013; Rofagha et al., 2013). Moreover, patients with RAP frequently develop GA following anti-VEGF treatment (McBain et al., 2011). These poor visual outcomes are associated with subfoveal fibrosis development, which remains untreatable (Rofagha et al., 2013).




The role of the retinal pigment epithelium in retinal homeostasis and retinal pigment epithelium changes in aging and age-related macular degeneration


Retinal pigment epithelium cellular morphology

Dysfunction and degeneration of the RPE is one of the key features of AMD. In the following sections the function of the RPE in maintaining retinal homeostasis and how it changes in normal aging vs. in AMD will be considered (Figure 2). The RPE is a continuous monolayer of terminally differentiated epithelial cells that lies between the neural retina and choroidal blood supply (Boulton and Dayhaw-Barker, 2001; Strauss, 2005 for general reviews of RPE structure and function). The RPE apical surface has long and thin microvilli that interface with the photoreceptor outer segments. The basal surface of the RPE has numerous infoldings and the basolateral membrane forms a part of Bruch’s membrane, comprising the inner wall of the choroid. The RPE nucleus is located basally and a number of unique organelles are present inside the cells to support function (Boulton and Dayhaw-Barker, 2001; Strauss, 2005). These organelles include mitochondria, phagosomes and lysosomes which are associated with renewal of the photoreceptor outer segments and are found at the basal side of the cell. Additionally, the RPE contains melanosomes, which are located either at the base of or within the apical process of the RPE depending on diurnal phase, and these are important in absorbing stray light to improve visual acuity (Boulton and Dayhaw-Barker, 2001; Strauss, 2005). The size and phenotype of the RPE cells vary with retinal eccentricity in human eyes. The cells at the macula are smaller, with a diameter varying from 7 to 11 μm. They become larger and irregular away from the macula, reaching 60 μm or more in the peripheral retina (Salzmann and Brown, 1912; Ach et al., 2014).
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FIGURE 2
Schematic of changes that occur in the retinal pigment epithelium (RPE) of age-related macular degeneration (AMD) patients. (A) Schematic of changes within the RPE in late-stage AMD, including weakening of tight junctions that form the blood retinal barrier, deposition of lipofuscin and enlarged failed lysosomes. Deposition of extracellular waste around the RPE, large drusen on the basal side of the RPE are apparent and reticular pseudodrusen (RPD) on the apical side may also manifest. (B) Schematic showing changes in the tight junctions of the RPE in AMD in flat mount view. Healthy RPE are hexagonal in shape and tight junctions form a continuous connection around each RPE cell. In AMD, RPE cells may be larger due to cell loss and tight junctions may be separated, thinned, thickened, split or fragmented, modified from Ach et al. (2015). (C) Example of the effects of aging on the mouse RPE. Tight junction ZO-1 labeling of young (3 month) and old (22 month) mouse RPE, shows increased RPE cell size in the aged tissue, suggesting cell loss with age. Some of this illustration was started from a BioRender Template and content and stylistic modifications were made.


When eyes age normally, there is a decrease in the density of RPE cells representing cell loss (Gao and Hollyfield, 1992; Bhatia et al., 2016). In addition, some RPE cells become multinucleated with age particularly in the periphery, representing either cell fusion or failed attempts at cell division (Ts’o and Friedman, 1967). Changes in the RPE cytoskeleton are also associated with aging. RPE cells lose their hexagonal shape and become larger, elongated and more irregular with aging (Tarau et al., 2019). This is particularly evident in the macula and far peripheral retina (Rashid et al., 2016), while in the far periphery, RPE cells become thinner and more irregular with age (Bhatia et al., 2016; Rashid et al., 2016). Despite the change in geometry and decreased cell density, the intact monolayer is maintained during normal aging.

In eyes with AMD, in addition to regions of RPE cell loss, additional RPE structural changes occur that are different from those seen in normal aging. Prior to cell loss, the RPE cells in the context of AMD lesions show morphological changes, becoming concave and round (Ach et al., 2015). Uneven thinning, thickening, separation, and splitting are observed along with fragmentation of the cytoskeletal component, F-actin (Tarau et al., 2019). The separation and fragmentation of F-actin suggests RPE-regulated outer blood-retinal barrier (discussed later) may be weakened in AMD.



Bruch’s membrane

As mentioned above, the RPE contributes to Bruch’s membrane, a layered semi-permeable extracellular matrix tissue delineated by and including the choriocapillaris and RPE basement membranes (Hogan and Alvarado, 1967; Sarks, 1976; Kliffen et al., 1997; Curcio and Millican, 1999). Bruch’s membrane consists of five layers: the basement membrane of the RPE, the inner collagenous zone, a central band of elastic fibers, the outer collagenous zone and finally the basement membrane of the choriocapillaris (Nakaizumi et al., 1964). Nutrients and oxygen from the choroid and waste from the RPE must be transported across Bruch’s membrane to maintain retinal homeostasis. It also acts as a support for RPE physical adhesion and restricts RPE and choroidal vessel migration (Bhutto and Lutty, 2012).

During normal aging, Bruch’s membrane thickens. In the early stages of AMD, Bruch’s membrane thickness increases above that seen in normal aging. Further analysis of Bruch’s membrane using electron microscopy shows that abnormal deposits appear above and below the RPE basement membrane, called basal laminar and basal linear deposits respectively, in early/intermediate AMD (Hogan and Alvarado, 1967; Sarks, 1976; Kliffen et al., 1997; Curcio and Millican, 1999). The appearance of basal linear deposits correlates with large drusen observed in early/intermediate AMD and may constitute an early form of drusen (Curcio and Millican, 1999). This thickening process has been suggested to reduce nutrient and waste exchange between the RPE and the choroid, contributing to RPE and photoreceptor dysfunction in AMD. As AMD progresses to the late stages of the disease, Bruch’s membrane thins in areas where the choroid, RPE and photoreceptors are lost (McLeod et al., 2009).



The blood retinal barrier

One of the primary functions of the RPE is providing nutrients and oxygen from the choroidal blood supply to the neural retina and in exchange, removing and recycling waste products from the retina, some of which are returned to the choroid (O’Leary and Campbell, 2021). To ensure controlled movement of molecules between the retina and fenestrated choroid, the RPE layer forms the blood retinal barrier in the outer retina, while endothelial cells, glia and pericytes contribute to the blood retinal barrier in the inner retina (O’Leary and Campbell, 2021). Tight junctions between neighboring RPE cells provide this dynamic barrier that controls the movement of crucial nutrients and waste between the neural retina and the choroid (Marmorstein, 2001; Rizzolo, 2014). The tight junctions predominantly include claudin family proteins, MARVEL family transmembrane proteins and junctional adhesion molecules (O’Leary and Campbell, 2021). These tight junctions prevent the infiltration of large molecules, pathogens and active immune cells from the peripheral blood circulation into the neural retina. The presence of Bruch’s membrane and an intact outer blood retinal barrier together with the anti-inflammatory and immunosuppressive factors released by the RPE cells, maintain the immune privilege of the outer retina (Sugita, 2009).

During healthy aging, tight junctions between the RPE remain intact, maintaining a continuous barrier between the choroid and the neural retina, however, the choroidal plexus does thin with age (Wakatsuki et al., 2015). In intermediate AMD, toxic plasma components, that should be excluded from the retina and are absent in healthy aged tissue become apparent, suggesting the blood retinal barrier is compromised prior to late-stage disease (Schultz et al., 2019). Specifically, plasma proteins: albumin, fibrinogen, immunoglobulin G (IgG), and complement component 9 (C9) are present in the retina of intermediate AMD patients (Schultz et al., 2019). In GA, the choroid plexus becomes thinner than observed in normal aging (Adhi et al., 2014) and even when there is no overt sign of exudative change, the blood retinal barrier is compromised with plasma proteins apparent in the retina (Schultz et al., 2019). A compromised blood retinal barrier is also observed in nAMD, evidenced by the pathological proliferation of leaky, new blood vessels. A recent study suggests altered granzyme B expression, which is produced by the RPE and choroidal mast cells, contributes to the breakdown of RPE tight junctions and the extracellular matrix in nAMD (Matsubara et al., 2020). Indeed, deterioration of RPE tight junctions and the blood retinal barrier is required for neovascular changes, as animal studies indicate upregulation of expression of angiogenic factors such as VEGF or angiopoietin 2 are not enough to induce new vessel growth and that loss of tight junctions is required (Oshima et al., 2004). Together these results suggest that deterioration of the RPE and the blood retinal barrier is an important pathological occurrence in intermediate and late-stage AMD, which is required for the formation of new blood vessels in nAMD.



Retinal pigment epithelium immune regulation

The RPE contributes to immune regulation of the retina in several ways: generation of the outer blood retinal barrier, production of an immunosuppressive and anti-inflammatory microenvironment, and ability to sense and respond to pathogens. The RPE expresses a range of factors and receptors that play a role in protecting the retina from pathogens that may be present in the circulatory system. The RPE expresses pattern recognition receptors such as toll-like receptors (TLR), which sense molecular patterns associated with microbe pathogens (e.g., bacteria, viruses, and fungi) that may be present in the circulatory system (Kumar et al., 2004). To date 10 mammalian TLRs have been identified with 9 identified in human RPE cells (TLR 1-7 and 9 and 10) (Kumar et al., 2004). In addition to the TLRs, the RPE also expresses other pattern recognition receptors (e.g., Nucleotide-binding oligomerization domain, Leucine rich Repeat and Pyrin domain containing proteins; NLRP), complement components, and a range of cytokines, chemokines and growth factors which limit pathological insult (Detrick and Hooks, 2020). In response to pathogens and the presence of systemic immune cells, the RPE expresses antigen presenting receptors (e.g., major histocompatibility complex class I and II molecules; MHC 1 and II) (Liversidge et al., 1988; Osusky et al., 1997; Detrick and Hooks, 2020). However, the healthy RPE favors an immunosuppressive state. For example, RPE cells induce Fas ligand expression when in contact with either activated T-cells or MPs such as monocytes that induces apoptosis of these inflammatory cells (Jorgensen et al., 1998; Hettich et al., 2014). It is likely that the RPE produces a unique balance between an anti-inflammatory and pro-inflammatory environment to maintain optimal retinal function.

With age, changes in the immune response of the RPE occur, however, few studies have been completed on human samples. In RPE culture, aged cells show significantly increased production of cytokines, interferon (IFN)-γ, tumor necrosis factor (TNF)-α, interleukin (IL)-1α, IL-1β, IL-6, IL-8, IL-10 (Sreekumar et al., 2022) suggesting with age there is a shift toward to a more inflammatory environment. In AMD, there have been reported changes in RPE production of cytokines and chemokines that would likely alter the immunosuppressive environment of the outer retina. In AMD, transcriptome analysis of RNA sequencing (RNA-seq) data from human RPE of healthy control and AMD samples indicates changes in expression in a range of immune factors occur in late-stage disease (Saddala et al., 2019). Upregulation in TLR receptors, and their receptor cascades, complement receptors and a range of cytokines and chemokines and their receptors were identified in RPE from AMD patients (Saddala et al., 2019). Chemokines and their receptors have key roles in the movement of immune cells and altered expression of these factors are implicated in a wide range of inflammatory diseases including AMD. Chemokine ligands such as C-C motif chemokine ligand (CCL) 2 (CCL2), CCL3, CCL4, CCL13, CCL19, CCL21, chemokine C-X-C motif ligand (CXCL) 9 (CXCL9), CXCL10, CXCL16 and receptors C-C motif chemokine receptor (CCR) 1 (CCR1), CCR5, and CXCR6 were all identified as changing in the RPE of AMD patients (Saddala et al., 2019). Additionally, the alternative and classical complement pathways complement component 3 (C3), complement factor B (CFB), complement factor H (CFH), complement factor I (CFI), complement C1q A chain (C1QA) have been identified by RNAscope to change in GA (Demirs et al., 2021). The upregulation of complement factors and chemokines and associated receptors in the RPE suggests the RPE is generating a pro-inflammatory environment in late-stage AMD. The change in RPE expression of these immunogenic components would contribute to the recruitment of MPs between the RPE and choroid and to the subretinal space in AMD and this interaction will be considered in more detail below under the sections on MPs.



Phagocytosis

Retinal pigment epithelium cells are one of the most phagocytic post-mitotic cells found in the body (Young, 1967, 1987). One RPE cell is in contact with 30–50 photoreceptors, that shed around 10% of their photoreceptor outer segment mass daily (Zinn and Benjamin-Henkind, 1979). The RPE carries out diurnal phagocytosis of these shed photoreceptor outer segments, and this process is required for maintaining optimal photoreceptor function (Strauss, 2005). Phagocytosis of the photoreceptor outer segment involves RPE binding, engulfment and phagocytosis, allowing recycling of vitamin A and fatty acids through the visual cycle and lipid cycling, respectively (Baehr et al., 2003). Following engulfment, the phagosomes bind with lysosomes, which contain enzymes allowing effective degradation of the photoreceptor outer segments.

The phagocytic ability of the RPE declines moderately with age, but it is greatly decreased in eyes with AMD when compared to age-matched normal RPE from human donors (Inana et al., 2018). Following binding and engulfment, RPE phagosomes of photoreceptor outer segments fuse with lysosomes to effectively recycle vitamin A derivatives and lipids. Failure in this process lead to lysosomal accumulations with age, which are greatly increased in AMD (Inana et al., 2018). These enlarged lysosomes contain undigested waste that accumulate as residual bodies, which are autofluroescent waste in the RPE, known as lipofuscin (discussed in more detail below in intracellular waste accumulations).

In animal models of AMD also, the RPE shows a similar decrease in phagocytic ability. This has been attributed in part to increased iron levels, as mRNA and protein expressions of several iron-regulatory molecules are significantly increased with age leading to iron accumulation. Excess iron is toxic to the RPE cells and impairs phagocytosis and lysosomal function (Chen et al., 2009). However, other processes, including changes in autophagy, have been implicated in slowing the phagocytosis process (Yu et al., 2018). The phagocytosis process and autophagy pathways share similar intracellular protein pathways and slowing of autophagy in the RPE with age may contribute to the slowing of processing of outer segment renewal by phagocytosis (Mitter et al., 2014; Yu et al., 2018).



Autophagy

In addition to phagocytosis, the RPE carries out autophagy, a process by which cell components such as old mitochondria and waste products such as lipids and proteins are renewed by intracellular recycling (Kunchithapautham and Rohrer, 2007). Like the recycling of photoreceptor outer segments, this process also involves compartmentalizing intracellular waste within an autophagosome and binding with a lysosome to complete the degradation process. In general, autophagy becomes insufficient with age, either because autophagic flux is reduced or because there are too many cellular components that need to be removed from chronic cellular damage (Kroemer, 2015). Examination of control human donor specimens shows there is an age-related increase in autophagosome numbers and expression of autophagy proteins in the RPE (Mitter et al., 2014). RPE cells upregulate autophagy to enhance the renewal of different cellular components in response to a variety of insults with age. Yet, when the insult is prolonged and there are too many cellular components that need to be removed, autophagy becomes impaired. In line with this, autophagy proteins and autophagy flux are significantly reduced in RPE from human donors with AMD (Mitter et al., 2014; Golestaneh et al., 2017). Additionally, there is an accumulation of cytoplasmic debris, lipid and undigested protein aggregates tagged for autophagic degradation, confirming dysregulated autophagy in the RPE of eyes with AMD (Golestaneh et al., 2017).

Mice with impaired autophagy demonstrate age-dependent degeneration of the RPE with RPE pigmentation defects and RPE atrophy, hallmarks of late-stage AMD, observed. Furthermore, mice in which the autophagy pathway genes ATG5 and 7 have been conditionally deleted from the RPE, show defects consistent with early AMD (Zhang et al., 2017), while other rodent models of AMD [apolipoprotein E4 (ApoE4) mice fed a high fat diet and apolipoprotein E (ApoE) null animals] show impaired autophagy in aged animals and RPE change consistent with early AMD (Mitter et al., 2014; Vessey et al., 2022). Failure in the autophagy pathways would lead to intracellular waste accumulation, which would contribute to RPE cell damage in AMD.

Impaired autophagy in the RPE has also been reported to promote inflammation. In RPE culture, mouse RPE cells with dysfunctional autophagy significantly increase secretion of inflammatory caspase-1, a marker for NLRP3 inflammasome activation, and cytokine IL-1β following co-culture with bone marrow derived macrophages (Liu et al., 2016). This indicates inflammasome activation in MPs follows defective autophagy in the RPE. Accumulation of macrophages with caspase-1 activation in the subretinal space was also detected after RPE and photoreceptor death in mice with impaired autophagy in the RPE (Liu et al., 2016). These data suggest that autophagy dysfunction in RPE cells can potentially trigger a series of inflammatory responses, including the influx of MPs and the activation of the inflammasome cascade, which may contribute to cell death in AMD.



Lipid cycling

The photoreceptors require high levels of lipids, fatty acids and unesterified cholesterol and these are actively transported between the photoreceptors, RPE and choroidal blood supply (Tserentsoodol et al., 2006). For example, the RPE recycles phospholipid-esterified docosahexaenoic acid (DHA), which is otherwise primarily acquired from the diet, from shed rod outer segment disks to renew the function of the photoreceptors (Fu et al., 2021). In addition, fatty acids are used by photoreceptors to supplement their energy needs (Heckenlively et al., 2003; Joyal et al., 2016). Very low-density lipoprotein receptor (VLDLR) expressed by the RPE and photoreceptors, is critical for transport of lipids into the cell by anchoring ApoE triglyceride-rich lipoproteins. The fatty acid, palmitate, has been shown to be an energy source for photoreceptor mitochondria, likely as it yields three times the number of adenosine triphosphate (ATP) molecules than a single glucose molecule (Fu et al., 2021). To maintain the health of the retina, these lipids need to be recycled or transported from the RPE to the photoreceptors.

In AMD, abnormal lipid cycling has been suggested as a driver of AMD progression due to changes in lipid levels either through lifestyle factors or genetic mutations. In AMD eyes, accumulations of lipid droplets and lipid-derived components occur within the RPE cell (Curcio et al., 2009). Also, lipid pools develop as basal linear deposits, between the RPE basement membrane and the inner collagenous layer of Bruch’s membrane, occasionally form a “lipid wall” (Curcio et al., 2009). The presence of a “lipid wall” basal linear deposit would significantly reduce nutrient and oxygen transfer from the choroid to the RPE, impairing RPE function. The location and content of these basal linear deposits is suggested to represent soft drusen and highlights the importance of lipid cycling in the RPE in AMD.

Systemic changes in circulating lipids, genetic alterations in lipid processing and body mass have been found to have variable associations with risk of AMD development. A higher body mass index is an established risk factor for AMD development (Seddon et al., 2011). Interestingly evidences for systemic lipid changes as being associated with an increased risk of AMD are still not clear (Semba et al., 2019). A study of 177 serum lipids found no association to AMD status (Semba et al., 2019). It may even be those classic markers of “healthy” lipid levels in the serum, such as high density lipoprotein (HDL), low density lipoprotein (LDL) and low triglycerides may even incur increased risk of developing AMD (Grassmann et al., 2017). However, genetic association of increased risk of AMD with lipid transporters such as ApoE (Klaver et al., 1998) and changes in lipid processing within the RPE itself, may contribute to disease progression. Additionally, systemic changes in the carnitine shuttle, which is essential for mitochondrial β-oxidation of fatty acids, indicate that progressive dysfunction of mitochondrial fatty acid metabolism could be a key contributing factor to AMD progression (Mitchell et al., 2021).



Intracellular waste accumulation: Lipofuscin and melanolipofuscin

Intracellular deposition of autofluorescent waste called lipofuscin occurs normally with age (Bianchi et al., 2013). It is believed to accumulate due to incomplete degradation of photoreceptor outer segments and slowing of autophagy resulting in accumulation of waste proteins and lipids contained within lysosomes and also failed lysosomes (residual bodies). Melanolipofuscin is lipofuscin that is associated with melanosomes present within the RPE and like lipofuscin, accumulates normally with age contributing to autofluorescence on FAF imaging (Ach et al., 2015). Excess accumulation of lipofuscin and melanolipofuscin occurs with age and in AMD and has been suggested to interfere with RPE function (Haralampus-Grynaviski et al., 2003; Rozanowska et al., 2004; Bianchi et al., 2013). In eyes with AMD, lipofuscin and melanolipofuscin redistribute within the RPE, sometimes forming large deposits or granulations within the cell, leaving other regions free from these accumulations (Ach et al., 2015). These deposits can result in cellular dysfunction as visible-light irradiation of lipofuscin causes lipid peroxidation, and production of hydrogen peroxide that can damage mitochondrial DNA in RPE cells (Rozanowska et al., 1995; Liang and Godley, 2003). Moreover, chronic oxidative stress induced by the photoreactive lipofuscin can contribute to age-dependent impairment of RPE phagocytosis (Olchawa et al., 2017). Intracellular accumulations of lipofuscin and melanolipofuscin in AMD would contribute to oxidative stress in the RPE, promoting RPE dysfunction (Haralampus-Grynaviski et al., 2003; Rozanowska et al., 2004).



Extracellular waste accumulations: Drusen and reticular pseudodrusen

One of the important pathological manifestations of AMD is the presence of waste deposits in and around the RPE. Extracellular deposits in AMD include drusen, which accumulate between the RPE and the choroidal blood supply, and RPD, which are subretinal deposits that are observed in some cases of AMD. Histologically drusen are associated with RPE cellular changes and loss of RPE integrity (Schlanitz et al., 2019). Analysis of drusen composition has identified a variety of molecules, including RPE cellular components, immune- and/or inflammation-associated proteins, lipids and carbohydrates (Hageman et al., 2001). RPE derived components of drusen include: RPE fragments, lipofuscin and melanin, complement activator and amyloid beta (Aβ) (Sarks et al., 1999; Hageman et al., 2001; Johnson et al., 2002). Lipoprotein containing lipid transporter, ApoE is also proposed to be secreted by the RPE, and to be retained by the less permeable Bruch’s membrane, and may contribute to the formation of medium drusen (Mullins et al., 2000; Pikuleva and Curcio, 2014).

Immunogenic components are also apparent in drusen and may contribute to the recruitment of choroidal derived immune cells such as MPs. The presence of complement factors and several immune system proteins has been reported in drusen (Johnson et al., 2000; Mullins et al., 2000; Anderson et al., 2002). CFH and other complement components such as complement component 5 (C5) and C9 which are important for triggering innate immune cell activation and inhibition of self-damage have been identified in drusen (Mullins et al., 2000; Russell et al., 2000; Fett et al., 2012; Crabb, 2014). These findings correlate with genetic association studies, in which polymorphisms in the genes for complement components have been identified as a risk factor for AMD (e.g., CFH) (Edwards et al., 2005; Hageman et al., 2005), and hint that changes in MP interaction with complement-tagged cellular waste may be a driver of disease development. Additionally, vitronectin, a major drusen constituent, is a plasma and RPE derived extracellular matrix glycoprotein and may play a role in inhibiting complement-induced MP cell damage (Preissner, 1991; Hageman et al., 1999; Crabb et al., 2002). Cell membrane-associated protein complex human leukocyte antigen DR (HLA-DR) is also present in drusen and is thought to be derived from MPs, specifically dendritic cells from the choroid (Russell et al., 2000; Hageman et al., 2001). The presence of these immune factors likely contributes to the recruitment of choroidal derived MPs and accumulation of immune cells associated with drusen lesions in AMD (Combadière et al., 2007; Sennlaub et al., 2013; Levy et al., 2015; Silverman and Wong, 2018).

Unlike drusen, to date very little research has been completed on the make-up of RPD. Histologically, the subretinal presence of RPD is associated with RPE and photoreceptor disruption (Greferath et al., 2016). Clinical data from intermediate AMD patients indicate that RPD are associated with decreased photoreceptor function (Flamendorf et al., 2015), choroidal changes (Keenan et al., 2020), and over time with increased retinal thinning and degeneration (Chiang et al., 2020). The histological studies that have been undertaken show RPD to contain similar components to drusen such as photoreceptor outer segment debris including opsins; lipid in the form of unesterified cholesterol; RPE fragments (melanolipofuscin granules); ApoE, a protein important for lipid trafficking; vitronectin; and the immunogenic protein, CFH (Rudolf et al., 2008; Greferath et al., 2016; Wu et al., 2022). Interestingly, β-amyloid as well as a range of complement factors and immune markers, including C3, C5a, cluster of differentiation (CD) molecules CD11β and CD102, were not detected histologically and may not be present in RPD, highlighting a distinction between this type of deposit and classical drusen (Greferath et al., 2016). Further work is needed in this area to confirm the components of RPD and how they arise. However, despite the lack of certain immune related deposits, MPs particularly microglia/macrophages have found to be associated with RPD suggesting that the innate immune system is associated with the presence of these abnormal subretinal deposits (Greferath et al., 2016).

What is controversial about the origin of these extracellular deposits, drusen and RPD, is whether deposition is a causative event or consequence of RPE degeneration and MP recruitment. Early studies using electron microscopy suggest that primary degeneration of the RPE is partly accountable for the formation of drusen (Farkas et al., 1971; Green and Key, 1977). However, others have suggested that drusen hinder the diffusion of oxygen and nutrients from the choroid to the retina, driving RPE degeneration (Hageman et al., 2001; Anderson et al., 2002; Rattner and Nathans, 2006). The immunogenic composition of drusen and to some extent RPD, suggest they are extracellular waste that are tagged for removal by local MPs, but this process comes with a cost. The debris likely induces ongoing local inflammation and immune activation by gathering chemokines and cytokines with the potential for “collateral damage” to nearby healthy cells. It is likely that a combination of both RPE dysfunction teamed with MP failure to clear extracellular deposits with age that leads to continued accumulation of waste in the form of drusen and RPD, driving the cycle of disease progression. In the next sections, we will consider the role of MPs in healthy eyes and in AMD.




Mononculear phagocytes and the ocular innate immune system


Origins of ocular mononuclear phagocytes

Mononuclear phagocytes are a dominant cell population of the innate immune system and have been widely reported to participate in the homeostatic regulation and the pathogenesis of disease within the mammalian retina. They comprise four cell types from the myeloid lineage of blood cells: blood monocytes, dendritic cells, tissue macrophages and retinal microglia, all of which have been implicated in the pathogenesis of AMD (Ransohoff and Cardona, 2010). Blood monocytes are a population of circulating mononuclear leukocytes (white blood cells) originated from hematopoietic stem cells in the bone marrow (Geissmann et al., 2003; Ransohoff and Cardona, 2010). In the postnatal period, the stem cell-derived myeloid progenitors produced in the bone marrow give rise to common monocyte-dendritic cell progenitors. These progenitors are released into the peripheral blood circulation to form a reservoir of myeloid cell precursors, and are transported to tissues for cytokine-driven cellular differentiation (Geissmann et al., 2003; Ransohoff and Cardona, 2010). Dendritic cells share the same lineage as blood monocytes, also being derived from monocyte-dendritic cell progenitors, yet their differentiation from monocytes remains debatable (Geissmann et al., 2003; Ransohoff and Cardona, 2010). Macrophages can be derived from blood monocytes, or from undefined MP progenitors in the circulation. Microglia, despite being identified as a type of mononuclear leukocytes, and sharing many similar phenotypical and functional features as monocytes and macrophages, are derived from hematopoietic progenitors in the embryonic yolk sac during development (Mildner et al., 2007; Ginhoux et al., 2010). Reminiscent of brain microglia, retinal microglia originate from microglial precursors or circulating monocytes, which invade the retinal tissue via the vitreal surface or ciliary margin within the embryonic and early postnatal life before the blood retinal barrier is finalized (Barron, 1995; Marin-Teva et al., 1998; Santos et al., 2008; Ranawat and Masai, 2021).



Change in peripheral blood monocytes in aging and age-related macular degeneration

Peripheral blood monocytes change with age, leading to an increased vulnerability to infection and the development of inflammatory diseases such as atherosclerosis and cancer and these changes may contribute to the development of AMD (Figure 3). Peripheral MP trafficking from bone marrow to blood, and responses to bacterial infection and phagocytosis are all reduced with age (Blacher et al., 2022). In intermediate and late-stage AMD, there is an increase in the number of peripheral blood monocytes suggesting these cells play a role in disease progression (Xue et al., 2021). In AMD, peripheral MP phagocytosis is significantly reduced irrespective of disease stage. Intermediate and late-stage AMD patients and those patients with RPD, all display reduced MP phagocytosis compared to healthy age-matched controls (Gu et al., 2021). Further investigation of expression of surface markers that are important in regulating leukocyte adhesion, migration, and phagocytosis (integrins CD11b and CD11c) show reduced expression in peripheral monocytes of late-stage AMD patients, both GA and nAMD (Gu et al., 2021). Importantly, these integrins form complexes with CD18 to form complement receptor 3 (CR3, CD11b/CD18) and complement receptor 4 (CR4, CD11c/CD18), respectively (Lukacsi et al., 2017). These receptors are both recognized to play an important role in phagocytosis and are reduced in peripheral MPs of late AMD. Further evidence supporting a reduction in peripheral MPs comes from work showing CD34, a marker of hemopoietic stem cells, is reduced in those with late AMD, implying that the capacity for differentiation of hemopoietic stem cells into monocytes is also reduced in those with late AMD (Gu et al., 2021). Alternatively, studies investigating the surface expression of molecules known to be important in phagocytosis, P2X purinoceptor 7 (P2X7) and CD33, report increased expression in monocytes of late-stage AMD patients (Gu et al., 2021). The role of P2X7 on MPs in AMD is further indicated by genetic studies which suggest inheritance of a loss of function P2X7 receptor variant combined with P2X purinoceptor 4 (P2X4) variant increases the risk of developing AMD, likely due to a reduction in the ability of peripheral blood monocytes and microglia to phagocytose debris (Gu et al., 2013). As MP phagocytosis of debris would be critical to removal of subretinal and drusen deposits, a reduction in this aspect of MP function would contribute to AMD development and progression.
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FIGURE 3
Schematic of mononuclear phagocyte (MP) interactions with the ocular tissues in health eyes and late-stage age-related macular degeneration (AMD). (A) Healthy posterior eye, showing transverse section of the retinal layers, the retinal pigment epithelium (RPE), Bruch’s membrane (BM), and vascular supply (the choriocapillaris, CC). The location of the mononuclear phagocytes (MPs) is indicated including retinal tissue resident microglia associated with the neuronal synaptic layers (nerve fiber layer MPs not shown) and MPs in the choroid, including dendritic cells, macrophages and other monocytes. RPE expression of immunosuppressive cytokines (e.g., IL-10), growth factors (e.g., PEDF) and immune factors (e.g., CFH) are shown. (B) Schematic of late-stage AMD, geographic atrophy, showing loss of photoreceptors and RPE cells, and deposition of large drusen. The RPE expresses chemokines, e.g., CCL-2 and IL-8 to recruit immune cells to areas of damage. Microglia within the retina are activated, recruited to damaged RPE cells and RPD and activated iNOS-positive macrophages on the choroidal side are associated with the damaged RPE and drusen containing immunogenic complement pathway factors. Activated MP interaction with the RPE can contribute to RPE dysfunction and apoptosis. (C) Schematic of late-stage neovascular AMD showing choroidal neovascularization (CNV), loss of photoreceptors and RPE cells, and deposition of large drusen. Microglia within the retina are activated. Peripheral circulating MPs, dendritic cells are activated and associated with damaged RPE releasing VEGF and MMP-9 to drive new vessel development and are also able to enter the retina via new leaky vessels. There is an increase in expression of pro-inflammatory chemokines and cytokines by MPs and the RPE which drives angiogenesis and contributes to RPE cell dysfunction and death. Some of this illustration was started from a BioRender Template and content and stylistic modifications were made.


As mentioned previously, chemokines and their receptors have key roles in the movement of immune cells and are implicated in a wide range of inflammatory diseases, including AMD. Evaluation of expression of four chemokine receptors (CCR1, CCR2, CCR5, and CXCR3) in CD14 + peripheral blood monocytes in patients with GA and nAMD showed that monocytes have increased expression of CCR5 in GA and that CXCR3 expression is increased in both GA and nAMD (Krogh Nielsen et al., 2020). CCR5 expression was low on monocytes of healthy controls as it is generally not expressed under homeostatic conditions (Krogh Nielsen et al., 2020), but an increase in expression on monocytes has been shown to occur during acute inflammation (Castanheira et al., 2019), suggesting a role for this chemokine receptor in ongoing inflammatory response in late-stage AMD. CXCR3 is involved in leukocyte migration and induces cytoskeletal and integrin changes that facilitate movement to areas of inflammation (Karin, 2020), suggesting that these cells may migrate differently in late-stage AMD. In line with this, in a smaller study (n = 9 AMD vs. n = 9 healthy controls) expression of other chemokine receptors involved in cell migration, CCR1 and CCR2 receptor expression on peripheral blood monocytes may be upregulated in late-stage nAMD (Anand et al., 2012), however this was not observed in a larger sample study (Krogh Nielsen et al., 2020). More work is required to carefully evaluate all the chemokine receptors expressed on peripheral blood MPs and determine if there are alterations in expression in AMD. Future work in this area may highlight important systemic changes in circulating MPs that contribute to AMD development and progression.



Changes in retinal microglia in aging and age-related macular degeneration

The tissue resident MPs of the retina, microglia, are found in the nerve fiber layer, inner plexiform layer and outer plexiform layer of the healthy eye, where they are closely associated with the vasculature, neuronal synapses and glia. During aging, abnormal accumulation of microglia in the subretinal space occurs in both humans and mice (Xu et al., 2008; Ma et al., 2013). Microglia that accumulate in the subretinal space display a less ramified morphology with round cell bodies, shorter dendrites and less branching, suggestive of an activated phenotype (Xu et al., 2008; Damani et al., 2011; Ma et al., 2013). The recruitment of microglia to the subretinal space is thought to occur secondarily to RPE and photoreceptor dysfunction, to aid removal of photoreceptor outer segment debris (Combadière et al., 2007; Chinnery et al., 2012). Additionally, the activity of intraretinal microglia is altered with age. Time-lapse live imaging of resident microglia in the outer plexiform layer shows microglia have decreased process mobility in aged mice (Damani et al., 2011). Since aged microglia are less mobile, this may prolong the presence of microglia in the subretinal space, potentially contributing to photoreceptor and RPE pathology.

In AMD, the sustained presence of microglia/MPs in the subretinal space and microglial accumulation of lipofuscin may potentiate RPE injury and photoreceptor degeneration (Combadière et al., 2007; Xu et al., 2008; Chinnery et al., 2012; Ma et al., 2013). Like aged tissue, in AMD, subretinal microglia are bloated and have fewer processes suggesting activation (Figure 3; Penfold et al., 1997; Combadière et al., 2007). Histopathological examinations of human donors with GA show abnormal microglia/MPs in the subretinal space and the photoreceptor layer, which are enlarged, morphologically activated and contain photoreceptor components (rhodopsin) in their cytoplasm (Gupta et al., 2003; Combadière et al., 2007). Activated microglia/MPs may promote further photoreceptor degeneration in GA, as the loss of cones adjacent to atrophic regions has been linked to their accumulation in the subretinal space (Buschini et al., 2011; Eandi et al., 2016) and these activated microglia produce pro-inflammatory cytokines and nitric oxide which may be toxic to neurons (Gupta et al., 2003; Srinivasan et al., 2004; Zhang et al., 2005).

Evidence from mouse models where the blood retinal barrier is intact, but components of the immune system are mutated, hint at an important and specific role for subretinal microglia in age-related RPE and photoreceptor dysfunction. Mice lacking Ccl2, which is important for RPE recruitment of MPs (Ambati et al., 2003; Vessey et al., 2015); P2X7-receptor, which is important for MP phagocytosis (Vessey et al., 2017); and Cx3cr1 – mouse study not human, which is expressed solely by MPs (Combadière et al., 2007), all show subretinal microglia associated with RPE damage and retinal dysfunction that is reminiscent of early AMD in aged animals relative to age-matched controls. This suggests that perturbations in the function, recruitment and retention of subretinal microglia has the potential to contribute to RPE and photoreceptor failure with age. However, due to a lack of specific markers, differentiating subretinal microglia from infiltrating MPs is difficult. Despite evidence indicating a role for inflammation in AMD, the differential contribution of retinal microglia vs. peripheral monocytes/macrophages in the progression to the advanced stages of AMD in humans is unclear. Thus, in future sections, which detail the inflammatory changes in MPs in the subretinal space and their interaction with the RPE, microglia will be referred to as MPs unless their origin is explicitly clear.



Maintenance of homeostasis via immune regulation

The healthy RPE secretes immunosuppressive factors that inhibit activation of MPs and even promotes macrophage death (Taylor et al., 2015). Peripheral blood MPs and resident choroidal MPs such as macrophages are present in the choroidal vasculature interface with Bruch’s membrane (Cherepanoff et al., 2010). However, the integrity of the blood retinal barrier blocks the entrance of peripheral blood MPs into the healthy retina. Within the retina, resident MPs, the microglia are found primarily in the synaptic layers of the retinal neurons and are not present in the photoreceptor layers or the sub-retinal space between the photoreceptor outer segments and the RPE. Hence, the subretinal space of healthy eyes is devoid of MPs, and there is no direct cell-cell contact between the MPs and RPE cells in the subretinal space.

The RPE contributes to the immune regulation of the retina via the release of anti-inflammatory factors including complement inhibitors (e.g., CFH) and cytokines, such as IL-10 (D’Orazio and Niederkorn, 1998; Langmann, 2007; Luo et al., 2013). IL-10 expression from MPs themselves has been implicated as playing an important role in maintaining homeostasis and immune privilege. For example, pigment epithelial derived factor (PEDF) released from the RPE increases IL-10 production by macrophages (Zamiri et al., 2006). Further recruitment and activation of MPs, particularly microglia is inhibited by IL-10, by reducing expression of antigen-presenting molecules such as monocyte MHC II (Figure 3A; D’Orazio and Niederkorn, 1998). Even under stress, the RPE tries to maintain an anti-inflammatory environment. Advanced glycation end-product (AGE) application, which induces oxidative stress, causes RPE cells in culture to upregulate expression of anti-inflammatory cytokines and receptors IL-9, IL-10, IL-13, and IL-1ra (Lin et al., 2013). IL-9 protects against RPE proliferation and apoptosis (Demoulin and Renauld, 1998) and IL-13 generally inhibits pro-inflammatory cytokine synthesis (Wynn, 2003). IL-1ra binds with comparable affinities for both IL-1α and IL-1β to the IL-1 receptor, without activating the receptor, playing a role in sopping up the overt inflammatory function of IL-1β (Gabay et al., 2010). The RPE cell also expresses Fas ligand which can induce apoptosis of inflammatory cells (Jorgensen et al., 1998). These immunomodulatory factors are likely a few of the mechanisms by which the RPE and MPs suppress MP recruitment and activation in the healthy retina.



Mononuclear phagocyte migration to the retinal pigment epithelium and retention

In healthy eyes and with age, choroidal MPs such as macrophages are not found within Bruch’s membrane or closely associated with the RPE (Cherepanoff et al., 2010). However, in early AMD, MPs including macrophages are recruited to Bruch’s membrane drusen and basal laminar deposits and begin to express inducible nitric oxide synthase (iNOS), a marker of MP activation (Cherepanoff et al., 2010). As AMD progresses, in GA, MPs continue to express iNOS and to be associated with Bruch’s membrane. In early stages of subclinical CNV, MPs are associated with the new choroidal vessels (Cherepanoff et al., 2010). In late-stage CNV, MPs are found associated with Bruch’s membrane, the new vessels and within the retina. On the subretinal side, with age, MPs are occasionally found between the photoreceptor outer segments and RPE. However, in AMD, MPs are associated with RPD (Greferath et al., 2016; Wu et al., 2022) and the degenerating RPE (Wu et al., 2022). The proximity of MPs with the RPE waste deposits on both the choroidal and subretinal side in early and late AMD indicates the importance of these macrophages in waste clearance.

Damaged RPE cells and the deposition of waste material containing inflammatory molecules can induce the migration of MPs. RPE cells express surface receptors for sensing and responding to the exposure of cytokines and in turn rapidly release soluble chemoattractant inflammatory mediators to direct the trafficking of immune cells to the injured site (Elner et al., 1991; Hageman et al., 2001; Ma et al., 2017; Natoli et al., 2017). CCL2, also known as monocyte chemoattractant protein-1, is well known to be involved in the recruitment and retention of CCR2 bearing MPs to sites of dysfunction. CCL2 is present in higher concentration in the aqueous humor of human eyes with AMD (Kramer et al., 2012; Lechner et al., 2017). In cell culture studies, direct cell-cell contact between human RPE and inactivated monocytes causes a significantly larger production of CCL2 than cell co-culture with physical separation (Yoshida et al., 2001; Bian et al., 2003). This suggests that the presence of MPs associated with the RPE, drives further recruitment of MPs via the CCL2-CCR2 axis. Thrombin, a clotting factor which extravasates at sites of blood retinal barrier breakdown, can also enhance the secretion of CCL2 and IL-8 from RPE cells (Yoshida et al., 2001). Thus, the breakdown of the blood retinal barrier as occurs even in early AMD may predispose eyes to excessive recruitment of monocytes to sites of RPE dysfunction.

In cell culture studies, direct contact between human RPE cells and inactivated monocytes also causes the secretion of IL-8 by the RPE, compared to the co-culture of human RPE cells with monocytes separated by a filter (Yoshida et al., 2001; Bian et al., 2003). IL-8 is a cytokine associated with chemotaxis of immune cells to sites of damage and subsequent phagocytosis of damage, as well as being a mediator of angiogenesis (Koch et al., 1992; Harada et al., 1994). Polymorphisms in the IL-8 promotor, IL-8-251AA, are associated with an increased risk of AMD (Goverdhan et al., 2008). The upregulated secretion of IL-8 during a cell-cell contact co-culture suggests that like CCL2, RPE release of IL-8 is involved in recruiting MPs to sites of RPE dysfunction.



Para-inflammation interactions between the retinal pigment epithelium and mononuclear phagocytes in aging and age-related macular degeneration

Once MPs are recruited to the RPE and retained, a process of para-inflammation ensues. Para-inflammation is an adaptive response in which tissue-resident or recruited MPs generate low-grade inflammation and is essential for maintaining tissue homeostasis and restoring tissue function. This process occurs with age and in early AMD, when the RPE and retina are stressed from a low-degree of noxious insults (Medzhitov, 2008; Xu et al., 2009). Since para-inflammation is thought to be an intermediate state between basal homeostasis and classic inflammation, upregulation of expression of anti-inflammatory molecules (discussed in the section on homeostasis) may help maintain retinal health by suppressing the inflammatory phenotypes of MPs (discussed in the section on pathological interactions below). In the early stages of AMD, there is likely to be a continuum of homeostatic and pro-inflammatory pathways activated.

Cell culture studies of MPs, co-cultured with RPE cells provide clues as to how these cells interact. Due to the immunosuppressive property of RPE cells, activated immune cells are likely to be eliminated when they are in close contact with RPE cells (Jorgensen et al., 1998). MPs have also been suggested to promote RPE cell survival and even proliferation, however, whether RPE cells are able to proliferate to repair areas of degeneration is not clear. It is generally accepted that RPE are terminally differentiated cells, but in mice, there is some evidence of proliferation in areas of lesions generated by a laser (Jobling et al., 2015) and some studies suggest that low grade proliferation in aged tissues may repair tissue damage, as a response to RPE cell death with age (Chen et al., 2016). Cell culture studies suggest that cell-cell contact between the RPE and monocytes/retinal microglia can induce the proliferation of RPE cells (Osusky and Ryan, 1996; Ma et al., 2009). However, this may prompt the RPE cells to lose integrity in morphology and intercellular adhesion, and form irregular clumps instead of a monolayer organization (Ma et al., 2009). Whether such an interaction whereby MPs have the potential to promote RPE survival and proliferation occurs in vivo is yet to be determined.



Pathological interactions between the retinal pigment epithelium and mononuclear phagocytes in aging and age-related macular degeneration

The balance between para-inflammation and inflammation may be key to development of AMD. Genetic studies indicate regulation of the innate immune system’s alternative complement pathway confers increased risk of disease development. Indeed, an over-reactive alternative complement pathway due to mutations in CFH and C3, as well as downstream effectors such as C5 have been suggested to tip a patient into a “complement hyperinflammatory phenotype” (Whitcup et al., 2013). It is likely that failure to suppress the inflammatory MP response during basal para-inflammation contributes to disease progression in some cases of AMD. Over time, overt inflammatory interactions between MPs and the RPE occur and may drive AMD progression.

The direct interaction between RPE cells and MPs can induce pro-inflammatory cytokine production. Components of drusen from donor AMD patients and changes in accumulation of AluRNA (RNA expression of abundant short, repetitive DNA elements characterized initially by the action of Arthrobacter luteus (Alu) restriction endonuclease) in the RPE of GA patients have been shown to drive NLRP activation and inflammasome expression by MPs and the RPE, respectively (Doyle et al., 2012; Tarallo et al., 2012; Yerramothu et al., 2018). Inflammasome activation is an innate immune system mechanism that can induce pyroptosis, an inflammatory form of programmed cell death usually activated in response to infection, that is distinct to apoptosis and necroptosis (Cookson and Brennan, 2001). NLRP activation of the inflammasome results in cleavage of pro-caspase-1 to caspase-1 and subsequent cleavage of pro-interleukin-1β (pro-IL-1β) and pro-IL-18 into their mature pro-inflammatory forms (Cookson and Brennan, 2001).

In RPE samples from human patients with GA, expression of Nlrp3 and Il-18 mRNA was found to be increased relative to normal age-matched controls (Tarallo et al., 2012). Further analysis of protein samples from RPE of GA patients confirmed that in addition to NLRP3 increases, PYCARD (PYD And CARD Domain Containing), pro-caspase-1 and cleaved caspase-1, and downstream effectors of IL-18, including interleukin 1 receptor associated kinase 3 and 4 (IRAK3- and -4) were all increased, suggesting inflammasome activation in the RPE contributes to RPE dysfunction in GA (Tarallo et al., 2012). Another study, which did not isolate RPE specifically, but microdissected regions of photoreceptor and RPE cells from lesion areas of both GA and nAMD and healthy control samples, also found increases in mRNA expression of NLRP3, pro-IL-1β and pro-IL-18 in late-stage AMD (Wang et al., 2016). Studies using RPE cell culture models without MP co-culture suggest that NLRP3 inflammasome activation drives RPE cell damage, including mitochondrial damage and may contribute to AMD pathogenesis (Wang et al., 2016). Although the most likely source of inflammatory mediators, the role of inflammasome activation in MPs in human patients with AMD has not been studied as heavily. A study of the effect of drusen components on human peripheral blood mononuclear cells (PBMCs), which would be the primary source of peripheral MPs with access to the basal RPE, suggests that these cells are a potential source of inflammasome mediators independently of the RPE (Doyle et al., 2012). In this study, drusen components were isolated and used to treat peripheral blood MPs and this induced inflammasome activation and production of IL-1β and IL-18 (Doyle et al., 2012). In line with this, recent single cell RNA-seq analysis of MPs from AMD patients suggested NLRP3 is upregulated in infiltrating inflammatory macrophages (Voigt et al., 2022), implicating these cells as a likely source of inflammasome driven inflammatory mediators.

Further cell culture studies point to an important role of activated MPs in driving inflammation and RPE cell dysfunction and death. Activated MPs have been found to negatively impact RPE function causing a reduction in expression of Otx2 (orthodenticle homeobox 2), Rdh5 (retinol dehydrogenase 5), Ttr (transthyretin), and Trf (transferrin) in cultured RPE cells (Mathis et al., 2017). Rdh5 and Ttr are involved in recycling of vitamin A for rods photoreceptors, while Trf is important for iron transport in RPE cells. This decrease in the expression of genes essential for RPE function suggests pro-inflammatory, activated MP interaction with the RPE can contribute to RPE dysfunction (Mathis et al., 2017). Additionally, cell-cell contact between RPE cells and activated MPs can cause apoptosis of RPE cells. Both bone marrow derived macrophages and microglia from mouse retina, that have been activated by inflammatory cytokines such as TNF-α, IFN-γ, and IL-1β, cause cultured mouse RPE cells to enter apoptosis (Devarajan et al., 2016). Similar findings have been reported in co-culture of human RPE cells and human activated monocytes, with a large number of RPE cells entering apoptosis through caspase-3 activation (Elner et al., 1992; Yang et al., 2011). Overall, pro-inflammatory, activated MPs when in contact with RPE cells can cause the death of the RPE, which may lead to dysfunction and failure in nearby remaining RPE cells perpetuating AMD disease progression.



Angiogenesis and subretinal fibrosis

Mononuclear phagocytes such as microglia have been suggested to play an integral role in angiogenesis during development (Checchin et al., 2006) and they are implicated in new vessel growth in nAMD (Jackson et al., 1997; Ambati and Fowler, 2012; Marneros, 2021). A recent study using single cell RNA-seq on human samples of retina/RPE/choroid from the macula of healthy control and AMD patients (intermediate AMD or CNV, not GA) has shed some light on changes in the MP populations within the eye in AMD and hints at a potential role for MPs in angiogenesis (Voigt et al., 2022). Based on previously described transcriptomes of MPs, three populations of MPs were identified in the retina/RPE/choroid complex: tissue resident macrophages, likely microglia; dendritic cells and inflammatory monocytes (Voigt et al., 2022). Of these, choroidal dendritic cells of AMD patients showed upregulation of both VEGFA and matrix metallopeptidase 9 (MMP9) (Voigt et al., 2022). Both genes are important for angiogenesis, suggesting that MPs may contribute directly to new vessel growth. The inflammatory macrophage subclass was found to upregulate paired immunoglobulin like 2 receptor alpha (PILRA) and ATP binding cassette subfamily A member 1 (ABCA1), which like ApoE, is important for cholesterol trafficking. Finally, the vascular cell classes (arteries, veins, and choriocapillaries) showed upregulation of COL8A1 (collagen type VIII alpha 1 chain) collagen expression, which suggests extracellular matrix remodeling, and upregulation in CFH in the alternative complement pathways, which could modulate MP interaction with the vascular bed (Voigt et al., 2022). The change in interaction between MPs and the vascular bed coupled with an upregulation of angiogenic factors in MPs, such as MMP9 and VEGFA, suggests that MPs may play a prominent role in CNV development, even prior to overt CNV pathology.

Additionally, MPs namely monocytes and derived macrophages recruited in CNV have been suggested to play a role in angiogenesis by secreting pro-angiogenic TNF-α, and IL-1β, which may promote expression of VEGF from the RPE and MPs (Leibovich et al., 1987; Oh et al., 1999; Cousins et al., 2004). The vitreous of patients with nAMD has increased pro-IL-1β and IL-1β relative to age-matched controls (Zhao et al., 2015). While the role of IL-1β in promoting angiogenesis is relatively well supported (Voronov et al., 2014), the role of IL-18 in nAMD has proven slightly controversial. IL-18 may play a protective role in limiting nAMD lesions in mouse models of CNV (Doyle et al., 2012), while other studies have shown it contributes to RPE degeneration (Tarallo et al., 2012). Generally, studies investigating CNV models in mice highlight a role for NLRP3 activation and MP generated IL-1β, but not necessarily IL-18, in nAMD lesion size and development (Marneros, 2021). The vitreous of patients with nAMD has also been found to contain higher levels of growth-related oncogene (GRO), CCL22, and CCL3 (Agrawal et al., 2019). Both CCL22 and CCL3 are chemokines that have been shown to be secreted by macrophages and induce angiogenesis (Agrawal et al., 2019), while GRO is a chemotactic chemokine that has been found to modulate inflammation and angiogenesis in diabetic retinopathy (Schoenberger et al., 2012).

Mononuclear phagocytes have also been implicated in fibrosis, the end stage of nAMD. Fibrosis is characterized as a wound healing process which involves deposition of extracellular matrix proteins driven by activated inflammatory cells and fibroblasts recruited to the damaged site (Little et al., 2018). This process has been suggested to be a primary reason for the failure of anti-VEGF therapies in arresting vision loss in nAMD progression. MPs, especially choroidal macrophages, are associated with CNV and fibrotic lesions in nAMD (Grossniklaus et al., 2000; Cherepanoff et al., 2010; Lad et al., 2015). MPs can trigger the expression of integrins α1 and α5 on the RPE surface via TNF-α production, promoting the RPE cells to migrate on fibronectin and collagen type I leading to fibrotic scarring (Jin et al., 2000; Kent and Sheridan, 2003; Ishikawa et al., 2016). Additionally, MPs have been suggested to directly contribute to fibrosis by transitioning to myofibroblasts (Little et al., 2018). Histological assessment of fibrosis within nAMD lesions and mouse studies of laser induced nAMD suggest that C3 and transforming growth factor beta (TGF-β) can induce MPs to transition to myofibroblasts, with 20–30% of infiltrating macrophages expressing the myofibroblast marker, α-smooth muscle actin, in lesion sites (Little et al., 2018). Treatment of a laser induced mouse model of nAMD with an antifibrotic agent, a novel cinnamyl anthranilate (OCX063), has been shown to reduce lesion size and fibrosis driven via the TGF-β pathway alluding to the potential for treatments targeting TGF-β pathways as an adjunct therapy for nAMD (Brandli et al., 2022).




Conclusion

Age-related macular degeneration is a multigenic disease associated with a range of environmental risk factors including aging and lifestyle factors. RPE dysfunction and pro-inflammatory MPs have been found to play an important role in the progression of AMD, from early/intermediate stage to advanced forms GA and nAMD. Crosstalk between MPs and the RPE contributes to the pathological changes observed in AMD and the ensuing inflammatory microenvironment can promote RPE cell dysfunction and death, as well as breakdown of blood retinal barrier. The factors that drive MPs to exert a detrimental role in AMD, rather than serving as a protective response against AMD pathology, are many and are still being defined. In the future, determining the MP factors that promote homeostasis and subtle para-inflammation that aid an aging RPE vs. those that promote an overt pro-inflammatory response will likely provide a pathway for developing therapies to slow vision loss in AMD.
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Inheritance

Recessive
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@Pjetrangelo, 2004; Brissot and de Bels, 2006; Andrews, 2008; Fix and Kowdley,
2008; Powell et al., 2016.
*Variation in this gene including C282Y, H63D, and S65C are associated with
increasing risk of neurodegenerative disorders particularly Parkinson’s disease.
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Iron uptake

Iron uptake
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Iron export

Storage; anti-oxidant activity in association with
p53 (Lee et al., 2009); regulator of angiogenesis
(Coffman et al., 2009); receptor for hepcidin
(Nemeth et al., 2004)

Internalization of iron in association with
ferroportin

Catalyzing the oxidization of Fe?+ to Fe3+
(ferroxidase)

Catalyzing the oxidization of Fe®* to Fe3*
(ferroxidase)
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hepcidin (Wallace et al., 2009)
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Expression in retina
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(Yefimova et al., 2000)
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2008; Hadziahmetovic et al., 2011a)

Midiller glia and RPE(Chen et al., 2003; Hahn et al., 2004b)

Mdller glia and RPE (Hahn et al., 2004b)

Restricted exclusively to basolateral membrane of RPE (Martin et al.,
2006)

RPE (apical membrane facing neural retina), Miller glia, photoreceptors,
and ganglion cells (Gnana-Prakasam et al., 2009b)
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Variable Value

Gestational age at birth, mean (SD), wks 25.4 (1.4)
Birth weight, mean (SD), g 780 (224)
Birth zZWeight, mean (SD)? —0.86 (1.36)
Birth weight small for gestational age®, n (%) 12 (14)
Male, n (%) 50 (57)
Retinopathy of prematurity (ROP), stages 0-2 47/78
Retinopathy of prematurity (ROP), stages 3 or Type | 31/78
Bronchopulmonary dysplasia (BPD)®, n (%) 39/78 (50)
Death before 40 weeks PMA, n (%) 9 (10)

4Calculated according to Niklasson and Albertsson-Wikland (2008).
bBW <—2 SD.
¢Supplemental O, at 36 weeks PMA.
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Gene symbol

ATP50
C3

CFB
CFH
IL-6
IL-8
MCP-1
PFKFB3

PGC-1A

PKM2
VEGFA
VEGFC
BP

Gene name

ATP synthase subunit O
Complement component 3
Complement factor B

Complement factor H

Interleukin-6

Interleukin-8

Monocyte chemoattractant protein-1

6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3

Peroxisome proliferator-activated receptor gamma,
coactivator 1 alpha (PPARGC1A)

Pyruvate kinase muscle isozyme M2
Vascular endothelial growth factor A
Vascular endothelial growth factor C
TATA-binding protein

Forward sequence (5'-3')

TTTGAATCCCTATGTGAAGCGTT
ACGGCCTTTGTTCTCATCTC
GCTGTGAGAGAGATGCTCAATA
CTGATCGCAAGAAAGACCAGTA
ACTCACCTCTTCAGAACGAATTG
TTTTGCCAAGGAGTGCTAAAGA
CAGCCAGATGCAATCAATGCC
CAGTTGTGCCTCCAATATC

GTCACCACCCAAATCCTTAT

CAAAGGACCTCAGCAGCCATGTC
GGGCAGAATCATCACGAAGTG
GCCAATCACACTTCCTGCCGAT
TGCACAGGAGCCAAGAGTGAA

Reverse sequence (5'-3')

CCTTGGGTATTGCTTAATCGACC
CAAGGAAGTCTCCTGCTTTAGT
GACTCACTCCAGTACAAAG
TGGTAGCACTGAACGGAATTAG
CCATCTTTGGAAGGTTCAGGTTG
AACCCTCTGCACCCAGTTTTC
TGGAATCCTGAACCCACTTCT
GGCTTCATAGCAACTGATCC

ATCTACTGCCTGGAGACCTT

GGGAAGCTGGGCCAATGGTACAGA
ATTGGATGGCAGTAGCTGCG
AGGTCTTGTTCGCTGCCTGACA
CACATCACAGCTCCCCACCA
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