

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83250-140-5
DOI 10.3389/978-2-83250-140-5

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





NEURODEGENERATION AND NEUROPROTECTION IN RETINAL DISEASE, VOLUME II

Topic Editors: 

Giovanni Casini, University of Pisa, Italy

Mohammad Shamsul Ola, King Saud University, Saudi Arabia

Peter Koulen, University of Missouri–Kansas City, United States

Citation: Casini, G., Ola, M. S., Koulen, P., eds. (2022). Neurodegeneration and Neuroprotection in Retinal Disease, Volume II. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83250-140-5





Table of Contents




Editorial: Neurodegeneration and Neuroprotection in Retinal Disease, Volume II

Giovanni Casini, Mohammad Shamsul Ola and Peter Koulen

The Contribution of Anterior Segment Abnormalities to Changes in Intraocular Pressure in the DBA/2J Mouse Model of Glaucoma: DBA/2J-Gpnmb+/SjJ Mice as Critical Controls

Landon J. Rohowetz, Marc E. Mardelli, R. Scott Duncan, Sean M. Riordan and Peter Koulen

SIRT4 Is Highly Expressed in Retinal Müller Glial Cells

Wei Wei, Piaopiao Hu, Mengqi Qin, Guiping Chen, Feifei Wang, Shengrui Yao, Ming Jin, Zhi Xie and Xu Zhang

Nutraceutical Molecules Slow Down Retinal Degeneration, in Tvrm4 Mice a Model of Retinitis Pigmentosa, by Genetic Modulation of Anti-oxidant Pathway

Ilaria Piano, Francesca Corsi, Beatrice Polini and Claudia Gargini

Novel Machine-Learning Based Framework Using Electroretinography Data for the Detection of Early-Stage Glaucoma

Mohan Kumar Gajendran, Landon J. Rohowetz, Peter Koulen and Amirfarhang Mehdizadeh

Molecular Mechanisms Underlying the Therapeutic Role of Vitamin E in Age-Related Macular Degeneration

Genea Edwards, Caroline G. Olson, Carlyn P. Euritt and Peter Koulen

Neuronal Dysfunction Is Linked to the Famine-Associated Risk of Proliferative Retinopathy in Patients With Type 2 Diabetes

Olena Fedotkina, Ruchi Jain, Rashmi B. Prasad, Andrea Luk, Marta García-Ramírez, Türküler Özgümüs, Liubov Cherviakova, Nadiya Khalimon, Tetiana Svietleisha, Tetiana Buldenko, Victor Kravchenko, Deepak Jain, Allan Vaag, Juliana Chan, Mykola D. Khalangot, Cristina Hernández, Peter M. Nilsson, Rafael Simo, Isabella Artner and Valeriya Lyssenko

αA-Crystallin Mediated Neuroprotection in the Retinal Neurons Is Independent of Protein Kinase B

Madhu Nath and Patrice Elie Fort

New Retinal Pigment Epithelial Cell Model to Unravel Neuroprotection Sensors of Neurodegeneration in Retinal Disease

Aram Asatryan, Jorgelina M. Calandria, Marie-Audrey I. Kautzmann, Bokkyoo Jun, William C. Gordon, Khanh V. Do, Surjyadipta Bhattacharjee, Thang L. Pham, Vicente Bermúdez, Melina Valeria Mateos, Jessica Heap and Nicolas G. Bazan

Implications of Diabetes-Induced Altered Metabolites on Retinal Neurodegeneration

Dalia I. Aldosari, Ajamaluddin Malik, Abdullah S. Alhomida and Mohammad S. Ola












	
	TYPE Editorial
PUBLISHED 23 August 2022
DOI 10.3389/fnins.2022.1009228






Editorial: Neurodegeneration and Neuroprotection in Retinal Disease, Volume II

Giovanni Casini1, Mohammad Shamsul Ola2 and Peter Koulen3,4*


1Department of Biology, University of Pisa, Pisa, Italy

2Department of Biochemistry, College of Science, King Saud University, Riyadh, Saudi Arabia

3Department of Ophthalmology, Vision Research Center, School of Medicine, University of Missouri–Kansas City, Kansas City, MO, United States

4Department of Biomedical Sciences, School of Medicine, University of Missouri–Kansas City, Kansas City, MO, United States

[image: image2]

OPEN ACCESS

APPROVED BY
 Wonkyu Ju, University of California, San Diego, United States

*CORRESPONDENCE
 Peter Koulen, koulenp@umkc.edu

SPECIALTY SECTION
 This article was submitted to Neurodegeneration, a section of the journal Frontiers in Neuroscience

RECEIVED 01 August 2022
 ACCEPTED 03 August 2022
 PUBLISHED 23 August 2022

CITATION
 Casini G, Ola MS and Koulen P (2022) Editorial: Neurodegeneration and Neuroprotection in Retinal Disease, Volume II. Front. Neurosci. 16:1009228. doi: 10.3389/fnins.2022.1009228

COPYRIGHT
 © 2022 Casini, Ola and Koulen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



KEYWORDS
 oxidative stress, inflammation, apoptosis, nutraceuticals, drug delivery



Editorial on the Research Topic
 Neurodegeneration and Neuroprotection in Retinal Disease, Volume II





The goal of the Frontiers Research Topic, Neurodegeneration and Neuroprotection in Retinal Disease, Volume II, was to expand on Volume I of this Research Topic. Specifically, the Research Topic aimed to elucidate (i) pathophysiological mechanisms of neurodegeneration in retinal diseases; (ii) new neuroprotective substances, with a particular attention to nutraceuticals, that may be used to treat retinal pathologies; (iii) new methods of neuroprotective drug delivery to the retina.

Diseases impairing retina function continue to generate an increasing healthcare burden across the globe affecting both patients and their families. As a majority of these diseases produces vision loss and blindness by impairing the viability and ultimately inducing cell death of retinal neurons, mechanisms underlying retinal neurodegeneration remain only partially identified. While the pathophysiology of glaucoma, diabetic retinopathy (DR), age-related macular degeneration (AMD), and retinitis pigmentosa differ widely, all have degeneration of the neural retina in common. Therefore, common features of neurodegeneration leading ultimately to the loss of neurons and visual function, can be not only determined, but can also lead to insights into its molecular, cellular and systemic mechanisms. The growing field of neuroprotection utilizes these novel insights into the causes of neurodegeneration to devise both preventative and therapeutic strategies covering areas ranging from traditional nutraceutical and pharmaceutical approaches to groundbreaking new cell-based and personalized medicine therapies. Due to the complex, chronic and multifactorial nature of neurodegeneration in retinal pathologies research efforts continue and increase to innovate and improve impactful in vitro and in vivo models. Innovation of such preclinical research tools remains a critical component of research benefiting both the neurodegeneration and neuroprotection fields and accelerating and strengthening the critical interaction between both of these fields.

The Frontiers Research Topic, “Neurodegeneration and Neuroprotection in Retinal Disease, Volume II,” contributes to this broad range of complementary research efforts with two reviews and seven research articles:

Aldosari et al. provide a systematic review in the field of DR, specifically focusing on a synthesis of recent advances in preclinical and clinical studies on the role of metabolites in neurovascular damage contributing to neurodegeneration in DR. Reviewing key signaling pathways affecting or affected by sugar, lipid, and amino acid metabolites of carbohydrate, lipid, and amino acids the authors integrate key aspects of endocrinology, immunology and ophthalmology research including underlying seminal basic science research. At the same time, the authors also identify challenges and opportunities, where clinical phenotypes obtained through metabolic profiling have not been linked with mechanisms underlying pathophysiology and where new research tools to identify mechanisms underlying metabolic defects have become available, respectively (Aldosari et al.).

Bridging the fields of nutraceuticals, dietary supplements and small molecule therapeutics as they relate to neuroprotection, Edwards et al. provide a review of molecular mechanisms underlying the therapeutic actions of vitamin E in AMD. Starting with successes and shortcomings in the clinical use of vitamin E to control retinal neurodegeneration and other medical conditions, the authors integrate recent mechanistic findings from the preclinical and clinical scientific literature to come full circle and provide conclusions and directions for research to improve future clinical intervention approaches for AMD and potentially other retinal diseases (Edwards et al.).

Three of the research articles advance research tools and novel approaches to identify mechanisms of neurodegeneration geared toward improved neuroprotective strategies:

Rohowetz et al. explore the impact of abnormalities of the anterior segment on ocular hypertension in a widely used mouse model of glaucoma, the DBA/2J mouse, and in DBA/2J-Gpnmb+/SjJ control mice. They found that while common in both the glaucomatous and the control mouse strains, corneal calcification does not contribute to the development of an elevated intraocular pressure in DBA/2J mice, while iris pigment dispersion does. These findings provide important insights in the use of and for the interpretation of data obtained from this key preclinical glaucoma model (Rohowetz et al.).

Gajendran et al. present a novel strategy to identify and analyze changes in electroretinography signals resulting from glaucoma. Using a machine-learning algorithm, they were able to identify functional changes and deficits in a mouse model of glaucoma and conclude that the novel tool can potentially facilitate the quantitative and non-invasive assessment of both early-stage glaucoma and the success of therapeutic intervention (Gajendran et al.).

Asatryan et al. describe a new human retinal pigment epithelial cell line as an innovative tool to conduct research on a cell type critical for retina and particularly photoreceptor cell function and health. Gene expression profiling, and developmental, structural, functional and pharmacological characterization of these cells lead the authors to conclude that the new cell line will be able to contribute significantly to the field of neuroprotection research (Asatryan et al..

Four of the research articles report new mechanisms of action representing clinically relevant targets for neuroprotective strategies:

Nath and Fort identify distinct molecular signaling pathways underlying αA-crystallin-mediated neuroprotection. The authors describe neuroprotective activity of αA-crystallin independent of well characterized neuroprotective kinase signaling pathways and leading to the identification of new potential neuroprotective approaches (Nath and Fort).

Piano et al. measure the neuroprotective potential of the nutraceuticals naringenin and quercetin in a mouse model of retinal degeneration. The authors find robust protection from photoreceptor cell degeneration mediated by antioxidant and anti-apoptotic properties of the nutraceutical molecules suggesting potential efficacy as nutraceutical therapy for retinitis pigmentosa patients (Piano et al.).

Wei et al. identify sirtuin 4 (SIRT4) in Müller glia of the retina and describe how activation of SIRT4 can be used to increase glutamine synthetase expression and thereby neuroprotection. The authors conclude that SIRT4 can potentially become a target for long-term pharmacotherapy of retinal pathologies (Wei et al.).

Fedotkina et al. determine genetic risk factors for proliferative diabetic retinopathy resulting from exposure to starvation and observe changes in retina development resulting from glucose starvation. The authors suggest opportunities for neuroprotective intervention with respect to both developmental stage and potential molecular targets (Fedotkina et al.).

In summary, together with Volume I, this Volume II of the Frontiers Research Topic on Neurodegeneration and Neuroprotection in Retinal Disease constitutes a valid contribution to the understanding of the neurodegeneration phenomena in retinal diseases and to the possible design of new therapeutic approaches that could limit the socio-economic burden of sight-threatening pathologies.
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The contributions of anterior segment abnormalities to the development of ocular hypertension was determined in the DBA/2J mouse model of glaucoma. Intraocular pressure (IOP) was measured non-invasively. Iris pigment dispersion (IPD) and corneal calcification were measured weekly starting at 20 weeks of age in DBA/2J and DBA/2J-Gpnmb+/SjJ mice. Thickness, surface area, auto-fluorescence intensity, and perimeter length of calcified regions were measured in postmortem corneas using confocal microscopy. DBA/2J mice developed elevated IOP between 9 and 12 months of age, but DBA/2J-Gpnmb+/SjJ mice did not. Corneal calcification was found at all ages observed and at similar frequencies in both strains with 83.3% of DBA/2J eyes and 60.0% of DBA/2J-Gpnmb+/SjJ eyes affected at 12 months (P = 0.11). Calcification increased with age in both DBA/2J (P = 0.049) and DBA/2J-Gpnmb+/SjJ mice (P = 0.04) when assessed qualitatively and based on mixed-effects analysis. No differences in the four objective measures of calcification were observed between strains or ages. At 12 months of age, DBA/2J mice with corneal calcification had greater mean IOP than DBA/2J mice without corneal calcification. IOP was not correlated with the qualitatively assessed measures of calcification. For the subset of eyes with ocular hypertension, which were only found in DBA/2J mice, IOP was negatively correlated with the qualitative degree of calcification, but was not correlated with the four quantitative measures of calcification. Differences in IOP were not observed between DBA/2J-Gpnmb+/SjJ mice with and without calcification at any age. IPD increased with age and demonstrated a moderate correlation with IOP in DBA/2J mice, but was not observed in DBA/2J-Gpnmb+/SjJ mice. In the DBA/2J mouse model of glaucoma, increased IPD is positively correlated with an increase in IOP and corneal calcification is present in the majority of eyes at and after age 9 months. However, while IPD causes ocular hypertension, corneal calcification does not appear to contribute to the elevation of IOP, as the control strain DBA/2J-Gpnmb+/SjJ exhibits corneal calcification similar to DBA/2J mice, but does not develop ocular hypertension. Corneal calcification, therefore, does not appear to be a contributing factor to the development of elevated IOP in DBA/2J mice.

Keywords: glaucoma, retina, iris pigment dispersion, intraocular pressure, iris stromal atrophy, cornea, corneal calcification, anterior chamber


INTRODUCTION

Glaucoma is characterized by progressive dysfunction and degeneration of the optic nerve and is the leading cause of irreversible blindness worldwide, affecting 64.3 million individuals in 2013 (Tham et al., 2014). Experimental models of glaucoma are important to understanding the disease and identifying potential therapeutic strategies. The DBA/2J inbred mouse is one of the most widely used models of ocular hypertension-induced glaucoma and was first described as a model for glaucoma in 1995 (Sheldon et al., 1995; Inman et al., 2006; Schlamp et al., 2006; Burroughs et al., 2011; Bosco et al., 2018; Mathieu et al., 2018; Buchanan et al., 2019; Jassim et al., 2019). DBA/2J mice develop severe iris pigment dispersion (IPD), which causes elevated intraocular pressure (IOP) as a result of occluded aqueous humor drainage pathways (John et al., 1998; Libby et al., 2005; Scholz et al., 2008). IPD occurs in DBA/2J mice due to a mutation in the glycoprotein (transmembrane) nmb gene (GpnmbR150X). A separate iris abnormality, iris stromal atrophy (ISA), occurs as a result of a mutation in the tyrosinase related protein 1 gene (Tyrp1b) (Chang et al., 1999; Anderson et al., 2002; Libby et al., 2005; Howell et al., 2007). Homozygosity for both of these genes accounts for the severe iris abnormalities including ISA and IPD seen in DBA/2J mice (Anderson et al., 2002).

In addition to these factors rendering DBA/2J mice a model of ocular hypertension-induced glaucoma, DBA/2J mice are also predisposed to a variety of systemic disorders including seizures, high-frequency hearing loss, thoracic cavity malformation and dystrophic calcification (van den Broek and Beynen, 1998; Shin et al., 2010; Jackson et al., 2015; Turner et al., 2017). Evidence of calcification has been reported in several tissues and organs throughout the body, including the heart, skeletal muscle, tongue, kidney, testes and diaphragm (van den Broek and Beynen, 1998). The cornea is also a common site for calcification in DBA/2J mice that increases in incidence and severity with age (John et al., 1998; Inman et al., 2006; Chou et al., 2011; Rutsch et al., 2011; Bricker-Anthony and Rex, 2015). This is particularly important for the use of DBA/2J mice as a glaucoma model, as calcification may impact non-invasive IOP measurement due to its effects on corneal thickness and elasticity (Brandt, 2001; Turner et al., 2017). Indeed, when compared with invasive IOP measurement, non-invasive measurement of IOP has been shown to be unreliable and often falsely elevated in DBA/2J mice (Turner et al., 2017). Furthermore, in DBA/2J mice, increased corneal thickness has been associated with elevated IOP measured non-invasively (Inman et al., 2006; Chou et al., 2011). However, despite these shortcomings non-invasive rebound tonometry continues to be used in mouse studies. Non-invasive measurement is a more humane method of measurement, it does not require anesthesia, and it is essential to longitudinal and histological studies where damage to the eye due to measurement is unacceptable.

IOP- and age-dependent decreases in visual acuity are characteristic components of glaucoma disease progression in DBA/2J mice (Wong and Brown, 2007; Burroughs et al., 2011; Grillo et al., 2013; Kaja et al., 2014; Grillo and Koulen, 2015; Montgomery et al., 2016; Yang et al., 2018). At the same time, adequate fundus and retinal imaging can be difficult to obtain due to anterior chamber abnormalities, including corneal calcification, in DBA/2J mice (Turner et al., 2017). In addition, other forms of corneal pathology have been identified in DBA/2J mice, including ulcers, erosions, neovascularization and basement membrane mineralization (John et al., 1998; Inman et al., 2006). Given the extent and severity of corneal and anterior chamber abnormalities in DBA/2J mice, the goal of the present study was to determine the relative contributions of such abnormalities to the development of ocular hypertension in the DBA/2J mouse model of glaucoma. A recently described control strain for DBA/2J mice, DBA/2J-Gpnmb+/SjJ, is characterized by a functional Gpnmb allele. Although these mice develop very mild ISA due to the homozygous mutation in Tyrp1b, they do not develop IPD, elevated IOP, or glaucoma and therefore have been suggested as a more closely matched control for DBA/2J mice (Howell et al., 2007). Therefore, we employed a comparison of the DBA/2J and DBA/2J-Gpnmb+/SjJ mouse strains to determine the relative roles of age-related changes in IOP and corneal pathology, specifically corneal calcification in the DBA/2J mouse model of glaucoma.



MATERIALS AND METHODS


Animals

DBA/2J (n = 30) and DBA/2J-Gpnmb+/SjJ (n = 30) mice were purchased from Jackson Laboratories (Bar Harbor, ME). Mice were socially housed with ad libitum access to food and water and were kept under a 12-h dark/light cycle. 10 mice from each strain were euthanized at 6, 9, or 12 months of age. One DBA/2J animal from the 12-month group was lost to sampling and follow-up. All animal husbandry and experimental procedures had been approved by the Institutional Animal Care and Use Committee and were conducted in compliance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals and in accordance with the ARVO Animal Statement and institutional guidelines.



Measurement of Intraocular Pressure

As validated previously (Pease et al., 2011), IOP was measured weekly starting at 9 weeks of age until the end of the study with rebound tonometry (Icare TONOLAB, Colonial Medical Supply Co., Inc., Franconia, NH) not requiring anesthesia. Three measurements, each consisting of the average of six repeated measurements performed by the tonometry system, were obtained in each eye and the average was used for analysis.



Qualitative Assessment of Structural Changes of the Cornea and Iris

A qualitative assessment of corneal calcification and IPD was conducted weekly beginning at 20 weeks of age by the same investigator, who was blinded to the strain identity or age of mice. Imaging of the anterior segment and for evaluation of corneal calcification and IPD was performed non-invasively and without the need for anesthesia. The investigator used the grading system illustrated in Table 1 and Figure 1 for corneal calcification and as described previously for IPD (Swaminathan et al., 2013). As the pupillary light reflex in some animals becomes diminished over time, such qualitative assessment, while both biologically and clinically relevant due to their non-invasiveness and ease-of-use in longitudinal studies, were complemented with quantitative measures as follows.


TABLE 1. Qualitative corneal calcification grading system.
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FIGURE 1. Qualitative measures of corneal calcification in DBA/2J and DBA/2J-Gpnmb+/SjJ mice. Brightness and contrast have been adjusted to increase visibility of calcifications.




Quantitative Assessment of Structural Changes of Cornea Calcification

Confocal microscopy was carried out using a Nikon FN/C2 upright confocal microscope with a Coherent OBIS and Sapphire lasers (Nikon Instruments Inc., Melville, NY, United States; Coherent, Inc., Santa Clara, CA, United States). Corneal calcification was measured quantitatively after euthanasia using confocal microscopy imaging of corneal autofluorescence (Nikon, Melville NY). A total of 62 images (left and right eyes from 31 mice: 17 DBA/2J, 2 at 6 months, 5 at 9 months and 7 at 12 months of age, and 14 DBA/2J-Gpnmb+/SjJ control mice, 4 at 6 months, 5 at 9 months and 8 at 12 months of age) were obtained under identical conditions and were analyzed with Image-J/FIJI (National Institute of Health, United States). Each image was acquired as a Z-stack from each eye of each animal used for calcification measurement. Optical sectioning along the Z-axis was used to determine the thickness of calcified areas and maximum intensity projection images were generated to measure average signal intensity (a correlate of calcium crystal density), surface area, and perimeter length of calcified segments (Figure 2).
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FIGURE 2. Quantitative measures of corneal calcification in DBA/2J and DBA/2J-Gpnmb+/SjJ mice. Image-J/FIJI was used to generate maximum intensity projections of corneal autofluorescence. Calcified regions of interest (ROIs) were isolated using Image-J/FIJI thresholding, binary, and outline tools. ROIs were subsequently used to measure thickness, signal intensity, surface area, and perimeter length.




Statistical Methods

All analyses were performed with GraphPad Prism Versions 8 and 9 (GraphPad Software, San Diego, CA), Microsoft Excel (Microsoft Corporation, Redmond, WA) and IBM SPSS Statistics Version 25 (IBM Corp., Armonk, NY). Pearson correlation coefficients were measured using bivariate correlations and strength of association was determined as follows: no correlation for 0.0 ≤ r < 0.2, weak correlation for 0.2 ≤ r < 0.4, moderate correlation for 0.4 ≤ r < 0.6, and strong correlation for 0.6 ≤ r ≤ 1.0. Sample means, mean differences, and 95% confidence intervals were obtained using independent t-tests, dependent t-tests, mixed-effects analyses and analyses of variance (ANOVAs). Tukey’s tests and Bonferroni corrections were used to account for multiple comparisons.




RESULTS


Iris Pigment Dispersion—Comparisons Among Strains and Age Groups

At 6 months of age, 6.7% (4/60) of DBA/2J eyes demonstrated evidence of IPD. At 9 months of age, 77.5% (31/40) of DBA/2J eyes demonstrated evidence of IPD and at 12 months of age, 100% (18/18) of DBA/2J eyes showed evidence of IPD. No DBA/2J-Gpnmb+/SjJ mice developed IPD.



Intraocular Pressure—Comparisons Among Strains and Age Groups

Mean IOP of DBA/2J-Gpnmb+/SjJ mice increased (P = 0.005; 95% CI, 0.480–3.02 mm Hg) at 12 months (13.8 ± 0.47 mm Hg) from 6 months (12.05 ± 0.30 mm Hg). Mean IOP increased at both 9 months (13.53 ± 0.88 mm Hg) and 12 months (23.53 ± 1.72 mm Hg) when compared with IOP measured at 6 months (9.3 ± 0.24 mm Hg; P < 0.001; 95% CI 2.22–6.23 and 11.57–16.89 mm Hg, respectively) in the DBA/2J group. At 41 weeks, IOP became consistently higher in DBA/2J mice (mean difference 6.15 ± 1.98 mm Hg; P = 0.003; Figure 3A) and at 12 months, mean IOP was significantly greater (P < 0.001; 95% CI, 5.99–13.47 mm Hg; Figure 3B) in DBA/2J mice (23.53 ± 1.72 mm Hg) when compared with DBA/2J-Gpnmb+/SjJ mice (13.8 ± 0.47 mm Hg; Figure 3B). While no DBA/2J-Gpnmb+/SjJ mice developed ocular hypertension, IOPs over 21 mm Hg were seen in DBA/2J mice for 5 out of 40 eyes (from 3 animals) at 9 months and in 11 out of 20 eyes (from 8 animals) at 12 months (Figure 3B).
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FIGURE 3. (A) Line graph illustrating mean intraocular pressure of DBA/2J and DBA/2J-Gpnmb+/SjJ mice by age. Mean intraocular pressure became consistently greater in DBA/2J mice than DBA/2J-Gpnmb+/SjJ at 41 weeks. (B) Column graph demonstrating intraocular pressure between groups and age. Line at 21 mm Hg indicates demarcation between normal tension and ocular hypertension. Mean intraocular pressure of DBA/2J and DBA/2J-Gpnmb+/SjJ mice increased at 12 months from 6 months. Mean intraocular pressure also increased at 9 months from 6 months in the DBA/2J group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error bars represent 95% confidence intervals. Sample sizes for A varied at each time point due to the availability of mice to be measured and ranged from 17 to 60 eyes for each point. Sample sizes for B were, from left to right (60, 60, 38, 40, 20, 17).


Mean IOP at 12 months was greater (P = 0.048; 95% CI, 0.010–16.67 mm Hg) in DBA/2J eyes with corneal calcification (25.38 ± 1.85 mm Hg) when compared to DBA/2J eyes without corneal calcification (17.5 ± 2.53 mm Hg; Figure 4). No difference in mean IOP was observed between DBA/2J-Gpnmb+/SjJ mice with or without corneal calcification (Figure 4).
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FIGURE 4. Column graph illustrating IOP in DBA/2J mice and DBA/2J-Gpnmb+/SjJ mice stratified by age and presence of corneal calcification. Line at 21 mm Hg indicates demarcation between normal tension and ocular hypertension. Mean intraocular pressure at 12 months was greater in calcified DBA/2J eyes when compared to non-calcified DBA/2J eyes. No difference in mean IOP was observed between DBA/2J-Gpnmb+/SjJ mice with or without corneal calcification. *P < 0.05. Error bars represent 95% confidence intervals. Sample sizes were, from left to right [(13, 17, 17, 11) (18, 21, 20, 19) (8, 4, 12, 13)].




Qualitative Assessment of Corneal Calcification—Comparisons Among Strains and Age Groups

Corneal calcification was found in 46.4% of DBA/2J eyes and 56.7% of DBA/2J-Gpnmb+/SjJ eyes at 6 months (P = 0.32), 52.5 and 52.6% at 9 months (P = 0.99) and 83.3 and 60.0% at 12 months (P = 0.11). Mixed-effects analysis demonstrated an increase in qualitative calcification with age in both DBA/2J (P = 0.049) and DBA/2J-Gpnmb+/SjJ mice (P = 0.04). While two-way ANOVA examining the effects of group and age on qualitative calcification revealed an interaction between groups (P = 0.03), multiple comparisons analyses revealed no individual differences between groups (Figures 5A–C).
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FIGURE 5. (A) Line graph, (B) column graph and (C) photographs illustrating the degree of qualitative corneal calcification in both DBA/2J and DBA/2J-Gpnmb+/SjJ mice euthanized at 12 months. The degree of qualitative calcification increased with age in both DBA/2J and DBA/2J-Gpnmb+/SjJ mice. No differences in qualitative calcification were observed between groups. *P < 0.05, **P < 0.01. Error bars represent 95% confidence intervals. Sample sizes for A varied at each time point due to the availability of mice to be measured and ranged from 18 to 40 eyes for each point. Sample sizes for B were, from left to right [(30, 28),(37, 40),(20, 18)].




Objective Measures of Calcification—Comparisons Among Strains and Age Groups

Using objective measures of corneal calcification, we determined an increase in the number of eyes affected with age (Figure 6): calcification was found in 40% of DBA/2J eyes and 20% of DBA/2J-Gpnmb+/SjJ eyes at 6 months (P = 0.17), 35 and 47% at 9 months (P = 0.46), and 83 and 60% at 12 months (P = 0.11).
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FIGURE 6. No differences in calcification (A) perimeter length, (B) area, (C) autofluorescence intensity, or (D) thickness were observed between groups or ages in eyes with cornea calcification. Error bars represent 95% confidence intervals. Sample sizes varied at each time point due to the number of mice with calcification. Sample sizes were from left to right A[(4, 8),(8, 7),(12, 15)], B[(2, 6),(7, 5),(12, 12)], C[(4, 8),(8,7),(9, 14)], D[(4, 8),(8, 7),(12, 15)].


When comparing 9 and 12 month-old mice with corneal calcification, DBA/2J mice did not demonstrate an increase in calcification perimeter length (Figure 6A; P = 0.61), area (Figure 6B; P = 0.67), autofluorescence intensity (Figure 6C; P = 0.66) or thickness (Figure 6D; P = 0.07). Furthermore, DBA/2J-Gpnmb+/SjJ mice did not demonstrate changes in any of the aforementioned parameters between 9 and 12 months of age (P = 0.98, 0.98, 0.23, and 0.20, respectively; Figures 6A–D). Moreover, DBA/2J mice did not exhibit significantly greater mean calcification perimeter length at 12 months (Figure 6A; P = 0.35) or calcification intensity at 6 months (Figure 6C; P = 0.65) when compared to DBA/2J-Gpnmb+/SjJ mice of the same age. In sum, no differences in objective measures of calcification were observed between groups or ages (Figures 6A–D).



Intraocular Pressure and Calcification—Comparisons Among Strains and Age Groups

IOP demonstrated no correlation with qualitative calcification (r = 0.19, P = 0.08; Figure 7A) when all eyes of DBA/2J mice were included. These parameters were also not correlated in DBA/2J-Gpnmb+/SjJ mice (r = 0.07, P = 0.54; Figure 7B) and for the three ages investigated in either strain (DBA/2J mice at 6, 9 and 12 months, r = –0.18, P = 0.37, r = 0.06, P = 0.73, r = 0.02, P = 0.94, respectively; DBA/2J-Gpnmb+/SjJ mice at 6, 9 and 12 months, r = 0.24, P = 0.20, r = 0.15, P = 0.38, r = 0.18, P = 0.44, respectively; Figure 7). For eyes with ocular hypertension (red symbols in Figure 7), which were only found in DBA/2J mice, IOP was negatively correlated with qualitatively assessed calcification (r = –0.55, P = 0.03; Figure 7A).
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FIGURE 7. Scatterplot demonstrating (A) no correlation between qualitative calcification and intraocular pressure (r = 0.19) in all eyes of DBA/2J mice and (B) of DBA/2J-Gpnmb+/SjJ mice (r = 0.07). Qualitative calcification and intraocular pressure (r = –0.55, P = 0.03) were negatively correlated in eyes with ocular hypertension (highlighted in red). Sample sizes for each group in A were (6 mo = 28; 9 mo = 66, 12 mo = 18, Hypertensive = 15, All eyes = 86). Sample sizes for each group in B were (6 mo = 30; 9 mo = 38, 12 mo = 20, All eyes = 87).


For quantitative measures of corneal calcification, DBA/2J mice demonstrated weak to moderate correlations between IOP and calcification thickness (r = 0.42, P = 0.004; Figure 8A), IOP and calcification perimeter length (r = 0.36, P = 0.01; Figure 8B) and IOP and calcification intensity (r = 0.39, P = 0.007; Figure 8C) but not calcification area (r = 0.25, P = 0.09; Figure 8D). These parameters were not significantly positively correlated in DBA/2J-Gpnmb+/SjJ mice (r = 0.16, P = 0.29, r = 0.01, P = 0.95, r = 0.26, P = 0.08, r = –0.01, P = 0.93, respectively; Figures 8E–H) and for the three ages investigated in either strain (Figures 8A–H and Table 2).
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FIGURE 8. Scatterplots for DBA/2J mice demonstrating weak to moderate correlations between (A) intraocular pressure (IOP) and calcification thickness among all eyes (r = 0.42, P = 0.004), (B) IOP and calcification perimeter length among all eyes (r = 0.36, P = 0.01), and (C) IOP and calcification intensity among all eyes (r = 0.39, P = 0.007), but not (D) IOP and calcification area among all eyes (r = 0.25, P = 0.09). Scatterplots for Gpnmb+/SjJ mice demonstrate no relationship between (E) IOP and calcification thickness among all eyes (r = 0.16, P = 0.29), (F) IOP and calcification perimeter length among all eyes (r = 0.01, P = 0.95), (G) IOP and calcification intensity among all eyes (r = 0.26, P = 0.08), and (H) IOP and calcification area among all eyes (r = –0.01, P = 0.93). There were no significant positive correlations when mice in either strain were examined at 6, 9, and 12 months of age and there were no relationships between IOP and quantitative measures of calcification in mice with ocular hypertension. Error bars represent 95% confidence intervals. Sample sizes varied at each time point due to the number of mice with calcification. Sample sizes as in Figure 6.



TABLE 2. Correlations between intraocular pressure and quantitative measures of corneal calcification in DBA/2J and DBA/2J-Gpnmb+/SjJ mice.

[image: Table 2]
For eyes with ocular hypertension (red symbols in Figure 8), which were only found in DBA/2J mice, IOP was not correlated with quantitative measures of calcification (calcification thickness, r = –0.29, P = 0.32; Figure 8A; calcification perimeter length, r = –0.19, P = 0.51; Figure 8B; calcification intensity, r = 0.33, P = 0.26; Figure 8C; calcification area, r = 0.52, P = 0.057; Figure 8D).



Intraocular Pressure and Iris Pigment Dispersion—Comparisons Among Strains and Age Groups

IOP and the degree of IPD development were moderately correlated in DBA/2J mice (r = 0.57, P < 0.001; Figure 9A). This correlation was even stronger when only mice with corneal calcification were analyzed (r = 0.60, P < 0.001; Figure 9B) and was absent in the subset of mice that did not exhibit corneal calcification (r = 0.22, P = 0.33; Figure 9C). For the three ages investigated in DBA/2J mice, the correlation between IOP and the degree of IPD development did not increase with age (9 months: r = 0.09, P = 0.60; 12 months: r = 0.08, P = 0.76, respectively; Figure 9). For eyes with ocular hypertension (red symbols in Figure 9), which were only found in DBA/2J mice, IOP was not correlated with qualitatively assessed IPD development (r = –0.05, P = 0.91; Figure 9). IPD was not observed in DBA/2J-Gpnmb+/SjJ mice.


[image: image]

FIGURE 9. Scatterplots demonstrating a moderate correlation between (A) intraocular pressure (IOP) and qualitative iris pigment dispersion (IPD) in DBA/2J mice (r = 0.57, P < 0.001) which (B) increased when only mice with calcification were included in the analysis (r = 0.60, P < 0.001) and (C) was not detected when mice without calcification were excluded from analysis (r = 0.22). There were no significant correlations between IOP and qualitative IPD in mice with ocular hypertension. Error bars represent 95% confidence intervals. Sample sizes varied at each time point due to the number of mice with calcification. Sample sizes as in Figure 6.




Iris Pigment Dispersion and Corneal Calcification—Comparisons Among Age Groups

At time of euthanasia, DBA/2J mice demonstrated weak to moderate correlations between IPD and calcification thickness (r = 0.48, P = 0.004; Figure 10A), calcification perimeter (r = 0.47, P = 0.008; Figure 10B), calcification intensity (r = 0.34, P = 0.048; Figure 10C), calcification area (r = 0.38, P = 0.03; Figure 10D), and qualitative calcification (r = 0.35, P = 0.04). No correlations were observed in DBA2/J mice when IPD and corneal calcification were examined by individual age cohorts (6, 9, and 12 months).
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FIGURE 10. Scatterplots demonstrating weak to moderate correlations between iris pigment dispersion and (A) calcification thickness (r = 0.48, P = 0.004), (B) calcification perimeter (r = 0.47, P = 0.008), (C) calcification intensity (r = 0.34, P = 0.048), and (D) calcification area (r = 0.38, P = 0.03). Error bars represent 95% confidence intervals. Sample sizes varied at each time point due to the number of mice with calcification. Sample sizes as in Figure 6.





DISCUSSION

In the present study, we used DBA/2J-Gpnmb+/SjJ mice as a control for DBA/2J mice to characterize anterior segment abnormalities in the context of the development of elevated IOP and ocular hypertension. The genotype of DBA/2J-Gpnmb+/SjJ mice is identical to the DBA/2J genotype with the exception of a functional allele that prevents the development of IPD and thus of an elevated IOP (Howell et al., 2007). Therefore, it is assumed that DBA/2J-Gpnmb+/SjJ mice serve as an appropriate control strain to evaluate the role of elevated IOP in the development of visual dysfunction characteristic of the DBA/2J mouse. However, the use of a rebound tonometer in the presence of corneal calcification on the DBA/2J mouse prompted the question of whether the increase in IOP was a result of an artificial elevation. To evaluate whether increased IOP in DBA/2J was due to IPD or corneal calcification the DBA/2J-Gpnmb+/SjJ strain would need to have reduced or absent IPD, reduced or absent elevation in IOP, and similar levels of corneal calcification.


Only DBA/2J Mice, but Not DBA/2J-Gpnmb+/SjJ Mice, Exhibit IPD and Clinically Significant Increases in Intraocular Pressure

We confirmed that DBA/2J-Gpnmb+/SjJ mice do not develop IPD (Howell et al., 2007) by age 12 months, a time point when all DBA/2J mice in the present study showed evidence of IPD in both eyes. IPD is considered a principal contributor to the development of elevated IOP through the obstruction of aqueous outflow in DBA/2J mice (John et al., 1998; Libby et al., 2005; Scholz et al., 2008). We identified ocular hypertension in DBA/2J mice, where IOP increased on average by approximately 2.5 fold from age 6 to 12 months (Figure 3). IOP increased in a statistically significant manner from 6 to 9 months of age and then again more pronounced from 9 to 12 months in DBA/2J mice, with ocular hypertension developing and continuing after 43 weeks of age (Figure 3), a time-course pattern of IOP increase that is consistent with previous reports (Libby et al., 2005; Williams et al., 2013; Wang and Dong, 2016) and that is absent in DBA/2J-Gpnmb+/SjJ mice.

Previous studies have demonstrated the absence of an age-related IOP elevation in DBA/2J-Gpnmb+/SjJ mice (Howell et al., 2007). The present study confirmed this for the first 9 months of life, while we observed a statistically significant increase in IOP in the last quarter of the 12-month observation period. We observed a modest average increase in IOP of approximately 1 mm Hg in DBA/2J-Gpnmb+/SjJ mice by age 12 months. While this finding itself was statistically significant it appears biologically and clinically not significant as it does not lead to ocular hypertension (Figures 3, 4). The lack of significantly elevated IOP, and the lack of IPD supports the use of the DBA/2J-Gpnmb+/SjJ strain as a suitable control animal for the DBA/2J strain up to 12 months of age.



The Degree of Corneal Calcification Does Not Differ Between DBA/2J and DBA/2J-Gpnmb+/SjJ Mice

At the same time, we measured a moderate but clinically relevant generalized increase in qualitative corneal calcification with age in both DBA/2J and DBA/2J-Gpnmb+/SjJ mice (Figure 5), where at age 12 months the degree of corneal calcification was not statistically significantly different between the two strains when assessed qualitatively (Figure 5B) or quantitatively (Figures 6A–D).

Elevated IOP characteristic of the DBA/2J mouse strain has previously been attributed to blockage of the aqueous humor pathway due to IPD, peripheral synechiae, and iris atrophy (John et al., 1998; Chang et al., 1999; Anderson et al., 2002; Libby et al., 2005; Howell et al., 2007; Scholz et al., 2008). While corneal thickness has been associated with elevated IOP in DBA/2J mice (Inman et al., 2006; Chou et al., 2011), corneal calcification, although previously described (John et al., 1998; Bricker-Anthony and Rex, 2015; Turner et al., 2017), has not been studied in the context of elevated IOP. Furthermore, the presence and extent of corneal calcification has not been evaluated in DBA/2J-Gpnmb+/SjJ mice.

Not surprisingly, nearly identical incidences of corneal calcification were seen in both DBA/2J and DBA/2J-Gpnmb+/SjJ mice (Figure 5). These data indicate that the genetic alterations introduced into the DBA/2J-Gpnmb+/SjJ strain do not affect corneal calcification as expected. The lack of significant differences in corneal calcification supports the use of the DBA/2J-Gpnmb+/SjJ strain as a suitable control animal for the DBA/2J strain up to 12 months of age. DBA/2J mice demonstrated a statistically significant increase in the qualitative (Figure 5B) but not quantitative measures of corneal calcification (Figure 6) from 9 to 12 months while differences among the three ages of DBA/2J-Gpnmb+/SjJ mice were not statistically significant (Figures 5B, 6). However, we observed no statistically significant differences in qualitative and quantitative measures of corneal calcification when comparing DBA/2J to DBA/2J-Gpnmb+/SjJ mice (Figures 5B, 6). In sum, while not statistically significantly increasing over time, DBA/2J-Gpnmb+/SjJ mice nevertheless display corneal calcification at age 12 months that is not different from that in DBA/2J mice.

When the dependence of IOP on the degree of corneal calcification was analyzed in DBA/2J mice, a trend toward a correlation with increased IOP using qualitative measures was found, though it was not statistically significant (Figure 7). Quantitative measures of calcification were significantly correlated with IOP in DBA/2J mice (Figure 8). However, for the subset of eyes in DBA/2J mice that developed ocular hypertension, IOP was not positively correlated with measures of calcification (Figures 7, 8). DBA/2J-Gpnmb+/SjJ mice did not demonstrate significant increases in IOP with increases in qualitative (Figure 7) or quantitative measures of calcification (Figure 8) and at 12 months of age the degree of corneal calcification in DBA/2J-Gpnmb+/SjJ mice was statistically not different from that in DBA/2J mice (Figures 5, 6).

Taken together these findings indicate that while increasing levels of IPD as an anterior chamber abnormality are highly correlated with the development of increased IOP and ultimately ocular hypertension, the development of corneal calcification as an anterior chamber abnormality in both DBA/2J-Gpnmb+/SjJ and DBA/2J mice was independent of changes in IOP over time.



Limitations and Future Studies

A limitation of the present study is the lack of an invasive cannulation IOP measurement to confirm the results of the rebound tonometer measurements. While it would have been insightful to identify whether the increase in IOP in the DBA/2J was influenced by the method of IOP determination, rebound tonometry is a widely accepted and validated method and ocular hypertension in the DBA/2J strain is well documented. Furthermore, the method of measurement does not affect our primary observation that corneal calcification does not cause elevated IOP readings. This is evident by the consistent, longitudinal, IOP measurements in both strains, consistently elevated IOP in the DBA/2J, a lack of ocular hypertension in the DBA/2J-Gpnmb+/SjJ strain combined with similar corneal calcification in both strains. As we only evaluated mice up to 12 months of age, further investigation should seek to evaluate the role of corneal calcification on IOP beyond this age.

In addition, given the small sample size of the present study and the variability in disease progression seen for the DBA/2J strain, statistically significant results from the present study suggest that future, larger sized studies consider the potential impact of corneal calcification in both the DBA/2J and the DBA/2J-Gpnmb+/SjJ strain on relevant preclinical outcome measures other than IOP.




SUMMARY

Previous reports indicated that DBA/2J mice exhibit falsely elevated IOP when measured non-invasively (Turner et al., 2017). One possible explanation for this artifact was the presence of calcium deposits on the cornea disrupting rebound tonometry readings. In the present study we have shown in the DBA/2J-Gpnmb+/SjJ strain, a strain derived from the DBA/2J strain to lack IPD, that even in the presence of significant corneal calcification IOP measurement stays consistent and is not artificially elevated. While there was a positive correlation between calcification and IOP in the 12-month-old DBA/2J animals, similar levels of calcification in the 12-month-old sub-groups combined with a lack of elevated IOP in the DBA/2J-Gpnmb+/SjJ control strain does not support a causative relationship between these factors. These data strongly support the argument that corneal calcification does not cause false readings of IOP measured non-invasively and support the use of the DBA/2J-Gpnmb+/SjJ animal as an ideal control animal to be paired with the DBA/2J mouse to investigate diseases of the eye related to elevated intraocular pressure.

The DBA/2J mouse strain has been widely used as a model for ocular hypertension and glaucoma due to the presence of progressively worsening anterior chamber abnormalities and IOP increasing with age (Sheldon et al., 1995; Inman et al., 2006; Schlamp et al., 2006; Burroughs et al., 2011; Bosco et al., 2018; Mathieu et al., 2018; Buchanan et al., 2019; Jassim et al., 2019). In this study, we used strain-matched DBA/2J-Gpnmb+/SjJ mice to determine the relative contributions of corneal calcification and IPD to the apparent elevation of IOP characteristic of the DBA/2J mouse strain.
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Sirtuin 4 (SIRT4) is one of seven mammalian sirtuins that possesses ADP-ribosyltransferase, lipoamidase and deacylase activities and plays indispensable role in metabolic regulation. However, the role of SIRT4 in the retina is not clearly understood. The purpose of this study was to explore the location and function of SIRT4 in the retina. Therefore, immunofluorescence was used to analyze the localization of SIRT4 in rat, mouse and human retinas. Western blotting was used to assess SIRT4 and glutamine synthetase (GS) protein expression at different developmental stages in C57BL/6 mice retinas. We further analyzed the retinal structure, electrophysiological function and the expression of GS protein in SIRT4-deficient mice. Excitotoxicity was caused by intravitreal injection of glutamate (50 nmol) in mice with long-term intraperitoneal injection of resveratrol (20 mg/Kg), and then retinas were subjected to Western blotting and paraffin section staining to analyze the effect of SIRT4 on excitotoxicity. We show that SIRT4 co-locates with Müller glial cell markers (GS and vimentin). The protein expression pattern of SIRT4 was similar to that of GS, and both increased with development. There were no significant retinal structure or electrophysiological function changes in 2-month SIRT4-deficient mice, while the expression of GS protein was decreased. Moreover, long-term administration of resveratrol can upregulate the expression of SIRT4 and GS while reducing the retinal injury caused by excessive glutamate. These results suggest that SIRT4 is highly expressed in retinal Müller glial cells and is relevant to the expression of GS. SIRT4 does not appear to be essential in retinal development, but resveratrol, as an activator of SIRT4, can upregulate GS protein expression and protect the retina from excitotoxicity.
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INTRODUCTION

Sirtuins are a class of histone deacetylases that regulate a range of pathophysiological processes, including cell senescence, inflammation, metabolism, and cell proliferation (Luo et al., 2017; Yang et al., 2020). Mammals have seven kinds of sirtuins (SIRT1-7), among them, SIRT3-5 is expressed in cell mitochondria. Previous studies have explored the role of SIRT3 and SIRT5 in the retina (Lin et al., 2016), while few studies have investigated the role of SIRT4 in the retina. SIRT4 is one of seven mammalian sirtuins that use NAD to ADP-ribosylate and downregulate glutamate dehydrogenase (GDH) activity. SIRT4 inhibits the enzymatic activity of GDH and limits the metabolism of glutamate and glutamine in order to produce ATP (Haigis et al., 2006). The physiological effects of SIRT4 include the role of the insulin response (Haigis et al., 2006), fatty acid metabolism (Laurent et al., 2013), tumor inhibition (Jeong et al., 2013), and regulation of ATP levels in muscles and liver (Ho et al., 2013). In the brain, SIRT4 is localized to mitochondria, expressed at high levels in astrocytes in the postnatal brain and radial glia in embryonic tissues, and shows a lower expression during development (Komlos et al., 2013). However, little is known about the function of SIRT4 in the retina, especially its role in the development of Müller glial cells (MGCs). Recently, there have been new insights into the activity of SIRT4 that SIRT4 is a lysine deacylase (Anderson et al., 2017). Our understanding of SIRT4 enzyme activity is still incomplete and whether there are other enzyme activities of SIRT4 in MGCs remains to be explored.

MGCs have a unique localization, in that they span the entire retina and are present between vessels and neurons (Bringmann et al., 2006; Goldman, 2014; Toft-Kehler et al., 2017). Loss of mature MGCs in a range of species leads to disruptions in retinal structure, which causes impaired neuronal function and visual deficits (Wohl et al., 2017). MGC dysfunction is implicated in many retinal diseases, such as glaucoma, proliferative retinopathies and age-related macular degeneration (AMD) (Devoldere et al., 2019; Simón et al., 2019). MGCs participate in the uptake glutamate released by synapses and amidate glutamate to the nontoxic amino acid glutamine by glutamine synthetase (GS) (Fletcher et al., 2005). Numerous studies have demonstrated that MGC dysfunction always results in an increase in retinal glutamate level that leads to excitatory neural toxicity (Bringmann et al., 2009; Mysona et al., 2009; Bringmann and Wiedemann, 2011). Our previous studies suggest that SIRT4 protein is the only filamentous expression of the sirtuins family in the retina of adult rats (Luo et al., 2017). The expression pattern of SIRT4 is similar to that of MGCs, suggesting that SIRT4 is associated with the function of MGCs.

Resveratrol (RES) is a kind of SIRT4 activator that increases SIRT4 gene and protein expression (Sheng et al., 2018). In this study, we upregulated SIRT4 by intraperitoneal injection of RES to explore the influence of SIRT4 on the retina. Given that SIRT4 is a therapeutic target for neurodegenerative disorders (Dai et al., 2018), and plays a role in the metabolism of glutamate and glutamine (Haigis et al., 2006), we wanted to determine whether SIRT4 works in excitatory toxicity caused by glutamate and the role of GS. Although SIRT4 protein and MGCs have similar localization in the retina, and both participate in the regulation of glutamate-glutamine, there are still many questions. Whether SIRT4 affects the morphology and function of MGCs and even the retina remains unknown.

Thus, we studied the location of SIRT4 in the retina and explore whether SIRT4 affects retinal structure and function by regulating MGC maturation to clarify the role of SIRT4 in the retina. Furthermore, SIRT4 expression was downregulated by gene knockout and upregulated by intraperitoneal injection of RES to study the effects of SIRT4 on GS protein expression and retinal structure.



MATERIALS AND METHODS


Tissue Preparation

C57BL/6 mice and Sprague-Dawley (SD) rats aged 6-8 weeks were originally obtained from Hunan Slac Jinda Laboratory Animal Co., Ltd. (license number: SCXK1201-0004) and the Center of Jiangxi University of Traditional Chinese Medicine (license number: SCXX12018-0003), respectively. SIRT4 knockout (KO) mice from a pure C57BL/6 background were produced by Cyagen Biosciences, Suzhou, China. Mice were interbred to yield SIRT4KO mice and the corresponding wide-type control. Genotypes were determined by PCR analysis from genomic DNA obtained from tail biopsy specimens before the experiments. The animals were housed under standard conditions with free access to food and water and were maintained in temperature-controlled rooms on a normal 12-h light/12-h dark cycle. All experiments were conducted in accordance with the Animal Care and Use Committees of Nanchang University Medical School.

Three pairs of donor eyes of different ages (age range 18-59 years old) were obtained from the Red Cross Society of China Jiangxi Branch, and all volunteers signed informed consent documents in written form in accordance with the principles of the Declaration of Helsinki. All experiments involving human samples were approved by the Ethics Committee of Affiliated Eye Hospital of Nanchang University. To obtain fresh eye tissues for protein extraction and staining, we restricted the samples in the present study to those received less than 48 h postmortem. The previous medical and ocular histories of all donors were assessed to exclude donors with any eye disease. The retinas were processed as described below.



Drug Treatment

Resveratrol (RES) (3,4′,5-trihydroxy-trans-stilbene, Sigma-Aldrich) was dissolved in 6.67% dimethylsulfoxide (DMSO) to a concentration of 5 mg/ml. Two-month-old C57BL/6 mice were intraperitoneally injected with RES (20 mg/kg) for five consecutive days before glutamate intravitreal injection. The control group was intraperitoneally injected with an equal volume of 6.67% DMSO.



Intravitreal Injection

The mice were anesthetized by i.p., injection of 3.6% chloral hydrate (10 ml/kg). Before injection, pupillary dilatation was maintained by administering tropicamide phenylephrine eye drops 3 times (Santen Pharmaceutical Co., Ltd., Japan), and topical anesthesia was achieved by administering proparacaine hydrochloride eye drops 3 times (Alcon Co., Ltd., Belgium). Levofloxacin eye drops (Santen Pharmaceutical Co., Ltd., Japan) were administered three times to clean conjunctival sacs.

One microliter 50 nmol glutamate (Solarbio) soluble in 37°C normal saline (NS) was injected into the right eye with a 30-gauge (30 G) needle (Hamilton). The needle punctured the center of the vitreous chamber approximately 1.5 mm from the limbus in the superior temporal quadrant. The tip of the needle was pointed in the direction of the optic nerve to avoid injuring the lens. The tip was visible through the dilated pupil, and the drug was slowly injected. The needle was left in the eye for an additional 20 s to allow the eye to adjust to the increase in volume and then pulled out. The left eye received the same volume of NS as this was used as the solvent for glutamate. After injection, the eyes were treated three times with levofloxacin eye drops (Santen Pharmaceutical Co., Ltd., Japan). While recovering from anesthesia, the animals were placed in their cages. At least three animals were used for each experimental condition.



Histopathology

The eyes were enucleated and fixed in FAS for 24 h at 4°C. After washing in PBS, the tissues were transferred to 70% ethanol overnight, then dehydrated and embedded in paraffin. Fixed eyeballs were cut into 5-μm-thick pieces parallel to the maximal circumference of the eyeball through the optic disk. The tissues were stained with hematoxylin and eosin (H&E) and observed under light microscope (Leica, Heidelberg, Germany). Light microscope images were obtained at 20 × and 40 × magnification. To evaluate the differences in retinal structure, the thickness of the total retina, the ganglion cell layer (GCL), the inner plexiform layer (IPL), the inner nuclear layer (INL), the outer plexiform layer (OPL), the outer nuclear layers (ONL) and the layer of photoreceptor outer segment (POSL). All measurements were measured at 1 mm away from the center of the optic disk, and three sections per eye were averaged.



TUNEL Assay

For the detection of apoptotic cells, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed using the TransDetect In situ Fluorescein TUNEL Cell Apoptosis Detection Kit (TransGen Biotech, Beijing, China). Before staining, the paraffin sections were dewaxed and rehydrated. The nuclei were costained with 4-6-diamidino-2-phenylindole (DAPI, Boster, Wuhan, China).



Immunofluorescence Staining

The animals were anesthetized with an intraperitoneal injection of 3.6% chloral hydrate (10 ml/kg). Retinas were harvested at postnatal days 5 (P5), 10 (P10), 15 (P15), 25 (P25), and 60 (P60). The eye were fixed in 4% PFA in phosphate-buffered saline (PBS) overnight and sequentially immersed in 10%, 20%, and 30% sucrose in PBS, mounted in optimal cutting temperature (OCT) compound (Tissue-Tek; Sakura Finetek, Torrance, CA, United States) and frozen at −80°C. Frozen sections of eyes were dried at room temperature after cutting to 7 μm thickness with a Leica cryostat (CM1950, Heidelberger, Germany). The sections were washed with PBS and blocked in PBS containing 0.1% Triton X-100 and donkey serum (Solarbio, Beijing, China) for 1 h at room temperature. The slides were incubated with antibody overnight at 4°C. The working dilutions and sources of antibodies are listed in Table 1. The secondary antibodies included donkey-anti-rabbit-AlexaFlour® 488/594, donkey-anti-mouse- AlexaFlour® 488/594, and donkey-anti-goat-AlexaFlour® 488(Abcam, Cambridge, MA, United States) diluted to 1:200 in PBS plus 0.2% Triton X-100 at room temperature for 1 h. Subsequently, the sections were counterstained with DAPI. Coverslips were affixed to glass slides using anti-fading buffer (Bioworld Technology Inc., St. Louis Park, MN, United States) and visually examined under a Zeiss microscope (ZEISS, LSM800, GÖttingen, Germany) equipped with epifluorescence. Digitized images were obtained by using a Zeiss camera and the images were processed and compiled using Photoshop Software. The staining was repeated three or more times for each antibody.


TABLE 1. Primary antibodies used in the study.
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Western Blotting

Retinas were lysed in the radioimmune precipitation assay buffer (RIPA) containing PMSF (Solarbio, Beijing, China). The lysates were processed with ultrasound and centrifuged. The protein concentration was determined using the BCA assay (Solarbio, Beijing, China) according to the manufacturers’ instructions. For the Western blot analysis, aliquots containing an equal amount of protein (10 μg) were analyzed by SDS-polyacrylamide gel electrophoresis on 10% gels and were transferred to polyvinylidene fluoride membranes (PVDF, Millipore, United Kingdom), Membranes were blocked with 5% nonfat milk powder dissolved in Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST) for 1 h and incubated with the appropriate primary antibody (Table 1) overnight at 4°C. Membranes were then washed in TBST and incubated with HRP-conjugated secondary antibodies (Cell Signaling) for 1 h at room temperature. After further washing in TBST, target proteins on the membranes were detected with the EasySee Western Blot Kit (TRANS, Beijing, China) to collect digital images. The bands were quantified by integration of pixel intensity using ImageJ software and normalized to β-tubulin, which served as an internal control.



Electroretinogram

The mice were subjected to dim red light following overnight dark adaptation ( > 12 h), and anesthetized with isoflurane to induce and chloral hydrate at 3.6% (10 ml/kg) to maintain anesthesia. Then, 1% tropicamide was used to dilate the pupils. The mouse temperature was maintained at 37°C with a heating pad. Stainless steel wire loops (0.1 mm diameter) were placed on the center of the cornea in 1% methylcellulose to prevent corneal dehydration. A reference electrode was placed at the midpoint of the line between the eye and ear and a grounding electrode was placed near the tail. Two-month mice (n = 3) were subjected to the guidelines of the International Society for Clinical Electrophysiology of Vision (ISCEV), including the scotopic 0.01 ERG test (rod response) elicited by white light flashes at an intensity of 0.003 phot cd s/m2, the scotopic 3.0 ERG test (cone and rod response) elicited by white light flashes at an intensity of 3.0 phot cd s/m2, the scotopic 3.0 OPS test (oscillatory potentials) simultaneously elicited by white light flashes at an intensity of 20.0 phot cd s/m2, the photopic 3.0 ERG test (cone response) under a white background elicited by white light flashes at an intensity of 2.8 phot cd s/m2 and under a white background light at 29.0 phot cd/m2 after 10 min of light adaptation. The amplitude of the a-wave was measured from the baseline to the trough, while that of the b-wave was measured from the maximum of the a-wave trough to the peak of the b-wave.



DNA Extraction and Quantitative PCR Assay

Quantitative PCR was used to measure SIRT4 gene expression in SIRT4KO mice. Total DNA was extracted from mouse tails with the Ezup column animal genomic DNA extraction kit (B518251; Sangon Biotech, Shanghai, China). Mice were PCR-genotyped using the following primers: Primer 1 (for wide-type allele): 5′- ACGCTACCAACCTAATGGCATC -3′ (forward) and 5′- TCCAGACACCTTGAGTCGCCTAG -3′ (reverse). Primer 2 (for knockout allele): 5′- ACGCTACCAACCTAATGGCATC -3′ (forward) and 5′- GAAGGCGACACAGCTACTCCATC -3′ (reverse). The primers were chosen to amplify DNA using 2xSpecificTMTaq Master Mix (E010; Novoprotein Scientific Inc.). The procedure was initial denaturation (94°C for 3 min), then 35 cycles (94°C for 30 s, 60°C for 35 s and 72°C for 35 s), and then an extension step (72°C for 5 min). All data were chosen from the linear phase of amplification. Amplified DNA was analyzed on a 0.8% agarose gel (with ethidium bromide) and observed by Image Lab under UV light. The DNA Ladder (DM033; Novoprotein Scientific Inc.) were used to benchmark the DNA band sizes.



Data Analysis

All quantified data represent an average of at least three samples. SPSS 22.0, ImageJ and GraphPad Prism 8.0 software were used for statistical analysis. All data were presented as the mean ± standard error of the mean (SEM). Unpaired Student’s t-test was used for two groups of samples to determine the significance of the response, while one-way ANOVA and Post Hoc Turkey Test were used for three or more groups of samples. P < 0.05 was considered to be statistically significant.




RESULTS


Sirtuin 4 Co-located With GS and Vimentin

MGCs span all cellular and plexiform layers of the retina, forming microvilli at the apical surface. We found that in rat, mouse and human retinas SIRT4-positive cells continuously penetrated the inner nuclear layer (INL) and the outer nuclear layer (ONL) in a longitudinal filamentous pattern, consistent with radial glial-like cell localization. To prove that SIRT4 is expressed in MGCs, we used two MGC markers (GS and vimentin) and glial fibrillary acidic protein (GFAP) to costain SIRT4 (Figure 1). Immunostaining showed that SIRT4 co-localized with GS, vimentin and GFAP which means that SIRT4 was highly expressed in MGCs. Notably, SIRT4 was also expressed in the inner plexiform layer (IPL).
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FIGURE 1. Sirtuin 4 co-localized with MGC markers GS and vimentin. In rats and mice, SIRT4 was mainly expressed in the GCL and the INL in the form of longitudinal filamentous. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. GS, glutamine synthetase; GFAP, glial fibrillary acidic portein; DAPI was used to stain the nuclei (blue). Scale bar = 50 μm.




Expression of Sirtuin 4 in the Mice Retinas at Different Developmental Stages

To investigate the postnatal expression of SIRT4, we performed immunofluorescence labeling for SIRT4 from postnatal day 5 (P5), 10 (P10), 15 (P15), 25 (P25), and 60 (P60) in the mouse retina (Figure 2A). From P5 to P25, we found that SIRT4 had high expression in the nerve fiber layer (NFL), and SIRT4-positive cell processes ran perpendicular through the layers from the NFL to the ONL. For the P60 groups, the filamentous expression of SIRT4 was intermittently expressed in the inner plexiform layer (IPL), while little expression was noted in the outer plexiform layer (OPL). The protein expression of SIRT4 was detected, and it was found that the expression of SIRT4 increased during retinal development and reached its peak at 2 months (Figure 2B). The growth trend of GS protein expression was similar to that of SIRT4, and also reached its peak at P60, although the protein expression contents of the two were not completely consistent (Figure 2C). Cellular retinaldehyde-binding protein (CRALBP) and vimentin protein expression peaked at P25 (Figures 2D,E).
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FIGURE 2. Expression of SIRT4 in mice retinas at different developmental stages. (A) Expression pattern of SIRT4 during retinal development in mice retinas by immunohistochemistry at postnatal day 5 (P5), P10, P15, P25, and P60. (B–E) Western blot analysis of SIRT4, GS, CRALBP and vimentin protein levels in the retina of C57BL/6 mice at different developmental stages. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. GS: glutamine synthetase; CRALBP: cellular retinaldehyde binding protein; DAPI was used to stain the nuclei (blue). Data are shown as mean ± SEM. (n = 6 per group, *P < 0.05, **P < 0.01, ***P < 0.001). Scale bar = 50 μm.


Retinal progenitor cells (RPCs) give rise to all six types of retinal neurons in a distinct spatiotemporal order spanning embryonic day 12 to postnatal day 10 in the murine retina (Turner and Cepko, 1987). MGCs, which mature later than most retinal cells, were observed to have the lowest GS and SIRT4 protein expression at P5 and the highest at P60. These results indicate that SIRT4 may be a relevant protein in the development of MGCs.



Retinal Structure of 2-Month Sirtuin 4-Deficient Mice

The SIRT4KO mice generated from Cyagen US inc., by removing exons 3-4 of the SIRT4 gene (Figure 3A). PCR was used to identify SIRT4KO mice, SIRT4 knockdown (SIRT4KD) mice and wild-type (SIRT4WT) mice (Figure 3B). The Western blotting results showed that SIRT4 and GS expression were lower in SIRT4 KD mice than that in SIRT4WT mice, and SIRT4 was barely expressed in SIRT4KO mice (Figures 3C,D). There was no significant difference in retinal structure between SIRT4KO mice and SIRT4WT mice according to the paraffin section H&E staining analysis (Figure 3E). However, compared with SIRT4WT, SIRT4 immunofluorescence, especially filamentous staining in the GCL and the INL, was significantly reduced in SIRT4KO. Although the brightness of SIRT4 in the IPL did not change significantly, it became fractured and discontinuous. We observed that GS was downregulated in SIRT4KO mouse retinas and that MGCs exhibited a disrupted radial morphology of MGCs (Figure 3F). The results indicated that SIRT4 deletion scarcely affected the retinal structure of mice, but downregulated the expression of GS protein.
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FIGURE 3. Retinal structure of 2-month SIRT4-deficient mice. (A) Schematic diagram of SIRT4 gene knockout. (B) Genotyping identification. (C,D) SIRT4 and GS protein expression in SIRT4WT, SIRT4KD and SIRT4KO mice were analyzed using western blotting. (E) Retinal thickness analysis after H&E staining of paraffin sections of SIRT4WT and SIRT4KO mice. (F) Immunofluorescence analysis of SIRT4 and GS in the retina of SIRT4WT and SIRT4KO mice. WT, wild type; KD, knock down; KO, knock out; NFL, nerve fiber layer; GCL, ganglion cell layer; GCIPL, ganglion cell-inner plexiform layer; INL, inner nuclear layer; OPL, out plexiform layer; ONL, outer nuclear layer; POSL, photoreceptor outer segment layer; GS, glutamine synthetase; DAPI was used to stain the nuclei (blue). Data are shown as mean ± SEM. (n = 3 per group, *P < 0.05, **P < 0.01). Scale bar = 50 μm.




Retinal Electrophysiological Function of 2-Month Sirtuin 4-Deficient Mice

To explore the effect of SIRT4 deletion on retinal electrophysiology in mice, we conducted electroretinogram (ERG) in SIRT4KO mice and SIRT4WT mice. The ERG showed no significant difference in implicit time and amplitude between SIRT4KO mice and SIRT4WT mice in the scotopic 0.01, 3.0, and 10.0 categories (Figures 4A–C). In the scotopic 3.0 oscillatory potential, the implicit time was similar and the amplitude difference was not significant (Figure 4D). Although the ERG waveform in the photopic 3.0 was not completely consistent, there was no significant difference between the SIRT4KO and SIRT4WT groups (Figure 4E). The ERG results revealed that SIRT gene knockout had no significant effect on retinal electrophysiological function in mice.
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FIGURE 4. Electroretinogram of 2-month SIRT4-deficient mice. (A) Scotopic 0.01 ERG waveforms analysis of SIRT4KO mice and SIRT4WT mice. (B) Scotopic 3.0 ERG waveforms analysis of SIRT4KO mice and SIRT4WT mice. (C) Scotopic 10.0 ERG waveforms analysis of SIRT4KO mice and SIRT4WT mice. (D) Scotopic 3.0 oscillatory potential ERG waveforms analysis of SIRT4KO mice and SIRT4WT mice. (E) Photopic 3.0 ERG waveforms analysis of SIRT4KO mice and SIRT4WT mice. WT: wild type; KO: knock out. Data are shown as mean ± SEM. (n = 3 per group).




Resveratrol Upregulated SIRT4 and GS Protein Expression in Mice

We previously found that resveratrol significantly increased SIRT4 protein expression in zebrafish retina (Sheng et al., 2018). With this result in mind, we intraperitoneally injected 2-month mice with RES (20 mg/kg) for five consecutive days. SIRT4 (Figure 5A) and GS (Figure 5B) protein expression significantly increased following administration of RES. Filamentous staining of SIRT4 in the retina of RES intraperitoneal injection group was denser and longer than that of normal control group, so as the GS (Figure 5C).


[image: image]

FIGURE 5. Resveratrol up-regulate SIRT4 and GS protein expression in 2 month mice retinas. Western blot analysis of SIRT4 (A) and GS (B) expression. (C) Immunofluorescence analysis of SIRT4 and GS in the retina of normal control group and RES intraperitoneal injection group mice. CON: normal control; RES: resveratrol intraperitoneal injection; GS: glutamine synthetase. Data are shown as mean ± SEM. (n = 5 per group, *P < 0.05).




Resveratrol Protected Mice Retines From Excitatory Neurotoxic Damage

Previous studies have shown that GS can regulate retinal glutamate metabolism, and reduce apoptosis (Bui et al., 2010). As RES upregulates the expression of SIRT4 and GS, we hypothesized that RES could protect mice retines from excitatory neurotoxic damage. Thus, we injected large doses of glutamate (50 nmol) intravitreally into mice and analyzed the effects of long-term administration of RES on glutamate injury. The eyeball was removed 3 days after the injury. The results showed that RES upregulated SIRT4 and GS protein expression in the glutamate injury group (Figures 6A,B). TUNEL staining showed that intravitreal injection of glutamate caused retinal GCL, INL and ONL cell apoptosis similar to kainate (a kind of glutamate receptor agonist) (Fleming et al., 2019), while there was no significant cell apoptosis in the group with RES (Figure 6C). After glutamate injury, the retinal structure of all layers was obviously disordered, the GCL became edematous, the nuclei of the GCL layer and ONL layer were scattered, and the photoreceptor outer segment layer (POSL) was broken (Figure 6D). In addition, scattered cells are seen in the vitreous cavity. The retinal thickness analysis showed a significant reduction in the thickness of the retina, the OPL and the ONL, and incrassation of the GCL thickness after glutamate injury while they were similar to the control with the help of RES (Figure 6E).
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FIGURE 6. Resveratrol protected mice retines from excitatory neurotoxic damage. Western blot analysis of SIRT4 (A) and GS (B) protein expression of DMSO+NS, RES+NS, DMSO+Glu and RES+Glu. (C) TUNEL labeling of retinal section 3 day after glutamate injury showed that apoptosis was attenuated in RES+Glu compared to DMSO+Glu. (D) H&E staining of mice retina Paraffin section. (E) Retinal thickness analysis showed a significant reduction in retinal thickness of DMSO+Glu and there was no signifucant changes in that of RES+Glu. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; POSL, photoreceptor outer segment layer. GS, glutamine synthetase; DMSO, dimethylsulfoxide; RES, resveratrol; NS, normal saline; Glu, glutamate; DMSO+NS: DMSO (6.67%) was intraperitoneal injection every 2 days from postnatal 20 days to 2 months of age and Glu (50 nmol) was injected intravitreal 3 days before sampling; RES+NS: RES (20 mg/L) soluble in DMSO (6.67%) was intraperitoneal injection every 2 days from postnatal 20 days to 2 months of age and NS was injected intravitreal 3 days before sampling; DMSO+Glu: DMSO (6.67%) was intraperitoneal injection every 2 days from postnatal 20 days to 2 months of age and Glu (50 nmol) soluble in NS was injected intravitreal 3 days before sampling; RES+Glu: RES (20 mg/L) soluble in DMSO (6.67%) was intraperitoneal injection every 2 days from postnatal 20 days to 2 months of age and Glu (50 nmol) soluble in NS was injected intravitreal 3 days before sampling. TUNEL was used to stain apoptotic cell (green) and DAPI was used to stain the nuclei (blue). Data are shown as mean ± SEM. (n = 3 per group, *P < 0.05, **P < 0.01). Scale bar = 50 μm.





DISCUSSION

Our study revealed for the first time that the role of SIRT4 in the retina is highly correlated with MGCs. We found that SIRT4 was co-expressed with MGCs markers (GS and Vimentin). The expression of SIRT4 protein in the retina increased with postnatal time and reached its peak at 2 months with diffuse changes in its expression pattern. The distribution of SIRT4 protein was similar to that of MGC markers (GS and CRALBP) during the development of MGCs (Bachleda et al., 2016). SIRT4 gene knockout did not affect the structure and electrophysiological function of mouse retina under basal conditions but resulted in the downregulation of GS protein expression. In addition, our experiments suggested that RES, as a SIRT4 activator, can mitigate excitatory neurotoxic damage caused by glutamate excess.

Previous studies have shown that SIRT4 is highly expressed in glial cells, specifically astrocytes, in the brain and radial glia (Komlos et al., 2013). SIRT4 was filamentously localized in cells that were likely radial glia and co-expressed with vimentin and nestin. Similar expression patterns of SIRT4 were observed in our experiments. GS and vimentin, as specific markers of MGCs (Hayashi et al., 2021), have similar protein expression and fluorescence localization to SIRT4, suggesting that SIRT4 may play a role in MGCs. Given that MGCs play a crucial role in retinal function and structure, we were curious about the role of SIRT4 in the retina. Therefore, we further analyzed the effects of SIRT4 gene deletion on the structure and function of MGCs and the retina. The loss of SIRT4 had no significant effect on retinal structure or electrophysiological function under basal conditions, which was consistent with the results of Lin et al. (2018). Three reasons may explained this situation. First, SIRT4 had a low expression level in the early stage of the retina and had little influence on retinal development. Then, the phenotype of SIRT family knockout mice was insidious. The structure and function of mouse retina may not change under basic conditions, but it tends to change under specific stimuli like SIRT3 and SIRT5 (Lin et al., 2016). Finally, the function of SIRT4 may compensate for other sirtuins, such as SIRT1 and SIRT3, which have been confirmed to be increased in SIRT4KO mice (Nasrin et al., 2010; Balaiya et al., 2017). We speculate that the increase of other sirtuins in SIRT4 KO mice may partially compensate for the function of SIRT4, and the increase in SIRT1 protein was found in our preliminary. We found that the expression of GS was downregulated and discontinuous in SIRT4-deficient mice. After upregulating SIRT4 expression by RES, GS showed enhanced radial filamentous expression and increased protein expression consistent with SIRT4. These results convinced us that SIRT4 may be involved in the regulation of GS expression in MGCs.

Sirtuin 4 inhibits the enzymatic activity of glutamate dehydrogenase (GDH) and limits the metabolism of glutamate and glutamine to produce ATP (Haigis et al., 2006; Fernandez-Marcos and Serrano, 2013). GDH and SIRT4 play opposing roles in the development of astroglia from radial glia in the central nervous system (Komlos et al., 2013). Interestingly, we observed that SIRT4 and GS may play similar roles in the development of MGCs. Glutamine immunoreactivity was highest in horizontal cells and MGC endfeet (Bui et al., 2010), which corresponded to the localization of SIRT4 in the retina, indicated that SIRT4 plays a role in regulating glutamate-glutamine metabolism in the retina. By excess glutamate intravitreal injection, we found that intraperitoneal injection of RES in mice upregulated the expression of SIRT4 and GS and reduced the apoptosis of retinal cells induced by glutamate, indicating the regulatory effect of SIRT4 on glutamate through GS and its protective effect on the retina. Inhibition of Müller glial cell glutamine synthetase blocked glutamatergic neurotransmission, which could contribute to neuronal degeneration and the animals became functionally blind (Barnett et al., 2000; Bringmann et al., 2013). Brain studies in SIRT4 knockout mice have also shown that SIRT4 has a neuroprotective effect against excitatory toxic injury by promoting GLT-1-dependent glutamate uptake (Shih et al., 2014). Combined with this study, we hypothesized that SIRT4 may regulate the retinal glutamate-glutamine cycle through multiple pathways. Considering that excitotoxicity caused by glutamate is an important part of glaucoma injury, investigating the role of SIRT4 in glutamate-glutamine metabolism is of great significance.

Resveratrol, a natural polyphenol compound found chiefly in grapes and wine, is regarded as an antioxidant, anti-inflammatory agent, anti-apoptotic agent and antineoplastic agent (Malhotra et al., 2015). It has been reported to inhibit oxidative stress in diabetic cells, mitigate the effects of retinal ischemic injury in rats, and inhibit pathologic retinal neovascularization in very low-density lipoprotein receptor mutant mice (Hua et al., 2011; Luo et al., 2018; Popescu et al., 2018). Human sirtuin isoforms are considered attractive therapeutic targets for neurodegenerative disorders (Dai et al., 2018). Activation of SIRT4 expression by RES may have a protective effect on neurodegenerative diseases, which was preliminarily validated in mice in our study. In addition, we found that resveratrol inhibits the Akt/mTOR pathway in the retina (not shown). Previous studies have demonstrated that resveratrol can inhibit mTOR signaling induced autophagy, which can mediate many beneficial effects, including protection against oxidative stress damage (Park et al., 2016). Experiments on zebrafish and retinal pigment epithelial cells also showed that resveratrol could downregulate the Akt/mTOR pathway, promote autophagy and improve mitochondrial function (Wang et al., 2019; Josifovska et al., 2020). The role of SIRT4 in the mechanisms above needs to be further studied.

In summary, we found co-localization of SIRT4 and MGCs, and SIRT4 was involved in the role of MGCs and MGC maker GS. The results above provide a direction for the follow-up study of retinal SIRT4. However, this study did not further study SIRT4 gene knockout mice under stress state, nor did it discuss the role of other SIRT family proteins. In addition, we also observed that SIRT4 was highly expressed in choroid and ciliary body epithelium in mice, and its significance remains to be further studied.



CONCLUSION

We show for the first time that SIRT4 co-localized with Müller glial cell markers (including vimentin and glutamine synthetase) in human, mouse and rat retinas. Resveratrol, as a SIRT4 activator, increased the expression of glutamine synthetase protein and protected the mice retina against excitotoxicity caused by excessive glutamate. Upregulation of SIRT4 expression may be a new direction for the treatment of retinal neuronal degeneration caused by glaucoma and age-related macular degeneration.
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Nutraceutical Molecules Slow Down Retinal Degeneration, in Tvrm4 Mice a Model of Retinitis Pigmentosa, by Genetic Modulation of Anti-oxidant Pathway
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Rhodopsin (RHO) mutations are responsible for 25–40% of the dominant cases of retinitis pigmentosa (RP) with different severity and progression rates. The Tvrm4 mice, heterozygous for an I307N dominant mutation of RHO, display a normal retinal phenotype when raised in ambient light conditions, but undergo photoreceptor degeneration when briefly exposed to strong white light. Here, The Tvrm4 mice is pre-treated with naringenin 100 mg/kg/die, quercetin 100 mg/kg/die, naringenin 50 + quercercetin 100 mg/kg/die or vehicle dimethyl sulfoxide (DMSO 0.025%) in the drinking water for 35 days. On the 30th day, retinal degeneration was induced by exposure for 1 min to the white light of 12,000 lux intensity, and the treatment was repeated for another 5 days. At the end of the protocol retinal functionality was tested by recording an electroretinogram (ERG). The retinal tissue was collected and was used for further analyses, including immunohistochemically, biochemical, and molecular biology assays. The data obtained show that treatment with nutraceutical molecules is effective in counteracting retinal degeneration by preserving the functionality of photoreceptors and increasing the antioxidant and anti-apoptotic pathways of retinal cells. The present data confirm that nutraceutical molecules are effective in slowing photoreceptor degeneration in a mutation-independent way by modulating the antioxidant response of the retina at the gene expression level.

Keywords: nutraceutical treatment, photoreceptors degeneration, genetic modulation, oxidative stress, retinitis pigmentosa


INTRODUCTION

In recent years, the role of oxidative stress in the progression of neurodegenerative diseases, also due to specific genetic mutations, has become increasingly important (Bacci et al., 2021). The oxidative stress is due to the disruption of a delicate balance between free radicals of oxygen or nitrogen and the presence of antioxidant molecules and involves the accumulation of radical species that are intrinsically unstable thus leading to the oxidation of molecules in the cellular environment (Castelli et al., 2021). The small amounts of reactive oxygen species (ROS), generated by nicotinamide adenine dinucleotide phosphate (NADPH) oxidases within the cytoplasm, or by oxygen–electron mismatch donors present in the mitochondria, are neutralized by glutathione and by enzymes of the superoxide dismutase (Sod) family. However, under pathological conditions, such as high oxygen levels or other sources of free radical generators, the antioxidant system may be insufficient to cleanse the environment from ROS, leading to the production of radicals even more harmful to the cell, such as hydroxyl radicals. When the free radicals encounter macromolecules, they produce the characteristic modifications that compromise lipids, proteins, and DNA constituting oxidative damage (Campochiaro and Mir, 2018). In the mouse retina, rods make up 97.2% of cells in the outer nuclear layer and present a high number of mitochondria that make them highly metabolically active (Jeon et al., 1998).

In diseases characterized by primary rod death as in retinitis pigmentosa (RP), there is a progressive reduction in oxygen consumption as a result of rod death, leading to an increase in oxidative stress that, in a second phase of the disease, contributes to the death of cones. The hypothesis that oxidative stress is the initial cause of cone degeneration, independently of the type of genetic mutation that underlies the primary degeneration and death of the rods, is supported by studies showing that the use of antioxidant molecules is effective in slowing the death of cones in several models of RP, including rd1, Q344ter, and rd10 mice (Komeima et al., 2007, 2008; Oveson et al., 2011; Piano et al., 2019) and P23H rats (Fernández-Sánchez et al., 2012).

Here, we demonstrate how two nutraceutical molecules, naringenin a bioflavonoid compound present in high concentrations in the citrus species (Viswanatha et al., 2017) and quercetin a flavonoid present in various vegetables; tea and red wine (D’Andrea, 2015; Ortega and Jastrzebska, 2021), administered individually or in combination, can modulate genes encoding for key proteins involved in the antioxidant response in an animal model of autosomal dominant RP, Tvrm4 (Budzynski et al., 2010; Gargini et al., 2017). This study adds to those already in the literature demonstrating that natural molecules can slow retinal degeneration in genetic models of RP (Liu et al., 2021) and induced models (Kim et al., 2015).



MATERIALS AND METHODS


Animals

Animals were treated according to the guidelines of the Declaration of Helsinki and according to Italian and European institutional guidelines, following experimental protocols approved by the Animal Welfare Organization (OPBA – Ethics Committee) of the University of Pisa and the Italian Ministry of Health (Protocol #653/2017-PR-DB173.3.EXT.0, Department of Pharmacy, University of Pisa). Heterozygous Tvrm4 (RhoTvrm4/Rho+) mice on a C57Bl/6J background, were selected by genotyping (Budzynski et al., 2010) and males and females in the same ratio were used. All animals were regularly fed ad libitum and housed in a controlled lighting environment (12-h light/dark cycle), with an illumination level of less than 60 lux. All experiments were conducted under deep anesthesia by intraperitoneal (i.p.) injection of 20% urethane in saline buffer (0.9% NaCl) at a dose of 0.1 ml/10 g body weight. At the end of the experimental procedure, the mice were sacrificed by cervical dislocation while maintaining the deep anesthesia condition, and the tissues were collected for ex vivo analysis.

The treatment protocol used and the total number of animals divided by the experimental techniques are shown in Figure 1.


[image: image]

FIGURE 1. Treatment protocol and the number of animals used for the experimental plane. (A) Summary outline of the treatment protocol and the relative doses used for treatment with single molecules and treatment with molecules in combination. (B) Descriptive table of the total number of animals used for this study, with a detailed breakdown of how biological samples were used. *Due to the variability of the results of this treatment n = 5 contralateral retinas were taken from the animals designated for whole-mount retinal tissue preparation (right eye).




Treatment

The experimental protocols started when the animals were approximately 4–5 months old, in agreement with previous studies performed in the same mouse model (Piano et al., 2020). The individually housed animals were treated for 35 days with solutions of naringenin 100 mg/kg/day, quercetin 100 mg/kg/day, naringenin 50 + quercetin 100 mg/kg/day or vehicle (DMSO 0.025%).

The chosen dose of the single-administered molecules is derived from experimental evidence showing a reduced biological effect at lower doses (data not shown) and good efficacy at the doses proposed in previous studies conducted in the same laboratory (Piano et al., 2019, 2021) and by other colleagues (Testai et al., 2013). To evaluate a potential interaction between the two phenolic compounds, the ability of the less active (naringenin) to potentiate the effects of the most effective molecule (quercetin) has been analyzed. Therefore, quercetin is administered at the dose corresponding to that of the single treatment, while naringenin is administered at an ineffective dose (data not shown). The treatment was divided into two phases. During the first phase, Tvrm4 unexposed were pre-treated for 30 days; on day 30, they were exposed to light according to the protocol (Gargini et al., 2017); the second treatment phase lasted 5 additional days. The stock solutions of naringenin (45 mg/ml) and quercetin (10 mg/ml) were prepared in DMSO and added to the volume of the drinking water according to the bodyweight of the animal to achieve the expected daily dose.



Electroretinogram

The general procedure for animal preparation, anesthesia, electroretinogram (ERG) recording, light stimulation, and data analysis has been described in detail previously (Piano et al., 2021). Briefly, ERGs were recorded in complete darkness using coiled gold electrodes contacting the cornea moisturized by a thin layer of gel (Lacrinom, Farmigea), and the reference (earth) electrode was inserted at scalp level. The animal was placed inside the Ganzfeld sphere 30 cm in diameter, whose interior surface was coated with a highly reflective white paint and exposed to light stimulation. The light stimulation was carried out with a white light electric flash (SUNPACK B3600 DX, Tecad Company, Tokyo, Japan) and, to modulate the intensity, six calibrated neutral density filters were used. For scotopic ERG recordings, the mice were presented with a single flash of increasing intensity (1.71 × 10–5 to 377 cd*s/m2, 0.6 log units steps), each repeated six times, with an inter-stimulus interval ranging from 20 s for dim flashes to 45 s for the brightest flashes. Isolated cone (photopic) components were obtained by superimposing the test flashes (0.016 to 377 cd*s/m2), on a steady background of saturating intensity for rods (30 cd/m2) after at least 15 min from background onset.

The amplitude of the scotopic a-wave was measured at 7 ms after the onset of the light stimulus and the b-wave was measured from the peak of the a-wave to the peak of the b-wave. The amplitude of the photopic b-wave was measured from the baseline to the peak of the b-wave. The data were analyzed with the LabVIEW 2019 program (National Instruments, Austin, TX, United States).



The mRNA Expression Analysis

The purification and extraction of total RNA from retina tissues were performed by miRNeasy Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The extracted RNA was quantified by the Infinite M200 NanoQuant instrument (Tecan, Salzburg, Austria) and retro-transcribed by RT2 First Strand Kit (Qiagen, Hilden, Germany). The obtained cDNA was used for real-time polymerase chain reaction (PCR) expression analysis of multiple genes by using RT2 Profiler PCR Array (Mouse Oxidative Stress and Antioxidant Defense, #330231, PAMM-065Z, Qiagen, Hilden, Germany). The expression analysis was carried out by the Gene Globe Data Analysis Center (1 Qiagen, Hilden, Germany). For the normalization step, the software automatically selected the most stable genes among those analyzed as the optimal set of reference genes. The geometric mean of these stable genes was used as a normalization factor.

In the same cDNA samples, the transcriptional levels of genes coding photoreceptors were further analyzed by real-time PCR by using specific primers RT2 qPCR Primer Assay (Catalog No. 330001, Qiagen, Hilden, Germany) and RT2 SYBR® Green qPCR Mastermix (Qiagen, Hilden, Germany).

The selected primers were as follows: Guanine nucleotide-binding protein alpha transducing 1 (GNAT1): GeneGlobe ID – PPM03513A-200, Detected Transcript NM_008140; arrestin 3, retinal (ARR3): GeneGlobe ID – PPM04815A-200, Detected Transcripts NM_133205; guanine nucleotide-binding protein, alpha transducing 2 (GNAT2): GeneGlobe ID – PPM06964A-200, Detected Transcripts NM_008141; cyclic nucleotide-gated channel beta 1 (CNGB1): GeneGlobe ID – PPM06962A-200, Detected Transcripts NM_001195413. The obtained data were normalized over the same normalization factor used to analyze data from array experiments.

The normalized expression value is expressed as fold-change relative to the control group (DMSO-treated animals).



Western Blotting

After the ERG recordings, retinas were extracted and lysed with the modified RIPA buffer, described by Piano et al. (2013), and proteins were quantified with the Bradford assay. A 20-μg of total protein, mixed with 2× Laemmli, was loaded for each sample into pre-cast 4–20% polyacrylamide gels (Mini-PROTEAN TGX gel, Bio–Rad). After the electrophoretic run, the gel was activated using the ChemiDoc™ XRS + instrument (Bio–Rad, California), and the separated proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (Trans–Blot Turbo PVDF Transfer packs, Bio–Rad). The proteins were acquired to normalize the intensity of the investigated band with total protein (Gürtler et al., 2013). The blocking step was performed with EveryBlot Blocking Buffer solution (Biorad), 5 ml × 5 min at room temperature, to prevent non-specific antibody binding. The membrane was then incubated with the primary antibody (Table 1) diluted in 5 ml of the same solution, for 1 h at room temperature. After 5 × 5 min washes in t-TBS, the membrane was incubated with the secondary antibody conjugated to the peroxidase enzyme (HRP), in the same manner as the primary; washed (5 × 5 min) with t-TBS and then the immunoblot signal was visualized by using an enhanced chemiluminescence substrate detection system (LuminataTM Forte Western HRP Substrate, Millipore). The chemiluminescent images were acquired by Chemidoc XRS+ (Bio–Rad). The quantification was performed with Image Lab Software 6.0 (Bio–Rad). The proteins band intensities were normalized to amount of total protein in corresponding lane utilizing stain-free technology (Gürtler et al., 2013).


TABLE 1. List of antibodies for Western blotting and immunohistochemistry.
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Immunohistochemistry

After the enucleation, the eye was marked dorsally, the anterior segment removed, to obtain the eyecup and fixed in 4% paraformaldehyde in phosphate saline buffer (PBS) for 20 min at room temperature, followed by 3 × 10 min washes in PBS. Subsequently, the retina was separated from the pigmented epithelium and placed in “free-floating.” After that, the blocking step was performed in 5% bovine serum albumin (BSA) in PBS + Triton 0.1% at 4°C. The next day, the retina was incubated with the primary antibody (Table 1) in 1% BSA + Triton 0.1% for 3 days at 4°C. At the end of the 3 days, after 3 × 10 min washes in PBS, the retina was incubated with the secondary antibody for 2 more days. Finally, after an additional 3 × 10 min washes in PBS, the retina was mounted on the slide with the photoreceptor side up and covered with VECTASHIELD and coverslip. The images were acquired with a fluorescence microscope Nikon model, NiE with digital camera Nikon model, DS-Ri2. The several images acquired were joined through the use of Nis software to recreate the entire retinal surface and with the same software was also traced and measured the damaged area.



Statistical Analysis

The statistical comparisons for ERG registrations and WB results were carried out with one-way analysis of variance (ANOVA test), followed by t-tests with Bonferroni correlation, using the Origin Lab 8.0 program (MicroCal, Northampton, MA, United States). For mRNA expression analysis, the statistical comparisons were performed using Student’s t-test of the normalized values for each gene in treatment groups compared to DMSO treated group. The p-values less than 0.05 were considered statistically significant.




RESULTS

The effectiveness of the sub-chronic treatment with naringenin or quercetin (100 mg/kg/day) and naringenin 50 + quercetin 100 mg/kg/day on the Tvrm4 induced mice (1 min 12,000 lux) retinal function was assessed by a variety of functional, morphological, and biochemical/molecular biological tests. Figure 2 shows the daily intake of the solution and the effective dose of molecules taken for each group of mice treated.
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FIGURE 2. Daily intake of drinking solution. The table shows the value expressed in mean ± SD of the relative intake for a week for each group of treatment.


First, the retinal function was assessed by scotopic and photopic ERG to evaluate the viability of rods and cones, respectively, in the three groups treated with nutraceutical molecules and compare with their respective controls Tvrm4 induced who received DMSO per os only. The tissues were then analyzed using immunohistological techniques for investigations regarding morphology and real-time PCR and western blot techniques for the determination of expression of photoreceptors and markers of oxidative stress to evaluate the presence of proteins essential for the survival of photoreceptors, oxidative stress, and apoptosis.


Functional and Morphological Recovery of Retinal Neurons After Administration of Natural Molecules

The alteration in retinal function and morphology, between the unexposed/untreated healthy control group and mice exposed to the light induction that triggers the genetic mutation that causes retinal degeneration, is shown in Supplementary Figure 1; Figure 3A shows the light intensity/response curves of the ERG after the sub-chronic treatments per os with naringenin 100 mg/kg/day, quercetin 100 mg/kg/day, naringenin 50 + quercetin 100 mg/kg/day, and of the control group, respectively, of the scotopic and photopic ERG. Figure 3B shows the histograms of the scotopic and photopic ERG’s waves amplitude at the lowest luminance (0.36 cd*s/m2, black bars) and the most intense light stimulus (377 cd*s/m2, gray bars). From the graphs, it is possible to note, concerning the scotopic ERG, that in the case of the single treatment (naringenin 100 mg/kg/day or quercetin 100 mg/kg/day) the amplitude is significantly higher than in the group of animals treated with the vehicle alone. The combined treatment (naringenin 50 + quercetin 100 mg/kg/day) does not show the same trend. In this case, the scotopic ERG shows a greater response of the rods to less intense light stimuli (as if the light sensitivity were increased) compared to the control, this response; however, seems to reach saturation at lower light intensity also compared to the other experimental groups analyzed. In the photopic ERG, the effect obtained does not show statistically significant differences between the treatment and the control groups, except for the single treatment with quercetin 100 mg/kg/day.
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FIGURE 3. Retinal function was assessed by scotopic and photopic ERG recording. (A) Scotopic a- and b-wave amplitude and photopic b-wave amplitude as a function of light stimulus intensity, in treatment (green scale line) and control groups (red line). (B) Histogram for the amplitude of scotopic a- and b-waves at a low light intensity (0.36 cd*s/m2, black bars) and the highest (377 cd*s/m2, gray bars); the amplitude of photopic b-wave at the highest light intensity (377 cd*s/m2, gray bars). Bars represent mean ± SEM; statistical analysis was performed using one-way ANOVA test followed by Bonferroni test (*p ≤ 0.05, **p ≤ 0.01 naringenin 100 group vs. DMSO group; #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001, ####p ≤ 0.0001 quercetin 100 group vs. DMSO group; $p ≤ 0.05, $$$p ≤ 0.001, naringenin 50 + quercetin 100 group vs. DMSO group).


Figure 4 shows the bar graph of gene expression specific for photoreceptors of mice treated with nutraceutical molecules, all samples of treated mice are normalized to the control (dashed line). The analyzed genes encode for proteins responsible for the proper functioning of photoreceptors: CNBG1 (light-sensitive channel), GNAT1 (transducin 1) present in the rods, and ARR3 (cone–arrestin), GNAT2 (transducin 2) present in the cones. The graph shows the ability of compounds to strongly modulate the transcriptional expression of genes present at the level of rods in mice: naringenin and quercetin induce an increase in the expression of CNGB1 and GNAT1.
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FIGURE 4. Transcriptional levels of photoreceptor genes from the treated groups of animals compared to the pathological control. The transcriptional levels of four mRNAs coding for photoreceptor proteins were analyzed by real-time PCR. Specifically, the histogram shows the expression of CNBG1 coding light-sensitive channel, GNAT1 coding transducin 1, ARR3 coding cone-arrestin, and GNAT2 coding transducin 2 in the control group (DMSO treated animals) and in groups treated with naringenin 100 mg/kg/day, quercetin 100 mg/kg/day, and naringenin 50 + quercetin 100 mg/kg/day (n = 6, respectively). The data are representative of six animals ± SEM. The bars represent the value obtained after normalization of each value on the mean expression of the most stable genes among those analyzed (from array data) and are expressed as fold-change relative to the control group (made = 1). The statistical analysis was performed using Student’s t-test of the normalized values for each gene in treatment groups (*p ≤ 0.05, naringenin 100 group vs. DMSO group; $p ≤ 0.05, naringenin 50 + quercetin 100 group vs. DMSO group).


Figure 5 shows the results obtained through morphological analysis of the retina and the assessment of protein levels (RHO and cone–opsins) essential for rods and cones. In panel A, are illustrated reconstructions of retinas labeled for cone–arrestin (red) and the pink line delineates the damaged areas (black areas) after photo-induction in treated animals compared to the group that received vehicle alone. In Figure 5B, the bar graph shows that the reduction in the percentage of damaged retinal area in treated mice is statistically significant compared with the control mice (*naringenin 100 vs. DMSO; # quercetin 100 vs. DMSO; $ naringenin 50 + quercetin 100 vs. DMSO). Figure 5C shows the results obtained by WB for the quantification of the protein levels of RHO (38 kDa) and cone–opsins blue + red/green (40 kDa). From the bar graph, it is possible to notice that RHO protein levels are higher in treated mice compared to the control (red bar) with significant results for the single treatment quercetin (100 mg/kg/day) and the combined treatment (naringenin 50 + quercetin 100 mg/kg/day) (#quercetin 100 vs. DMSO; $ naringenin 50 + quercetin 100 vs. DMSO). On the other hand, the results obtained from the quantification of cone–opsins blue + red/green were not significant.
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FIGURE 5. Morphological assessment of the damaged area. (A) Morphology of whole-mount retina of naringenin 100 mg/kg/die, quercetin 100 mg/kg/die, naringenin 50 + quercetin 100 mg/kg/die treated groups and pathological control (cone-arrestin, red). The pink line delineates the damaged area after photo-induction. (B) Histogram for quantification of the damaged area as a percentage of total retinal area for each treatment and control. Each treatment group used to study retinal morphology consisted of n = 6 animals. The bars represent mean ± SEM; the statistical analysis was performed using one-way ANOVA test followed by Bonferroni test (***p ≤ 0.001, naringenin 100 group vs. DMSO group; ###p ≤ 0.001, quercetin 100 group vs. DMSO group; $$p ≤ 0.01, naringenin 50 + quercetin 100 group vs. DMSO group). (C) WB analysis for the treatment and control groups. On the right, the image of the bads related to total protein, RHO, and cone–opsins blue + red/green; on the left, the histogram related to the quantification, by optical densitometry, of RHO and cone–opsins. The number of animals used for WB analysis was, respectively, DMSO (n = 6); naringenin 100 mg/kg/die (n = 11); quercetin100 mg/kg/die (n = 6); naringenin 50 + quercetin 10 mg/kg/die (n = 6). The data are representative of animals ± SEM. The bars represent each value normalized with the total protein and then compared with the control group (DMSO only); the statistical analysis was performed using one-way ANOVA test followed by Bonferroni test (#p ≤ 0.05, quercetin 100 group vs. DMSO group; $$$p ≤ 0.001, naringenin 50 + quercetin 100 group vs. DMSO group).




Efficacy of Natural Molecules in Modulating Oxidative Stress Defense and Apoptosis in Retinal Tissue

After verifying the viability and survival of photoreceptors following treatments with antioxidant nutraceuticals, the effect on markers of oxidative stress and apoptosis was evaluated. In RP, following the death of rods, triggered by the genetic mutation present, is created at the level of retinal tissue a condition of hyperoxia that causes an increase in the production of ROS (Yu et al., 2000, 2004). The presence of ROS and the consequent increase in oxidative stress is considered one of the factors leading to degeneration and secondary death of cones (Valter et al., 1998; Cingolani et al., 2006; Komeima et al., 2006, 2007, 2008; Lee et al., 2011). The previous studies in the rd10 animal model (autosomal recessive RP) showed a reduction in Sod1 and Sod2 following treatment with naturally occurring antioxidants (naringenin and quercetin) (Piano et al., 2019). Through the use of real-time PCR and WB technique, gene expression and protein levels of enzymes involved in cellular pathways aimed at counteracting oxidative stress were determined. As shown in Figure 6, the analysis of 84 genes, shows that the treatment with antioxidant molecules induces changes in the regulation of several genes involved in oxidative stress and antioxidant response. The gene regulation profile after naringenin and quercetin treatments shows a different color pattern in the heatmap (Figure 6), where quercetin seems to lead to greater changes than naringenin in the expression of genes involved in oxidative stress and antioxidant response. In detail, naringenin leads to upregulation of 10 genes (fold-change ≥ 2 vs. DMSO, used as pathological control; data not shown) and downregulation of 4 genes (fold-change ≤ 0.5 vs. DMSO; data not shown). The treatment with quercetin affected the expression of 32 genes, whose transcriptional levels appear strongly increased (fold-change ≥ 2 vs. DMSO; data not shown). Interestingly, the combined treatment appears able to affect the expression of almost all analyzed genes: 45 genes show a great increase in their expression levels (fold-change ≥ 2 vs. DMSO, data not shown), exhibiting an opposite profile of gene expression compared to DMSO treated group (Figure 6).
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FIGURE 6. Heatmap of genes (mRNAs) involved in oxidative stress and antioxidant response. Columns reports the transcriptional expression levels of 84 genes in groups treated with DMSO alone (control group), naringenin 100 mg/kg/day, quercetin 100 mg/kg/day, and naringenin 50 + quercetin 100 mg/kg/day (n = 6, respectively). Furthermore, the expression levels of the same genes in HC (n = 6). Each square represents the mean values of the values obtained after normalization on the mean expression of the most stable genes among those analyzed. Red color indicates the most upregulated expression levels, while green color indicates the least downregulated expression levels.


To better understand these modulations, the transcriptional levels of the same genes were analyzed also in healthy control (HC) mice. Compared to pathological control, the expression of 43 genes is strongly modulated (fold-change ≥ 2 or fold-change ≤ 0.5 vs. DMSO) in HC, suggesting a role of these genes in the pathogenesis of RP. As shown in Figure 5, naringenin modulates the expression of some genes oppositely compared to HC. For example, dual oxidase 1 (Duox1), nitric oxide synthase 2 (Nos2) and Uncoupling Protein 3 (Ucp3) have an opposite trend. Instead, both quercetin and the combined treatment show an expression profile closer to that of HC compared to naringenin (Figure 6). For example, mice treated with quercetin and the combination show a similar expression profile of gene family coding glutathione peroxidases, lactoperoxidase, myeloperoxidase, and NADPH oxidases and their activators, compared to HC. Noteworthy, after the combined treatment, the transcriptional levels of several genes are strongly over-expressed compared to HC: the expression of genes coding glutathione peroxidases (Gpx), interleukin 19, recombination activating gene 2 (Rag2), and RecQ protein-like 4 (Recql4) is doubled. Furthermore, many genes (Gpx), lactoperoxidases (Lpo), prostaglandin–endoperoxide synthase 2 (Ptgs2), or myeloperoxidase (Mpo) are increased not only compared to HC but also to quercetin. Overall, quercetin appears the treatment closest to HC. Figure 7A shows the fold-change of the transcriptional expression of SOD1, SOD2, and SOD3 after treatment with antioxidants, normalized to the control group. Figures 7B–D show the protein levels of Sod1, Sod2, Sod3 enzymes, respectively, in treated mice compared with the control group treated with vehicle (red) Figure 7E shows a representative example of a WB experiment. The transcriptional expression of the SOD1 gene (A) is significantly upregulated after naringenin and the combined treatment (*naringenin 100 vs. DMSO; $naringenin 50 + quercetin 100 vs. DMSO;1.88 ± 0.64 and 2.18 ± 0.73-fold-increase, respectively). The SOD2 gene expression is increased after all treatments, as opposed to SOD3 expression (A). The results show reduced protein levels for Sod1 (B) in the combined and single treatment with quercetin compared to controls, in contrast, the single treatment with naringenin shows a significant increase in protein levels compared to the control (*naringenin 100 vs. DMSO; + naringenin 100 vs. quercetin 100; □ naringenin 50 + quercetin 100 vs. naringenin 100). The histogram for Sod2 (C) shows no statistically significant differences in the levels of the enzyme in the retina of treated mice compared to controls. The bar graph in D relative to Sod3, data showing, in all the various types of treatment, an increasing trend in the levels of the enzyme in treated animals compared to the control (red). Sod3 levels increased significantly ($DMSO vs. naringenin 50 + quercetin 100; □ naringenin 50 + Quercetin 100 vs. naringenin 100; ◊ naringenin 50 + Quercetin 100 vs. quercetin 100) in the group of animals that received the combined treatment (naringenin50 + quercetin 100 mg/kg/day) compared to the control group. To assess whether the administered nutraceutical molecules also could interfere with photoreceptor death, protein levels of markers of the apoptotic pathway were assessed (Figures 8A,B). In particular, Sirt-1, an anti-apoptotic factor, and Caspase-3, the ultimate effector of the cascade of apoptosis and common to the extrinsic and intrinsic pathways, were evaluated; the vehicle-treated control group (red bar), as shown by the histograms in Figure 8B, had high levels of the pro-apoptotic factor Caspase-3 and a low amount of the anti-apoptotic factor Sirt-1. From the histograms related to the treatments (green scales) it is evident a significant increase ($ DMSO vs. naringenin 50 + quercetin 100; □ naringenin 50 + quercetin 100 vs. naringenin 100; ◊ naringenin 50 + quercetin 100 vs. quercetin 100) of the anti-apoptotic factor Sirt-1 in the presence of the combined treatment (naringenin 50 + quercetin100 mg/kg/day) compared to the control while no significant variation is present following the single treatment with naringenin (100 mg/kg/day) or quercetin (100 mg/kg/day). Concerning the combined treatment, in accordance with the histogram relating to Sirt-1, there is a significant decrease ($DMSO vs. naringenin 50 + quercetin 100; □ naringenin 50 + quercetin 100 vs. naringenin 100; ◊ naringenin 50 + quercetin 100 vs. quercetin 100) of Caspase-3 compared to the control group (red); even in the single treatment, although not statistically significant, there is still a decrease of Caspase-3 compared to the diseased control.
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FIGURE 7. Real-time PCR and WB analysis of oxidative stress markers. (A) Trend and statistical significance of transcriptional expression of Sod1, Sod2, and Sod3 genes (data from array analysis) in groups treated with naringenin 100 mg/kg/day, quercetin 100 mg/kg/day, and naringenin 50 + quercetin 100 mg/kg/day (n = 6, respectively) compared to the control group (n = 6). The data are extrapolated from the array analysis and are representative of six animals ± SEM. Bars represent the value obtained after normalization of each value on the mean expression of the most stable genes among those analyzed (from array analysis). The data are expressed as fold-change relative to the control group (made = 1). The statistical analysis was performed using Student’s t-test of the normalized values for each gene in treatment groups (*p ≤ 0.05, naringenin 100 group vs. DMSO group; $p ≤ 0.05, naringenin 50 + quercetin 100 group vs. DMSO group). (B–D) Quantification by WB of the protein levels of Sod1, Sod2, Sod3 in the groups treated with naringenin 100 mg/kg/day (n = 10), quercetin 100 mg/kg/day (n = 6) and naringenin 50 + quercetin 100 mg/kg/day (n = 4) compared with the control group (DMSO, n = 6). (E) Image of the bands related to Total Protein, Sod-1, Sod-2, and Sod-3. The data are representative of animals ± SEM. The bars represent each value normalized with the total protein and then compared with the control group (DMSO only); statistical analysis was performed using one-way ANOVA test followed by Bonferroni test (***p ≤ 0.001, naringenin 100 group vs. DMSO group; $$p ≤ 0.01, naringenin 50 + quercetin 100 group vs. DMSO group; ++++p ≤ 0,0001, naringenin 100 group vs. quercetin 100 group; ◊◊p ≤ 0.01, naringenin 50 + quercetin 100 group vs. quercetin 100 group; □□p ≤ 0.01, □□□□p ≤ 0.0001, naringenin 100 group vs. naringenin 50 + quercetin 100 group).
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FIGURE 8. WB analysis of apoptosis markers. (A) Image of the bands related to Total Protein, Caspase-3, and Sirt-1. (B) Histogram relative to the quantification, by optical densitometry, of Caspase-3 and Sirt-1. The number of animals used for WB analysis were, respectively: control group (DMSO, n = 6); naringenin 100 mg/kg/day (n = 11); quercetin 100 mg/kg/day (n = 6); naringenin 50 + quercetin 100 mg/kg/day (n = 6). The data are representative of animals ± SEM. The bars represent each value normalized with the total protein and then compared with the control group (DMSO only); the statistical analysis was performed using one-way ANOVA test followed by Bonferroni test ($$p ≤ 0.01, naringenin 50 + quercetin 100 group vs. DMSO group; ◊p ≤ 0.05, ◊◊p ≤ 0.01, naringenin 50 + quercetin 100 group vs. quercetin 100 group; □p ≤ 0.05, □□p ≤ 0.01, naringenin 100 group vs. naringenin 50 + quercetin 100 group).





DISCUSSION

The recent work in patients suggests that oxidative stress may promote blood–retinal barrier damage by modulating the production of vasoactive factors, and also accelerate the morphological damage of cone photoreceptors. Several studies in the literature have shown that too high concentrations of ROS lead to cellular damage in both animals and humans, in fact in their eyes, high levels of proteins resulting from oxidative damage were detected in the aqueous humor, compared with controls and how also the formation of cataracts in the eyes can be linked to oxidative stress (Campochiaro et al., 2015; Vingolo et al., 2022).

A previous study conducted in our laboratory has shown the predominant role of oxidative stress in secondary cone-photoreceptor death and the role in slowing down the degeneration of antioxidant molecules in an autosomal recessive model of RP (Piano et al., 2019). Further studies, conducted in different animal models of RP, confirmed the strong involvement of oxidative stress in cone degeneration by demonstrating how different therapeutic approaches, which target oxidative stress, are effective in slowing down the progressive degeneration of these cells (Assimopoulou et al., 2005; Shen et al., 2005; Komeima et al., 2006, 2007, 2008; Kanakis et al., 2007; Fernández-Sánchez et al., 2012; Xiong et al., 2015; Wang et al., 2016; Trouillet et al., 2018).

In the present study, we tested a therapeutic strategy using two flavonoids abundant in fruits and vegetables, naringenin and quercetin, to counteract the oxidative stress underlying RP progression. Indeed, these flavonoids show antioxidant properties that interact with the cellular detoxification enzyme system (Al-Dosari et al., 2017). Furthermore, it has been shown that the anti-oxidant and anti-apoptotic effects of flavonoids can limit neurodegeneration by providing neurotrophic support to prevent retinal damage in RP as in other types of retinal disorders, such as diabetic retinopathy (Al-Dosari et al., 2017) and age-related macular degeneration (AMD) (Maccarone et al., 2008; Falsini et al., 2010; Gopinath et al., 2018). Our findings confirm, and extend, previous data published by other groups on the pivotal role of increased oxidative stress in photoreceptor death and the beneficial effects of antioxidant molecules in slowing retinal degeneration. Specifically, we observed that sub-chronic non-invasive treatment with naturally derived molecules, frequently present in normal diets, can significantly slow disease progression in an animal model of autosomal dominant RP, Tvrm4. The single treatment with the two molecules is effective in preserving the functionality and morphology of the retina. Noteworthy, quercetin appears more effective to protect retinal function compared to naringenin. This less neuroprotection could be partly explained by the changes in transcriptional expression of genes involved in antioxidant defense regulation, where naringenin shows the expression profile is more different from HC. Furthermore, both gene and protein expression analysis showed an increase in SOD1 levels, as opposite to quercetin. Even if SOD1 has an important role in the antioxidant defense system in the retina (Dong et al., 2006), overexpression of SOD1 also showed increased oxidative damage and more rapid loss of cone function (Usui et al., 2011). Evidence reports that there is a discrepancy between the activity of the individual natural compound and the activity of whole fruit or vegetable from which they are extracted (Miller and Rice-Evans, 1997; Koss-Mikołajczyk et al., 2019; Baranowska et al., 2020). One of the possible explanations could be a pharmacological interaction between natural compounds. Therefore, we analyzed the potential effects of combined administration of the two flavonoids, evaluating the ability of the less active compound to potentiate the protective effects of the most active molecule. Un-expectedly, the combined treatment of the two molecules showed a different trend from single molecules. The expression analysis of genes involved in oxidative stress and antioxidant response suggests one possible explanation also to the unforeseen trend of the combined treatment: instead of restoring the physiological balance minimizing the levels of ROS, the co-treatment could lead to an excessive antioxidant response reducing also low levels of ROS that are involved in cell signaling and redox regulation, thus inducing an “anti-oxidative stress” (Poljsak and Milisav, 2012; Poljsak et al., 2013; Kornienko et al., 2019). Indeed, both anti-oxidative and oxidative stresses lead to the anti-oxidative imbalance that can be damaging (Poljsak et al., 2013). Moreover, the combined treatment induces a strong increase in the protein expression of SOD3 levels, as opposed to single treatments with naringenin and quercetin. Even if SOD3 protects from oxidative injury, its excessive increase can be deleterious (Ikelle et al., 2021).

Furthermore, from the results obtained it is possible to observe that the response to low luminance of the scotopic ERG, for animals treated with the combination of the two molecules, is greater than in pathological controls. This trend shows a drastic reduction at high light intensities, indicating a phenomenon of saturation of the photoreceptors and the lack of ability to recycle the photopigment (Lamb and Pugh, 2004; Kiser et al., 2012). This could be due to the ability of two molecules in combination to preserve cells from death (by modulation of the anti-apoptotic agent Sirt-1) and to stabilize the RHO molecules still available (Herrera-Hernández et al., 2017; Ortega et al., 2019) but inducing the antioxidant stress. As a result of this state within photoreceptors and RPE cells, which are responsible for recycling retinoid from RHO and are involved in phagocytosis of the tips of the outer segments of photoreceptors, there is an accumulation of toxic factors that do not allow the proper functioning of the photoreceptors. The development of anti-oxidative stress could cause metabolic deficits at the level of photoreceptors that hypothetically are no longer able to recycle and renew the proteins necessary for the proper functioning of the phototransduction machine (Ortega and Jastrzebska, 2019).



CONCLUSION

Overall, the data obtained from this study show that the anti-oxidant and anti-apoptotic effects of flavonoids may limit neurodegeneration by providing neurotrophic support to prevent retinal damage in an animal model of autosomal dominant RP (Tvrm4 mice) as in other types of retinal diseases, such as diabetic retinopathy (Al-Dosari et al., 2017) and AMD (Maccarone et al., 2008; Falsini et al., 2010; Gopinath et al., 2018). In this work, we first used the Tvrm4 mouse model of RP to test the potential beneficial effects of two nutraceutical compounds, naringenin, and quercetin in single or combined administration, found in a typical Western diet, using a sub-chronic non-invasive treatment. In conclusion, our results demonstrate that supplementing the diet with sufficient doses of flavonoids could be an effective preventive, mutation-independent, non-invasive approach to slow retinal degeneration. This neuroprotective approach requires further investigation to estimate the true efficacy of the treatment to preserve vision in patients with various forms of RP and to establish the optimized regimen of exogenous antioxidant molecules especially when these are administered in combination.
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Supplementary Figure 1 | Retinal function and morphology. (A) Scotopic a- and b-wave amplitude and photopic b-wave amplitude as a function of light stimulus intensity, in Unexposed/untreated health control (black scale line) and Exposed groups (red line). (B) Representative ERG traces of scotopic and photopic ERG at the highest light intensity (377 cd*s/m2 gray bars); (C) Whole-mount retina stained against cone–arrestin protein.

Supplementary Figure 2 | Specificity control of cone-arrestin antibody on retinal sections of unstressed/untreated Tvrm4 mice.

Supplementary Figure 3 | Control of the specificity of RHO (A) and cone–opsin (B) antibodies, respectively, on retinal protein lysates and on cell lysates of ARPE-19, a retinal pigment epithelium cell line that physiologically does not express photoreceptor-specific photopigments.


FOOTNOTES

1https://geneglobe.qiagen.com
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Purpose: Early-stage glaucoma diagnosis has been a challenging problem in ophthalmology. The current state-of-the-art glaucoma diagnosis techniques do not completely leverage the functional measures' such as electroretinogram's immense potential; instead, focus is on structural measures like optical coherence tomography. The current study aims to take a foundational step toward the development of a novel and reliable predictive framework for early detection of glaucoma using machine-learning-based algorithm capable of leveraging medically relevant information that ERG signals contain.

Methods: ERG signals from 60 eyes of DBA/2 mice were grouped for binary classification based on age. The signals were also grouped based on intraocular pressure (IOP) for multiclass classification. Statistical and wavelet-based features were engineered and extracted. Important predictors (ERG tests and features) were determined, and the performance of five machine learning-based methods were evaluated.

Results: Random forest (bagged trees) ensemble classifier provided the best performance in both binary and multiclass classification of ERG signals. An accuracy of 91.7 and 80% was achieved for binary and multiclass classification, respectively, suggesting that machine-learning-based models can detect subtle changes in ERG signals if trained using advanced features such as those based on wavelet analyses.

Conclusions: The present study describes a novel, machine-learning-based method to analyze ERG signals providing additional information that may be used to detect early-stage glaucoma. Based on promising performance metrics obtained using the proposed machine-learning-based framework leveraging an established ERG data set, we conclude that the novel framework allows for detection of functional deficits of early/various stages of glaucoma in mice.

Keywords: glaucoma, machine learning, electroretinography, ERG, wavelet transform, early stage, AI


1. INTRODUCTION

Glaucoma, a chronic neurodegenerative disease affecting the retina and optic nerve, and a leading cause of blindness, is characterized by a progressive, irreversible loss of vision. As currently available treatment paradigms focus primarily on a predisposing factor, elevated intraocular pressure (IOP), and do not allow for repair of the retina and optic nerve once the disease has progressed and damage has occurred, technologies enabling an early diagnosis of glaucoma are needed urgently. Consequently, such new diagnostic modalities enabling early therapeutic intervention would significantly improve treatment outcomes. Current methods of glaucoma diagnosis are based on psychophysical techniques and the assessment of structural changes to the retina and optic nerve (Bussel et al., 2014). Standard automated perimetry testing, including the widely used Humphrey visual field testing, currently represents the most commonly utilized technique for glaucoma diagnosis and monitoring of disease progression and therapy outcomes (Ernest et al., 2012; Fidalgo et al., 2015). Recent efforts to employ machine-learning (ML) approaches to improve the analysis of behavioral psychophysical testing approaches produced moderate improvements over conventional analysis algorithms (Saeedi et al., 2021). However, significant damage to the retina and optic nerve, including loss of retinal ganglion cells (RGCs) has often already occurred before changes can be detected with standard automated perimetry testing (Turalba and Grosskreutz, 2010).

Recently, automated retinal image analysis (ARIA) systems have been developed for the diagnosis of complex diseases such as diabetic retinopathy and glaucoma (Sim et al., 2015; Lee et al., 2017). The development of these ARIA systems involved ML-based methods to detect structural changes determined with optical coherence tomography (OCT) imaging resulting in high analytical accuracy in automatically classifying disease phenotypes based on structural characteristics (Zhu et al., 2014; Asaoka et al., 2016; An et al., 2019). Despite such significant progress, early detection of glaucoma is still a challenge (Brandao et al., 2017), given the highly significant limitations of early detection of glaucoma based on structural methods. Systems employing the analysis of structural changes for glaucoma diagnosis are based on measuring retinal nerve fiber layer (RNFL) thickness in OCT images of the retina, which is highly variable and weakly correlated with RGC counts despite RNFL thickness being a surrogate marker of RGC degeneration and optic nerve fiber loss, hallmarks of glaucoma pathogenesis (Ledolter et al., 2015). Further, RGC loss often occurs early during pathogenesis in the absence of measurable RNFL thinning, prompting an urgent clinical need for methods with higher sensitivity, such as functional measures including ERG (Harwerth et al., 2002; Fortune et al., 2003; Takagi et al., 2012; Ledolter et al., 2015; Brandao et al., 2017). In contrast, functional measures such as visual field and ERG are sensitive to subtle changes in RGC function and RGC damage, which suggest a significant potential to enable early detection of glaucoma, even in the absence of elevated IOP, as seen in patients with normotensive glaucoma (Fortune et al., 2003; Aldebasi et al., 2004; Brandao et al., 2017). Therefore, this study aims to investigate such potential considering ERG signals.

Consequently, interventions could be initiated before irreversible damage occurs, allowing for the optimization of treatment strategies based on the improvement of RGC function (Ventura and Porciatti, 2006). This is of high clinical importance as determining the efficacy of therapies aimed at lowering IOP in open-angle glaucoma (Palmberg, 2002; Leske et al., 2007) requires early validation of therapy success (An et al., 2019), but will also be of importance for the development of novel alternative and complementary glaucoma therapies based on neuroprotective strategies (Rohowetz et al., 2018). Recently, in a study conducted by Tang et al. (2020) photopic negative response (PhNR) was used to assess the short-term changes in inner retinal function following intraocular pressure (IOP) decrease in glaucoma using eyedrops. Hui et al. (2020) showed that Nicotinamide supplementation helps improve the function of the inner retina in glaucoma.

Recent advances in the acquisition of complex neuroscience data have a significant innovative potential to progress toward more effective diagnostic systems (Kononenko, 2001). The adequate, timely, and clinically relevant analysis of such data has potentially high clinical impact (Lisboa, 2002). However, while such data sets can be readily acquired and technologies to further improve and simplify data acquisition continue to emerge (McPadden et al., 2019), critical barriers to implement the effective use of such novel data in clinical diagnostics and therapy delivery remain (Lee and Yoon, 2017). While the analysis of complex biomedical data is often part of medical diagnostics, current expert analysis standards and algorithms are limited by pattern recognition in few dimensions, which results in less than optimal identification or even exclusion of potentially relevant diagnostic features (Hannun et al., 2019). Machine learning could significantly augment medical diagnostics and increase their efficacy by analyzing aspects of complex and multi-dimensional biomedical data that are either not being considered adequately or that are not accessible to current analysis methods (Holzinger, 2014). Such machine-learning based diagnostic approaches have been developed and are being actively used for the detection of cardiovascular diseases (Al'Aref et al., 2019), and cancer (Cruz and Wishart, 2006).

ERG data are one such type of complex and multi-dimensional biomedical data that are potentially relevant to the diagnosis of glaucoma, but are currently not considered during routine clinical practice or in clinical research. Historically, this is due to multiple barriers related to clinical ERG data acquisition, such as limitations in reproducibility, high costs of both equipment and of individual tests, long test duration and complex test administration resulting in reduced patient acceptance and compliance, and the need for highly trained experts to administer tests. With the advent of novel ERG technologies, most of these barriers related to clinical ERG data acquisition have been removed (Nakamura et al., 2016; Asakawa et al., 2017; Kato et al., 2017; Hobby et al., 2018; Liu et al., 2018; Man et al., 2020), opening up the possibility to effectively use ERG data for glaucoma diagnostics, calling the necessity for the development of novel approaches (e.g., M-L-based ones) that is capable to quickly and thoroughly analyze such data.

Machine learning is based on statistical techniques to learn from data and develop predictive models (Jordan and Mitchell, 2015). Recently, there has been a surge of interest in machine learning as significant advancements in computational hardware (Shi et al., 2016) facilitate the development of novel machine learning approaches as solutions to problems in various disciplines from financial forecasting to public transportation and healthcare (Trafalis and Ince, 2000; Omrani, 2015; Ahmad et al., 2018). There are several predictive techniques in machine learning with various complexities, ranging from simple linear models to advanced non-linear models such as those based on deep learning algorithms (Shailaja et al., 2018; Khan et al., 2021; Saxe et al., 2021). Currently, available ERG analysis methods, such as those developed by Hood et al. (2000); Ventura and Porciatti (2006), have contributed to a significantly improved understanding of the relationship between ERG signals and vision loss. These methods are limited to frequency domain analysis (Miguel-Jiménez et al., 2010; Luo et al., 2011; Palmowski-Wolfe et al., 2011; Ledolter et al., 2013) and the analyses of differences in amplitude and latency of ERG (Fortune et al., 2002; Thienprasiddhi et al., 2003; Stiefelmeyer et al., 2004; Chu et al., 2007; Todorova and Palmowski-Wolfe, 2011; Ho et al., 2012; Hori et al., 2012). In addition, these methods are often time-consuming, labor-intensive, and focused on parameters developed to address a small subset of mostly genetic diseases of the eye affecting predominantly pediatric patient populations (Frishman et al., 2000; Graham et al., 2000; Dale et al., 2010). To achieve higher accuracy and a more detailed understanding of disease progression and of the impact of therapeutic intervention, more sophisticated features such as those obtained from wavelet analysis are required (Forte et al., 2008; Barraco et al., 2014). Additionally, currently available methods are often not suitable for analyzing large data sets and databases, rendering them incapable of taking advantage of complex and rich datasets (Consejo et al., 2019; Armstrong and Lorch, 2020). These drawbacks prompted others (Bowd et al., 2014; Yousefi et al., 2015; Atalay et al., 2016; Verma et al., 2017) and us to design and develop novel methods capable of handling complex and large datasets and ultimately to provide a unique approach for diagnosing early-stage glaucoma. However, it should be noted that early detection of glaucoma is not possible with currently available techniques during the early stages of glaucoma pathogenesis, when cellular changes occur that do not result in structural damage or visual impairment yet. Such early-onset factors predisposing to glaucoma development include processes preceding the onset of ocular hypertension, for example, the onset of iris pigment dispersion preceding IOP elevation in the DBA/2 mouse model. However, and more importantly, we identified cellular changes resulting in altered ERG signals, such as changes in oscillatory potentials, that currently cannot be detected with other functional or structural measures.

Boquete and colleagues developed a method to automate glaucoma diagnosis based on ERG signals using neural networks and structural pattern analysis (Boquete et al., 2012). They utilized thirteen features (morphological and transitional characteristics) for training the model and achieved a testing accuracy of 80.7% (Boquete et al., 2012). This study was limited to basic morphological characteristics of mfERG recordings (Boquete et al., 2012). Miguel-Jiménez et al. (2015) also employed neural networks for ERG-based glaucoma diagnosis but used continuous wavelet transformed coefficients and achieved a binary classification accuracy of 86.90% (Miguel-Jiménez et al., 2015). Although a higher accuracy was achieved, this analysis was limited to wavelet features only (Miguel-Jiménez et al., 2015). Nevertheless, both studies showed that machine learning-based methods trained even on compact data sets provide powerful tools to analyze ERG signals and provide potentially new information relevant for the early detection of glaucoma. Sarossy and colleagues investigated the relationship between a compact set of features and glaucoma that can be analyzed with machine learning approaches; however, the study was limited to the analysis of the photopic negative response (PhNR) and five additional features (Sarossy et al., 2021).

The goal of the present study was to comprehensively assess the capability of machine-learning-based methods to detect early-stage glaucoma using time-series ERG signals. In particular, the following points are addressed during method development:

1. Develop a framework to extract and identify important predictors (features) from ERG signals.

2. Compare the predictive capability of statistical and wavelet-based features for binary and multiclass classification.

3. Develop a robust ML-based model to diagnose glaucoma (binary classification).

4. Develop a robust ML-based model capable of distinguishing various stages of glaucoma progression (multiclass classification).

5. Develop a robust ML-based model to provide a quantitative assessment of visual function by predicting retinal ganglion cell count from ERG signals for the first time.



2. METHODS


2.1. Overview

ML based algorithms have been applied to Electrocardiogram (ECG) signals in order to develop predictive models for diagnosing heart diseases (Li et al., 2014; Al'Aref et al., 2019). Recently machine learning-based Artificial Neural Networks (ANN) have been applied to ERG signals for obesity diagnosis (Yapici et al., 2021). However, to date, machine learning-based methods have not been applied systematically to analyze ERG signals for glaucoma detection. Therefore, the potential of ERG signals in glaucoma diagnosis has not been fully utilized. The present work aims to develop a predictive model for early glaucoma diagnosis based on machine-learning algorithms by utilizing advanced features from ERG signals as predictors. The steps involved in developing a machine-learning-based predictive model for ERG analysis are shown in Figure 1. Each of these steps is explained in detail below.


[image: Figure 1]
FIGURE 1. Machine learning workflow using ERG signals. ERG Database: the ERG database contains the input ERG data used to train the predictive model. Pre-processing of data: this step ensures data quality by transforming the data to a common baseline, accounting for missing data, and handling outliers. Feature extraction: mathematical operations are performed on the data to extract features/parameters that indicate functional deficits in the eye. Predictive Model Development: algorithms can determine trends and patterns in data from statistical analysis of extracted features during training; these models can predict either class or value from the input data are called classifier and regression models, respectively. Deployment of Model into medical devices: successful predictive models can be included with ERG testing devices to provide real-time prognosis and diagnosis.




2.2. ERG: A Biomarker

Electroretinography measures the electrical responses of different types of cells in the retina, such as ganglion cells. These signals are usually measured in microvolts. Oscillatory Potential (OP) and Scotopic Threshold Response (STR) represent important ERG components indicative of RGC cell function (Saszik et al., 2002; Dong et al., 2004; Hancock and Kraft, 2004; Lei et al., 2006). OPs are small rhythmic wavelets superimposed on the ascending b-wave of the ERG and STR are negative corneal deflection elicited in the fully dark-adapted eye to dim stimuli. An International Society for Clinical Electrophysiology of Vision (ISCEV) standardized ERG protocol (Marmor et al., 2009) included several tests to measure the function of various retinal cell types, including the rod response, standard rod-cone response, Hi-intensity rods, and cones response, cone response, Hi-intensity cone response, flicker, and Hi flicker (Grillo et al., 2018). A visualization of nine ERG signals resulting from two ERG components (OP and STR) and seven ERG test responses is provided in Figure 2. The dynamics of ERG signals vary in people with various conditions and can therefore aid in differentiating individuals with glaucoma (Grillo et al., 2018), schizophrenia (Demmin et al., 2018), obesity (Yapici et al., 2021), and bipolar disorder (Hébert et al., 2020). ERG can also help in evaluating the effectiveness of new or existing drugs and therapy modalities (Lai et al., 2006, 2009; Nebbioso et al., 2009; da Silva et al., 2020).
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FIGURE 2. Visualization of ERG Signals manifesting their complex nature. The blue lines correspond to healthy and red lines correspond to glaucomatous Signals. Signals resulting from ERG tests include OP (Oscillatory Potential: small rhythmic wavelets superimposed on the ascending b-wave of the ERG), STR (Scotopic Threshold Response: negative corneal deflection elicited in the fully dark-adapted eye to dim stimuli), Rods (rod response), Rods and cones (standard rod-cone response), Hi Rods and cones (Hi-intensity rods and cones response), Cones (cone response), Hi cones (Hi-intensity cone response), Flicker (Flicker response), and Hi flicker (Hi-intensity flicker response).




2.3. Ganzfeld Flash Electroretinography

The development of pigmentary glaucomatous optic neuropathy in the DBA/2 mouse model had several similarities to glaucoma pathogenesis in human patients, including loss of vision and RGC (McKinnon et al., 2009; Burroughs et al., 2011; Grillo et al., 2013; de Lara et al., 2014; Kaja et al., 2014; Grillo and Koulen, 2015; Montgomery et al., 2016). The Ganzfeld flash electroretinography (fERG) procedures in mice were conducted under dim red light that was followed by an overnight dark adaptation (>12 h). Isoflurane at 3 and 1.5% was used respectively, to anesthetize mice and maintain anesthesia. The pupils were dilated using 1 drop of 1% tropicamide and were allowed to dilate for 10 min. Rectal temperature was monitored and maintained at 37°C using a heating pad. Silver-embedded thread electrodes were placed over the cornea in 1% methylcellulose with mini-contact lenses fitted preventing the corneal dehydration (Ocuscience LLC, Henderson, NV). The head was placed inside the Ganzfeld dome, and fERG with 2 recording channels was performed using an HMsERG system (Ocuscience LLC) equipped with an amplifier with a band pass from 0.3 to 300 Hz. Mice were subjected to the International Society for Clinical Electrophysiology of Vision (ISCEV) standardized ERG protocol [29], whose implementation is described in detail in Marmor et al. (2009). ERGView 4.380V software (OcuScience LLC) was used to perform statistical analyses including averaging multiple flashes recorded at each intensity and stored for further analysis. Additionally, mice were tested using a scotopic flash intensity series in the range of −4.5 to 1.5 log cd s/m2. Further, a 1:1,000 neutral density filter (ND3) was used to control the 7 lowest flash intensities; data were averaged from 10 flashes (−4.5 to −3.5 log cd s/m2), 4 flashes (−3 to 0.5 log cd s/m2) at the lower intensities or measured from 1 flash at the 2 highest intensities (1 to 1.5 log cd s/m2). Following the light adaptation (1.5 log cd s/m2 for 10 min), responses from a photopic series (−2 to 1.5 log cd s/m2; 32 flashes per intensity) were recorded in a separate fashion. Further details about data acquisition can be found in Grillo et al. (2018).



2.4. ERG Dataset

Ganzfeld fERG tests were performed on 4 months old (n = 15) and 11 months old (n = 15) male DBA/2 mice. Each animal had two sets of test data, one for each eye. Therefore, a total of 60 data sets for individual eyes were included in this study. Each data set comprised of nine different ERG signals (OP, STR, and seven signals from ERG testing protocols), as shown in Figure 2 (OPs are small rhythmic wavelets superimposed on the ascending b-wave of the ERG and STR are negative corneal deflection elicited in the fully dark-adapted eye to dim stimuli). Therefore, 540 recordings were utilized in this study. Intraocular pressure (IOP) and retinal ganglion cell (RGC) count measurements were also utilized in this study. Although IOP data was available for all animals, RGC counts were only available for 10 (20 eyes). The animals were grouped in a binary group (healthy and glaucomatous) based on age and multiclass group based on IOP as (normal, <12 mm Hg; high, [≥12 mm Hg <17 mm Hg]; glaucomatous, ≥17 mm Hg). All the data used in this study was well-balanced for respective groups.



2.5. Pre-processing of Data

ERG raw data may contain several anomalies such as different start times, missing data, different sampling frequencies, noise, and unequal lengths of the signal recordings. In Machine learning-based modeling, the quality of the training data can significantly impact the model performance. Therefore, pre-processing (data preparation and screening) is crucial to ensure the quality of the training dataset (Jambukia et al., 2015). Pre-processing steps considered in the present study include,

1. Baseline adjustment

2. Feature extraction

3. Handling missing data

4. Handling outliers

5. Feature scaling

6. Feature selection

The signal's baseline (start time) can be different for different animals and testing protocols. Therefore, all the measurements were brought to a common baseline (start time was offset to zero) during baseline adjustment (Jambukia et al., 2015). Feature extraction involves computing a reduced set of values from a high-dimensional signal capable of summarizing most of the information contained in the signal (Khalid et al., 2014). The missing data were replaced with mean values (Graham et al., 2013). For handing outliers, values more than three scaled median absolute deviations (MAD) away from the median were detected as outliers and replaced with threshold values used in outlier detection (Aguinis et al., 2013). The feature's values vary widely, even by orders of magnitude. Therefore, it is important to bring the feature values to a similar range (feature scaling), especially when using distance-based machine learning algorithms (Wan, 2019). Feature selection is further dimensionality reduction from the extracted features. It is performed to reduce the computational cost of modeling, to achieve a better generalized, high-performance model that is simple and easy to understand (Aha and Bankert, 1996). Feature extraction and selection are explained in detail in the following sections.



2.6. Feature Extraction

ERG signals are complex high-dimensional data, and training a model with many variables requires significant computational resources. Feature extraction reduces the dimensionality of the data by computing a reduced set of values from a high-dimensional signal capable of summarizing most of the information contained in the signal (Guyon et al., 2008). In the present study, feature extraction was performed in two phases. First, common statistical features were extracted from the signal, followed by the extraction of advanced wavelet-based features. Figure 3 provides an overview of the feature extraction process and is explained below.


[image: Figure 3]
FIGURE 3. Feature Extraction. During this process, mathematical operations are performed on the data to extract features. This step is crucial for discovering features indicative of functional deficits in the eye. ERG test on each eye leads to nine signals, as shown in Figure 2. Two sets of features (Standard features and advanced features) are extracted from each of the nine signals. The standard set of features include common statistical features such as mean, quartiles, and entropies. In contrast, the advanced set of features include sophisticated features such as autoregressive coefficients, Shannon entropy, and wavelet features.



2.6.1. Statistical Feature Extraction

A total of 17 Statistical features capable of describing the general behavior of ERG signals were extracted from the signal. These features were grouped as follows.

1. Measures of Central Tendency

2. Measures of Spread

3. Measures of Shape

4. Measures of Peaks

5. Measures of Derivatives

6. Measures of Correlation

Measures of central tendency included mean, median, trimmed mean. Measures of spread included range, standard deviation, variance, mean absolute deviation, and interquartile range. Measures of the shape include skewness, kurtosis, central moments of the second and third-order, and aspect ratio. Measures of peaks included the number of peaks and troughs in the signal. Measures of derivatives include the first-order derivative of the signal with respect to time. Measures of correlation included the correlation coefficient of the signal with respect to time. The equations for the computation of these quantities can be found in Asgharzadeh-Bonab et al. (2020); Yapici et al. (2021).



2.6.2. Advanced Feature Extraction

Advanced features capable of capturing subtle changes were extracted from the signal. Each signal was split into 32 blocks (~ 2000 samples/block) to further capture subtle changes in the signal (Martis et al., 2014). Daubechies least-asymmetric wavelet with four vanishing moments (Symlets 4) was used as mother wavelet to derive the wavelet coefficients (Daubechies, 1992). The following features (190 features in total as shown in Figure 3) were extracted from each block of the signal:

AR coefficients: The signal x[n] at time instant n in an AR process of order p can be described as a linear combination of p earlier values of the same signal. The procedure is modeled as follows:

[image: image]

where a[i] is the AR model's ith coefficient, e[n] denotes white noise with mean zero, and p denotes the AR order. The AR coefficients for each block were estimated using the Burg method (Zhao and Zhang, 2005); the order was determined using the ARfit model order selection method (Neumaier and Schneider, 2001) as 4th order. Therefore a 4-order AR model is chosen to represent each of the ERG signal components.

Wavelet based Shannon Entropy: The Shannon entropy is an information-theoretic measure of a signal. Shannon entropy (denoted as SE) values for the maximal overlap discrete wavelet packet transform (MOD- PWT) using four-level wavelet decomposition was computed on the terminal nodes of the wavelet (Li and Zhou, 2016). Mathematical expression for Shannon entropy using wavelet packet transform is as follows:

[image: image]

where N is the number of coefficients in the jth node and pj,k are the normalized squares of the wavelet packet coefficients in the jth terminal node of the wavelet.

Multifractal wavelet leader estimates and multiscale wavelet variance estimates: The multifractal measure of the ERG signal was obtained using two wavelet methods (wavelet leader and cumulant of the scaling exponents). Wavelet leaders are time/space-localized suprema of the discrete wavelet coefficients' absolute value. These suprema are used to calculate the Holder exponents, which characterize the local regularity. In addition, second cumulant of the scaling exponents were obtained. Scaling exponents are scale-dependent exponents that describe the signal's power-law behavior at various resolutions. The second cumulant basically depicts the scaling exponents' divergence from linearity (Leonarduzzi et al., 2010). Wavelet variance of ERG signals were also obtained as features. Wavelet variance quantifies the degree of variability in a signal by scale, or more precisely, the degree of variability in a signal between octave-band frequency intervals (Maharaj and Alonso, 2014).




2.7. Feature Selection

Feature extraction discussed previously was performed in order to reduce the dimensionality of the signals; however, the resulting number of features was still higher than the number of training data. Therefore, further reduction in the dimensionality of the data was performed using the feature selection method to identify relevant features for classification and regression. It should be noted that feature selection was necessary to reduce the computational cost of modeling, prevent the generation of a complex and over-fitted model with high generalization error, and generate a high-performance model that is simple and easy to understand (Saeys et al., 2007). In particular, the Minimum Redundancy Maximum Relevance (MRMR) sequential feature selection algorithm was used in the present study because this algorithm is specifically designed to drop redundant features [see (Darbellay and Vajda, 1999; Ding and Peng, 2005) for mathematical details/formulations], which was required to design a compact and efficient machine-learning-based model (Zhao et al., 2019). It is worth noting that other available dimensionality reduction techniques such as Principal component analysis (PCA) were not considered in this study as such techniques do not allow for direct tracing and understanding the relevance of each feature (Aha and Bankert, 1996).



2.8. Predictive Model Development

ML models are mathematical algorithms that provide predictions based on an inference derived from the generalizable predictive patterns of the training data (Bzdok et al., 2018). Several machine learning models were employed and evaluated in order to identify the best one to classify the ERG signals. These included decision trees, discriminant, support vector machine, nearest neighbor, and ensemble classifiers. Most of these models can perform both classification and regression. Decision tree-based models predict the target variable by learning simple decision rules (Navada et al., 2011). Discriminant classifiers are based on the assumption that each class has different Gaussian distributions of data, and the classification is performed based on Gaussian distribution parameters estimated by the fitting function (Cawley and Talbot, 2003). Support vector machine (SVM) is based on Vapnik–Chervonenkis theory, where a hyperplane separating the classes is determined. SVMs are efficient algorithms suitable for compact datasets (Noble, 2006). The nearest neighbor algorithm is based on the assumption that similar things exist nearby. It is a simple yet versatile model with high computational cost (Zhang and Zhou, 2007). Ensemble methods such as bagged trees (or random forest) combine the predictions of several learning algorithms with improving generalization. Although these methods are also computationally expensive, they are unlikely to over-fit (Dietterich, 2000). Regression analysis based on the above techniques was also performed alongside classification.



2.9. Performance Evaluation

Various performance evaluation metrics were utilized to compare different machine learning algorithms. The metrics used in this study include accuracy, sensitivity, specificity, precision, recall, f-score, root mean squared error, and their corresponding mathematical formulations are given below.

The abbreviations used in the following expressions include True Positive (TP) which are the cases the model correctly predicted the positive (glaucomatous) class. True Negative (TN) are the cases the model correctly predicted the negative (non-glaucomatous) class. False Positive (FP) are the cases the model incorrectly predicted the positive (glaucomatous) class. False Negative (FN) are the cases the model incorrectly predicted the negative (non-glaucomatous) class.


2.9.1. Accuracy

Accuracy is the percentage of correctly classified observations, as shown below.

[image: image]



2.9.2. Sensitivity

Sensitivity/Recall estimates the proportion of actual positives (e.g., actual glaucomatous) was identified correctly.

[image: image]



2.9.3. Specificity

Recall estimates the model's ability to correctly reject healthy patients without a Glaucoma.



2.9.4. Precision

Precision estimates the proportion of positive predictions (e.g., glaucomatous predictions) that was actually correct.

[image: image]



2.9.5. F-Score

The F-Score estimates the harmonic mean of the precision and recall.

[image: image]



2.9.6. Root Mean Square Error (RMSE)

The Root Mean Square Error (RMSE) was used as the performance evaluation metric for regression analysis. RSME is the standard deviation of the prediction errors (residuals).

[image: image]

Where N is the number of observations.





3. RESULTS

A machine learning-based approach was developed and trained using the balanced ERG data previously published by Grillo et al. (2018). Although a compact dataset of 60 observations and 540 signals was used in this study, the current framework was able to consistently detect features (Figures 6, 9) that are known to be medically relevant such as OP, STR, Flicker reported in various studies (Tyler, 1981; Saszik et al., 2002; de Lara et al., 2014, 2015; Porciatti, 2015; Grillo et al., 2018). In particular, studies conducted by Wilsey and Fortune (2016); Hermas (2019); Beykin et al. (2021) investigating the variability of PhNR in glaucomatous and healthy subjects in PERG and fERG have found that PhNR to be an important biomarkers for detection of glaucoma. It is worth noting that in fERG analysis (ERG protocol for this study), pSTR, nSTR, PhNR are extracted from STR.

Therefore, we were able to demonstrate that the proposed framework for early-stage glaucoma diagnosis can be reproducibly evaluated and validated even on such a compact database. Furthermore, we would like to note that there are other investigations that successfully applied ML-based method in different fields, including biomedical (Seo et al., 2020) and material science (Zhang and Ling, 2018) using compact datasets. The procedure employed for the development of the predictive modeling framework is summarized below.

• Data Split: Hold out (80% training, k-fold cross-validation, 20% testing).

• Dimensionality reduction: Feature Extraction.

• Feature selection: MRMR.

• Hyper-parameter tuning: k-fold cross-validation (k = 10).

• Model Evaluation: Performance metrics evaluated on the unseen testing set.

The dataset was divided into two parts; 80% of the data was used for training and validation, and the remaining 20% was set aside for testing. The hold-out testing strategy ensured that the test data was never a part of the training process (Yadav and Shukla, 2016). Dimensionality reduction was performed using feature extraction and feature selection. MRMR feature selection algorithm was used to identify the important predictors. K-fold (K = 10) cross-validation was used for training and hyper-parameter tuning (Duan et al., 2003). The cross-validation technique significantly reduces bias when working with small datasets (Varma and Simon, 2006). The loss function was the objective minimization function for both classification regressions during hyper-parameter optimization. The hyper-parameters associated with corresponding ML algorithms (Feurer and Hutter, 2019), as shown in Table 1, were optimized through nested cross-validation. Next, the trained model with optimized hyper-parameters was evaluated using test data that was not a part of training. To further ensure that the machine learning models compared in this investigation were not over-fitted, given the compact dataset used in the present study, the behavior of training and testing error vs. training cycles was monitored. Different techniques, including Tree, Discriminant, SVM, Naive Bayes, Tree Ensemble, and KNN, were applied, and their performances were assessed. The performance of each technique was assessed based on the accuracy (discussed in section 2.9) is tabulated in Table 2. Considering binary and multiclass classifications, it can be seen that the Ensemble-based technique (bagged tree) was consistently outperforming other techniques. Additionally, other performance metrics for ensemble bagged trees (discussed in section 2.9) are summarized in Table 3.


Table 1. Hyperparameters tested/optimized.

[image: Table 1]


Table 2. Testing accuracy obtained using various machine learning techniques.

[image: Table 2]


Table 3. Performance metrics for ensemble classifier.
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3.1. Binary Classification

For binary classification (classifying animals with/without glaucoma) based on statistical features, the correlation of cones, mean of flicker, median, and skewness of Hi Rods and cones, and standard deviation of cones were identified as important among the statistical features as shown in Figure 4. Moreover, the box plot demonstrates variations of each feature for each class (with/without glaucoma), respectively. Several models, including SVM and ensemble-based classifiers were used for training, and their performances were assessed. It turned out that the SVM and ensemble bagged tree provide the best performance with a testing accuracy of 83.33%, as shown in Table 2.


[image: Figure 4]
FIGURE 4. Boxplot of statistical features selected by Minimum Redundancy and Maximum Relevance (MRMR) feature selection algorithm for binary classification (Std D, Standard Deviation). On each box, the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually using the “+” marker symbol.


Next, the binary classification was performed using wavelet-based features. Among the extracted wavelet features, Shannon Entropy Values for Maximal Overlap Discrete Wavelet Packet Transform (MOD-PWT) were identified as important features from Rods and cones, Rods, STR, and OP, as shown in Figure 5. The utilization of the selected advanced features improved the accuracy to 91.70% by the ensemble bagged tree algorithm.


[image: Figure 5]
FIGURE 5. Box plot of wavelet-based features selected by Minimum Redundancy and Maximum Relevance (MRMR) feature selection algorithm for binary classification (W-SE, Wavelet based Shannon Entropy; AR-COEF, Autoregressive Coefficient). On each box, the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually using the “+” marker symbol.


It should be noted that the MRMR method selects features based on statistical relevance while dropping redundant features and thus, is computationally efficient (Darbellay and Vajda, 1999; Ding and Peng, 2005). Figure 6 demonstrates this for binary classification. It can be observed that correlation feature from cones, Moment of order three and trimmed mean feature from Oscillatory Potentials (OP) and Range and aspect ratio from Scotopic Threshold Response (STR) are highly correlated; Therefore, only the feature cones correlation was picked by the MRMR algorithm as inclusion of the other three did not increase/decrease the models predictability.


[image: Figure 6]
FIGURE 6. Boxplot of statistically important features for binary classification. The important features capable of distinguishing healthy and glaucomatous are correlated feature from Cones, third order Moment and trimmed mean feature from Oscillatory Potentials (OP) and Range and aspect ratio from Scotopic Threshold Response (STR). However, the high similarity between these features quantified by the correlation scores in the scatter plot create redundancy (inclusion cones(correlation) feature alone vs inclusion all five features does not improve accuracy). Therefore, utilizing the cones correlation feature alone captures the behavior of the other four features. This dropping of redundant features and choosing Cones (correlation) feature alone is achieved by using Minimum Redundancy and Maximum Relevance (MRMR) algorithm (On each box, the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually using the “+” marker symbol.).


Figure 7 compares the predictive importance scores obtained based on the statistical and wavelet-based features. Predictive importance scores describe the predictive capability of selected features (Kuhn and Johnson, 2013). It can be observed that wavelet-based features can distinguish healthy and glaucomatous animals suggesting that they are more sensitive to subtle changes in ERG signals due to glaucoma. It should be noted that the feature selection algorithm MRMR (Maximum Relevance and Minimum Redundancy) ignores highly correlated features for model simplicity. Therefore, only uncorrelated sets of features that improved predictability across the animals were chosen, i.e., for a set of correlated features, one representing the correlated set gets picked by the algorithm. Figure 6 demonstrates the list of important but highly correlated features that were dropped. The scatter plot inside the Figure 6 shows the correlation coefficients confirming the high degree of the correlation between them.


[image: Figure 7]
FIGURE 7. Comparison of predictive importance scores for binary classification using (A) statistical features and (B) wavelet-based features. This bar chart illustrates the superior predictive capability of wavelet-based features. Std D, Standard Deviation; W-SE, Wavelet based Shannon entropy; AR-COEF, Autoregressive coefficient.




3.2. Multiclass Classification

For multiclass classification (classifying animals to different stages, normal, high, and glaucomatous as mentioned in section 2.4) based on statistical features, the correlation of cones, number of troughs in Hi cones, kurtosis of STR and mean of flicker were identified as important among the statistical features as shown in Figure 8. Several models, including SVM and ensemble-based classifiers, were used for training, and their performances were assessed. It turned out that the ensemble-based classifiers, specifically the bagged trees model, provided the best performance with a testing accuracy of 53.33%, as shown in Table 2.


[image: Figure 8]
FIGURE 8. Boxplot of statistical features selected by Minimum Redundancy and Maximum Relevance (MRMR) feature selection algorithm for multiclass classification. STR, Scotopic Threshold Response. On each box, the central mark corresponds to the median, and the bottom and top edges of the box correspond to the 25th and 75th percentiles, respectively. The dashed lines (whiskers) extend to the most extreme data points not considered outliers, and the outliers are plotted individually using the “+” marker symbol.


Next, the multiclass classification was performed using wavelet-based features. Among the extracted wavelet features, Wavelet variance of rods and Shannon Entropy Values and AR coefficients for Maximal Overlap Discrete Wavelet Packet Transform (MOD-PWT) were identified as important features from Hi-Flicker, Flicker, Hi-cones, and STR as shown in Figure 9. The identification of flicker as an important distinguishing feature in diagnosing early-stage glaucoma was consistent with previous studies (Tyler, 1981; Lachenmayr and Drance, 1992; Horn et al., 1997; Yoshiyama and Johnson, 1997). In fact, flicker measurements in eyes with early-stage glaucoma exhibited a loss in sensitivity around 30–40 Hz (Tyler, 1981). It is worth noting that the flicker measurements used in this study were recorded using flashes at 30 Hz. The identification of the flicker ERG test and the corresponding features, among other tests, reconfirmed the capability of the current approach in identifying the relevant features. Training the ensemble bagged trees model, utilizing the selected advanced features, improved the multiclass classification accuracy to 80%, as shown in Table 2. This improvement in accuracy indicated that wavelet-based features can distinguish healthy and glaucomatous animals suggesting that they are more sensitive to subtle changes in ERG signals due to glaucoma. The multiclass classification ability of this framework reaffirmed the rich and complex nature of ERG signals in assessing the disease progression.


[image: Figure 9]
FIGURE 9. Boxplot of wavelet-based features selected by Minimum Redundancy and Maximum Relevance (MRMR) feature selection algorithm for multiclass classification. STR, Scotopic Threshold Response; W-SE, Wavelet based Shannon Entropy; AR-COEF, Autoregressive Coefficient. On each box, the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually using the “+” marker symbol.




3.3. RGC Regression

Regression analysis was performed to predict retinal ganglion cell count from ERG signals. Feature selection for regression was performed using MRMR sequential feature selection. RGC values of the animals ranged between 8 and 120. RSME for RGC regression was 15.64 and 11.20 for models trained with statistical features and wavelet-based features, respectively. Regression results using wavelet-based features are shown in Figure 10. The results in Grillo et al. (2018) indicate that RGC counts had a strong correlation with STR and OPs. The dominant features selected for RGC regression (from STR and OP) were in agreement with the findings in Grillo et al. (2018). Table 4 compares performance of various ML based regression models in predicting retinal ganglion cells (RGCs) counts: The higher error (RSME) with statistical features compared with the wavelet-based advanced features emphasized the need for sophisticated features to predict RGC count accurately. SVM- and GPR-based models provided the most accurate prediction of RGC numbers from ERG signals. Specifically, squared exponential and rational quadratic models of GPR provided the least error.


[image: Figure 10]
FIGURE 10. RGC count regression plot. This plot contains the ground truth and predicted response of RGC count predicted using Gaussian Process Regression (GPR). The squared exponential GPR model was trained using both standard and advanced features. The RGC count of the animals ranged between 8 and 120, and the root mean squared error in the prediction of RGC was 11.2. The line in this plot denotes when the predicted values are equal to ground truth values.



Table 4. Performance metrics for retinal ganglion cells (RGCs) Regression.

[image: Table 4]




4. DISCUSSION

Our goal was to determine the feasibility of applying ML-based methods to the analysis of ERG signals for glaucoma detection at different stages of the disease. In the present study, we systematically applied machine-learning-based methods for the first time to detect glaucoma and predict RGC loss based on ERG signals. The present study utilized ERGs measured in mice rather than from human patients, because the use of data from a preclinical model allowed us to validate “ground truth” data sets with a range of complimentary and alternative experimental strategies, which is not possible in human clinical studies. These include histology, biochemical, and immunochemical assays, as well as optomotor reflex measurements. We were able to determine for the first time that advanced features (wavelet-based features) are capable of detecting subtle changes in the ERG signal and perform multiclass classification based on the progression level of the disease with 80% accuracy. In particular, we found that Shannon Entropy Values for Maximal Overlap Discrete Wavelet Packet Transform (MOD-PWT) and AR coefficients represent important features capable of detecting early-stage glaucoma. Among the nine available ERG signals, Flicker, STR, OP, and Rod-Cone appear integral for such successful detection. This is in agreement with the results published in Lei et al. (2006). However, given that these features are highly correlated, the ML-based algorithm picks only one for each set of highly correlated features to reduce the model complexity as shown in Figure 6.

In addition, the method proposed here performs ERG analysis in a wavelet domain instead of a frequency domain, which allows to capture subtle changes in the signals. In addition, various intricate features such as multiscale wavelet variance estimates, Shannon entropy, and autoregressive coefficients are incorporated in the method, compared to basic features such as differences in amplitude and latency in previous studies (Hood et al., 2000; Fortune et al., 2002; Thienprasiddhi et al., 2003; Stiefelmeyer et al., 2004; Ventura and Porciatti, 2006; Chu et al., 2007; Miguel-Jiménez et al., 2010; Luo et al., 2011; Palmowski-Wolfe et al., 2011; Todorova and Palmowski-Wolfe, 2011; Ho et al., 2012; Hori et al., 2012; Ledolter et al., 2013; Consejo et al., 2019). The results strongly suggest that such advanced features in the wavelet domain are necessary for detection of early-stage glaucoma. Moreover, in contrast to the recent study that leverages ML-based technique to analyze ERG using solely the photopic negative response (PhNR) component (Armstrong and Lorch, 2020), the current method uses all ERG components in the analysis to fully utilize the capability of the ML-based technique to crunch large data sets and draw complicated relationships. Therefore, the proposed framework is not limited to a small subset of genetic eye diseases like previous studies (Fortune et al., 2002; Thienprasiddhi et al., 2003; Stiefelmeyer et al., 2004; Chu et al., 2007; Miguel-Jiménez et al., 2010; Luo et al., 2011; Palmowski-Wolfe et al., 2011; Todorova and Palmowski-Wolfe, 2011; Ho et al., 2012; Hori et al., 2012; Ledolter et al., 2013; Consejo et al., 2019); instead, it is capable of mapping ERG signals to various eye diseases.



5. CONCLUSION

Results obtained in the present study strongly suggest that the methods employed can reproducibly identify dominant features for classification and regression from STR, Oscillatory potentials (OPs), and other ERG tests consistent with the results reported in previously published work on the sensitivity of and OPs and flicker to subtle changes in RGC function and viability (Tyler, 1981; Brandao et al., 2017). Further, our approach identified additional dominant distinguishing features such as Shannon Entropy Values for Maximal Overlap Discrete Wavelet Packet Transform (MOD-PWT) and AR coefficients, which are not distinguishable by traditional methods used in Grillo et al. (2018). This strongly suggests that the current machine-learning-based algorithm has significant potential in distinguishing subtle changes in ERG signals corresponding to different stages of glaucoma disease development. This capability of the technique could be used as a foundational step to create a reliable framework for the early detection of glaucoma and to monitor efficacy of therapeutic intervention in both clinical practice and novel drug development for glaucoma. In addition, the inclusion of various ERG protocols in this framework, such as cones, rods and cones, STR, and oscillatory potentials, represent responses from different cell types in the eye. Therefore, ERG response can be mapped to diseases specific to those cell types. It should be noted that this study was based on mice and with 12 h of dark adaptation. The promising results obtained here suggest the great potential for this method to help detect early stage, pre-symptomatic glaucoma. However, an additional study on adaptation requirements would be required before extending this framework to humans.
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The eye is particularly susceptible to oxidative stress and disruption of the delicate balance between oxygen-derived free radicals and antioxidants leading to many degenerative diseases. Attention has been called to all isoforms of vitamin E, with α-tocopherol being the most common form. Though similar in structure, each is diverse in antioxidant activity. Preclinical reports highlight vitamin E’s influence on cell physiology and survival through several signaling pathways by activating kinases and transcription factors relevant for uptake, transport, metabolism, and cellular action to promote neuroprotective effects. In the clinical setting, population-based studies on vitamin E supplementation have been inconsistent at times and follow-up studies are needed. Nonetheless, vitamin E’s health benefits outweigh the controversies. The goal of this review is to recognize the importance of vitamin E’s role in guarding against gradual central vision loss observed in age-related macular degeneration (AMD). The therapeutic role and molecular mechanisms of vitamin E’s function in the retina, clinical implications, and possible toxicity are collectively described in the present review.
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INTRODUCTION

Nutrition has a significant influence on ocular health. Certain vitamins may prevent or slow the risk of several eye diseases like age-related macular degeneration (AMD), glaucoma, diabetic retinopathy (DR), and cataracts. Supplementation is oftentimes beneficial and necessary if dietary intake is below recommended guidelines. Compared to other organs of the body, the eye is particularly susceptible to oxidative stress. Finding a balance between free oxygen radicals and antioxidant vitamins E, A, and C may lower the threat of retinopathy. Of the fat-soluble vitamins, vitamin E is a powerful antioxidant occurring organically in foods that protect the body from free radicals that damage cellular processes. Vitamin E exists naturally in eight chemical forms: α (alpha), β (beta), γ (gamma) and δ (delta)-tocopherol and α (alpha), β (beta), γ (gamma) and δ (delta)-tocotrienol. Of all the forms, γ-tocopherol is the most common form found in a Western diet of plant oils, though α-tocopherol [D-α-tocopherol (RRR-α-tocopherol) configuration] is the most biologically active. Tocopherols are subject to oxidation, hence tocopheryl acetate (DL-α-tocopheryl acetate), tocopheryl succinate (DL-α-tocopheryl succinate), and tocopheryl nicotinate (DL-α-tocopheryl nicotinate)were created for their stability under oxidative conditions by converting the phenol group of the vitamin to an ester while tocopheryl nicotinate is esterified to a niacin (vitamin B3) molecule.

Tocotrienols are the less understood and considerably less widespread form of vitamin E. Tocotrienols differ in their side chains by containing three trans double bonds, making them much more flexible, putting greater stress on phospholipid membranes. They are found in cereal grains like barley, rice, and wheat. Palm oil is a great source of antioxidants that contains a significant amount of tocotrienols. Half of the natural vitamin E family are represented by tocotrienols, yet there are major gaps in the literature regarding the non-α-tocopherol forms. The biological actions of the differing homologs of vitamin E are diverse though they are structurally similar. The unsaturated side chains of tocotrienols appear to allow for more efficient tissue penetration and distribution (Sen et al., 2006). Research into tocotrienols has gained momentum in the last several decades and has changed the trend in research of vitamin E.

The focus of this review is to shed light on the molecular mechanisms involved in vitamin E signaling pathways as a potential therapy for AMD, a progressive and irreversible worsening of central vision, using a search of peer-reviewed articles in the PubMed® database for biomedical literature focusing on the key words of the present review article and covering the literature published prior to submission of the present review article. Current treatments such as anti-angiogenic drugs or laser therapy slow down the progression but there is no cure. Results from population-based studies report no improvement with vitamin E supplementation (Taylor et al., 2002) while others tout the benefits for intermediate or advanced AMD (Lindblad et al., 1999; Chew et al., 2012). A synopsis of important preclinical and clinical studies involving vitamin E’s benefit toward preserving vision are presented here with the optimism that it will attract more research attention to its mechanism of action.



THERAPEUTIC ROLE OF VITAMIN E IN RETINAL DISEASE

Since its discovery a century ago (Evans and Bishop, 1922; Evans, 1925), vitamin E’s antioxidant, anti-inflammatory, and anti-apoptotic properties have made it a therapeutic option for neurodegenerative diseases. Its antioxidant properties were discovered in the 1930s from studies directed at animal fats (Olcott and Emerson, 1937). In addition to its ability to delay cellular injury, vitamin E also regulates inflammatory cytokines and cell-signaling mechanisms. Evidence indicating that the neurodegenerative process is associated with oxidative stress and inflammation has led to the idea that neurological conditions, especially retinal neurodegeneration may be prevented with vitamin E.


Dietary Supplementation

Antioxidants take part in the crucial role of maintaining the health of retinal tissue, as the retina is highly susceptible to oxidative damage and free radicals. It naturally has a high amount of blood supply with extensive oxidative metabolism which can lead to increased amounts of free radical production and lipid peroxidation (Muller, 1992; Winkler et al., 1999). The therapeutic role of vitamin E in retinal disease pathogenesis has been widely explored yet the focus of the data has been on clinical studies in limiting the progression of retinal disease with vitamin E treatment, especially dry AMD. The molecular mechanisms of its therapeutic activity on degenerative retinal diseases like AMD remain lesser-known. Vitamin E’s importance, alone or in combination with additional vitamins such as vitamins A and C has been shown to maintain retinal structure and function. The most prevalent form of synthetic vitamin E is tocopheryl acetate, found commonly in supplements, especially widely popular ocular supplements containing the Age-Related Eye Disease Study (AREDS) and AREDS2 formulation which introduced zeaxanthin and lutein into the supplement (Lindblad et al., 1999; Chew et al., 2012). These studies are important clinical trials funded by the National Eye Institute and considered to be the gold standard in promoting eye health. These supplements have been clinically shown to slow the progression of advanced AMD (Snodderly, 1995). Additional intake of lutein, zeaxanthin, and other carotenoids with the reduction in zinc and the absence of beta-carotene from the original AREDS formulation has shown to be beneficial alongside vitamin E (Table 1; Cho et al., 2008; Abdel-Aal el et al., 2013; Yang S. F. et al., 2016). A recent comparative study looked at the concentrations of vitamin E in national name brand vitamin supplements recommended for patients at risk for macular degeneration and concluded that levels were slightly higher than the label indicated, but not enough to cause systemic toxicity (Fleissig et al., 2021).


TABLE 1. Comparison of AMD nutritional supplements.
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Dietary supplementation with antioxidants can inhibit complications of diabetes due to oxidative stress and abnormal ATPase activity in the retina (Kowluru et al., 1996, 1999, 2001). Retinal blood flow improvement in patients with diabetes as evidenced by diabetes-induced electroretinogram (ERG) and retinal vascular permeability (RVP) abnormalities have been seen with vitamin E supplementation (Kunisaki et al., 1995, 1998; Timothy et al., 2004). Other serious retinal diseases and injuries of importance in which vitamin E has been shown to also provide a protective effect include photic injury, oxidative injury, retinal edema, uveitis-associated macular edema, and glaucomatous damage (Tanito et al., 2002; Ohira et al., 2003; Aydemir et al., 2004a,b; Nussenblatt et al., 2006; Engin et al., 2007; Zapata et al., 2008).



Macular Degeneration and Vitamin E

The highest concentrations of vitamin E are found inside the retinal pigment epithelium (RPE) followed by the outer segments of the photoreceptor cells (Stephens et al., 1988). Photoreceptor cell death (Dunaief et al., 2002), lipofuscin accumulation (Dorey et al., 1989; Finnemann et al., 2002), and metabolic dysfunction of RPE are the main contributing factors in AMD (Brown et al., 2019). Oxidative stress is known to play a part in photoreceptor cell death and overall damage in many retinal diseases including retinitis pigmentosa (RP), diabetic retinopathy (DR), AMD, and glaucoma. Research studies report that macular degeneration developed in monkeys after a diet deficient in vitamin E. Lesions were characterized by large, focal disruption of photoreceptor outer rod segments (Hayes, 1974b). Indication of mitochondrial oxidative stress in RPE linked metabolic dysfunction between photoreceptors and RPE suggesting a possible mechanism for AMD in superoxide dismutase 2 (Sod2)-KO mice (Brown et al., 2019). Photoreceptor outer segment degeneration was reported in rats that were given a diet lacking vitamin E due to enhanced activity of lysosomal enzymes in the RPE (Amemiya, 1981). These studies call attention to the consequences of a diet deficient in vitamin E to guard against oxidative stress induced by lipid peroxidation and suggest vitamin E’s role as a treatment strategy in preserving retinal function in AMD.

Scientific literature has also identified an inflammatory role in AMD (Ambati et al., 2013; Kauppinen et al., 2016). Inflammatory cytokines, complement system, macrophage involvement, and more recently, inflammasomes of the innate immune system have been shown to be involved in the pathogenesis of AMD (Liu et al., 2011; Chen and Smith, 2012; Shin and Bayry, 2013; Knickelbein et al., 2015; Yang Y. et al., 2016). Oxidative stress coupled with inflammation performs a role in disease progression to the intermediate state characterized by accumulation of drusen, lipofuscin deposits that build up in the Bruch’s membrane. Constituents of drusen such as amyloid-β,7-ketocholesterol, carboxyethylpyrrole protein (CEP)-adducts, and advanced glycation end products (AGE)-adducts may elicit local complement activation (Crabb et al., 2002; Dentchev et al., 2003; Glenn and Stitt, 2009; Rodríguez and Larrayoz, 2010). Of those with early to intermediate AMD, 15–20% will develop into late-stage AMD (Sunness et al., 1997). Evidence of increased levels a marker of inflammation, high-sensitivity C-reactive protein (hsCRP), may predict the risk of macular degeneration. A study from 2013 looked at hsCRP in blood samples of men and women and observed a significantly increased risk of AMD for high versus low hsCRP levels (Mitta et al., 2013). CRP potentially mediates complement activation and may have significant roles in therapeutic intervention in AMD. Activation of complement by CRP was demonstrated with exogenous addition of CRP by the formation of complement component iC3b in A2E-laden RPE cells bathed in normal human serum (Zhou et al., 2009). The fluorophore molecule A2E (N-retinylidene-N-retinylethanolamine) is short for two all-trans-retinal molecules (vitamin A aldehyde) and one ethanolamine molecule (Lamb and Simon, 2004). In Sparrow et al. (2012), they showed that pre-treatment with 100 μM of vitamin E for 24-h suppressed complement activation evident by reduction of iC3b production in mature retinal pigment epithelium-19 (ARPE-19) cells with A2E accumulation (Sparrow et al., 2012).

Tocotrienols have been shown to inhibit angiogenesis, the development of new capillaries from established blood vessel networks (Miyazawa et al., 2008). Excessive and abnormal growth of new blood vessels frequently occurs in neovascular or “wet” AMD. Research performed with human umbilical vein endothelial cells (HUVECs) by Miyazawa et al., 2008 concluded that tocotrienols halted proliferation induced by growth factors, cellular migration, and tube formation. Tocotrienols also displayed suppression of tumor cell-induced angiogenesis in mouse dorsal air sac (DOS) assay, tocopherols did not (Miyazawa et al., 2008). Evidently, the differences in the biological activity of the two forms of vitamin E are not redundant and the different isoforms of vitamin E should be individually considered.




VITAMIN E DEFICIENCY

Our bodies need regular consumption and supply of vitamin E stores. In 2000, the Food and Nutrition Board of the Institute of Medicine recommended a 15 mg typical daily allowance of vitamin E for adults (Medicine, 2000). Vitamin E is lipid soluble, so any deficiencies are likely caused by dietary fat absorption or metabolism.


Symptoms

Deficiency in vitamin E leads to characteristic, irreversible changes in retinal structure and function. Described changes include progressive neurological syndrome, pigmentary retinopathy, cerebellar ataxia, loss of position and vibration sense, pes cavus, scoliosis, and generalized muscle weakness (Hayton et al., 2003). Factors leading to deficiency in vitamin E can include environmental or nutritional influences, genetic entities, iatrogenic, or experimentally induced sources. Mutations found in α-tocopherol transfer protein (α-TTP) lead to ataxia, a decline in the coordination of voluntary muscle movements, with isolated vitamin E deficits (Ouahchi et al., 1995). Vitamin E deficiencies are rare, but cases have been seen in children diagnosed with abetalipoproteinemia and familial hypobetalipoproteinaemia. These syndromes are lipoprotein deficiency disorders causing a large amount of fat to build up in the blood due to a lack of a protein that breaks down the fat molecules (Lloyd, 1973). A very small study of children diagnosed with chronic cholestasis and low blood serum vitamin E and A concentrations all developed abnormal flash ERGs and half had abnormal visual evoked potentials (VEPs; Bishara et al., 1982). Patients with abetalipoproteinemia and severe vitamin E deficiency demonstrated abnormal visual electrophysiology (Bishara et al., 1982). Clinical retinal manifestations include the development of progressive pigmentary retinopathy and subnormal mixed cone-rod ERG amplitudes. Initial treatment with oral vitamins E and A is advised (Alvarez et al., 1983; Chowers et al., 2001). Cystic fibrosis and cholestatic liver disease are also implicated in vitamin E deficiency with ocular findings largely revealing a decrease of the ERG b-wave, abnormalities of eye movement, and retinal degenerative changes (Alvarez et al., 1983).



Retinopathy of Prematurity

Infants, especially premature babies, have an increased susceptibility to oxidative damage due to their exposure to large amounts of free radicals during the birth process as their lungs adapt to their new environment as well as having vitamin deficiencies (Muller, 1992). This is exacerbated in premature babies with respiratory distress syndrome of the newborn, in which they are administered supportive oxygen in the hospital, causing further free radical formation (Muller, 1992). Premature infants can have vitamin E deficiency which can manifest as hemolytic anemia and impaired coordination. Retinopathy of prematurity (ROP) is often treated with vitamin E supplementation in order to scavenge free radicals created in the hypoxic birth process. In most newborns, vitamin E is derived from breastmilk and reaches normal levels after a few weeks. Vitamin E is easily found in a balanced diet, however, a diet high in processed foods or low in fat can lead to a deficiency in vitamin E. This was studied in lactating women and those with diets high in processed foods had lower vitamin E levels in their breastmilk (Amorim et al., 2021).



Bioavailability

Absorption of vitamin E is controlled by transporters including the multidrug resistance protein 1 (MDR1) and ATP-binding cassette transporter B1 (ABCB1) expressed on the apical surface of enterocytes. Drug interactions can occur at this point in the process as certain medications and herbal supplements including St. John’s wort can alter expression of these transporters (Podszun and Frank, 2014). Delivery of vitamin E to its target tissues is a necessary process that involves a number of lipoproteins for transport of vitamin E’s hydrophobic characteristics, and binding proteins which allow for transport intracellular and extracellularly (Table 2). Although γ-tocopherol is the most abundant isoform, its bioavailability is limited. Studies demonstrated that concentrations of γ-tocopherol, but not α-tocopherol, declined dramatically in plasma and lipoproteins of normal individuals 24-h after ingestion. Moreover, studies in patients post-surgical for gall bladder procedures, revealed secretion of γ-tocopherol in bile is preferential, suggesting the liver distinguishes between α- and γ-tocopherol secretion (Traber and Kayden, 1989). The discrimination of γ- in favor of α-tocopherol is due, in part, to a higher affinity for transfer protein. The mechanism of transport that is specific to α-tocopherol occurs in the liver by a 32 kDa protein, α-tocopherol transfer protein (α-TTP), that facilitates its secretion from hepatocytes to extrahepatic tissues (Thakur et al., 2010). α-TTP was first reported in rat liver by Catignani and Bieri (1977). Originally thought to only be present in the liver, it is now widely accepted to be found in the brain, kidney, lung, and spleen (Hosomi et al., 1998; Copp et al., 1999; Yamaoka et al., 2008; Tamura et al., 2020). Additionally, it has also been found to be localized to human placenta and mouse uterus (Kaempf-Rotzoll et al., 2002, 2003; Rotzoll et al., 2008). Distribution of vitamin E intracellularly has been identified to be controlled by a novel, cytosolic 46-kDa α-tocopherol associated protein (α-TAP), which binds α-tocopherol by chylomicron formation and lipids in the liver (Stocker et al., 1999; Zimmer et al., 2000) and acts as a metabolizing enzyme by increasing the uptake and absorption of vitamin E and hence facilitates an anti-proliferative effect most notably in prostate cancer and as a tumor suppressor in cancer through a non-vitamin E mechanism. The highest amounts of the human homolog hTAP have been found in the liver, brain, prostate, and breast epithelial cells (Upadhyay and Misra, 2009; Tam et al., 2013). α-TTP and α-TAP are expected to be found in the retina since this neural tissue and its circuitry is an extension of the brain and nervous system (London et al., 2013; De Groef and Cordeiro, 2018).


TABLE 2. Vitamin E binding and transport proteins.
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Transport Across Blood Barriers

Transport of vitamins and essential nutrients through the blood-retinal barrier (BRB) is facilitated by membrane permeability and regulation of tight junctions of the retinal capillary endothelial cells (inner BRB), analogous to the blood-brain barrier (BBB; Campbell and Humphries, 2012), and RPE cells (outer BRB). Inward and outward movement of fluid and molecules between blood and retina is restricted by these structures. DR and AMD are directly linked with alterations of the BRB (Cunha-Vaz et al., 2011). To circumvent the BRB, intravitreal injection of steroids and anti-vascular endothelial growth factor (VEGF) treatments have become more widely administered in recent years. Modulation of the inner BRB to enhance systemic therapeutic intervention may lead to better options in controlling retinal diseases (Campbell and Humphries, 2012). Aeschimann et al. (2017) has shown that vitamin E delivery can be effectively transported to tissues protected by an endothelial barrier utilizing HUVECs. α-TTP displays a tendency to aggregate into stable high molecular weight oligomers which then transport α-tocopherol across endothelial barriers but not through epithelial barriers.

Experimentally induced vitamin E deficiency is a way of evaluating the effects of decreased levels of vitamin E found in the retina. Interrelationships of vitamin E and A have been studied and was found that a diet fed to rats lacking in both vitamin E and A accelerated loss of photoreceptor cells but the amount of cell death varied according to the quantity of vitamin A provided in the diet (Robison et al., 1980). Dietary vitamin E must cross the BRB from the circulating blood to be effective in protecting the retina. Lipid transport by high-density lipoprotein (HDL) via scavenger receptor class B type I (SR-BI) in the retina has been identified in the transport process (Tachikawa et al., 2007). Tserentsoodol et al. (2006) showed an internal lipid transport mechanism that involves HDL-like particles and SR-BI proteins are found in retinal pigment epithelium/choriocapillaris (CC) regions, Müller cells, ganglion cells, and as well as primate photoreceptors. Experimental evidence using α-TTP null mice fed a diet deficient in vitamin E leads to a severe deficiency of vitamin E (a rare condition), enhances lipid peroxidation in the retina, and accelerates degenerative changes in the retina with age (Tanito et al., 2007).



Animal Models of Retinal Vitamin E Deficiency

Rodent models of experimental vitamin E deficiency can provide clues to vitamin E’s role in disease processes of the retina (Elizabeth Rakoczy et al., 2006). Through disease models, we have learned that vitamin E and A maintain various structures of the retinal tissue, yet in their absence, results in lipofuscin deposits in the RPE and loss of rod nuclei in rats fed a diet lacking vitamin E and A (Robison et al., 1979, 1980). Studies using frog retinal outer rod segments revealed stabilization of membrane fluidity due to α-tocopherol (Moran et al., 1987). Alterations in membrane fluidity, lipid peroxidation, and irreversible loss of long-chain polyunsaturated fatty acids (LC-PUFAs) were also indicated in the rat (Goss-Sampson et al., 1998). Other models of experimentally induced vitamin E deficiency include monkey and bovine, which show similar alterations in loss of structural integrity to rod outer segment membranes (Hayes, 1974a; Farnsworth and Dratz, 1976; Guajardo et al., 1999). The symbiotic relationship between the structures of the outer BRB that include the RPE/Bruch’s membrane/choriocapillaris (CC) complex is lost in AMD and suggest vitamin E’s transport mechanism is ultimately compromised (Bhutto and Lutty, 2012; Hosoya and Kubo, 2014; Tisi et al., 2021).




MOLECULAR MECHANISMS OF VITAMIN E SIGNALING IN THE RETINA

Vitamin E is known to activate kinases and transcription factors that regulate gene expression (Figure 1). Signaling pathways that are associated with the pathophysiology of macular degeneration such as the mitogen-activated protein kinase (MAPK) signaling pathway, which is stimulated by mitogens, hormones, growth factors, cytokines, oxidative stress (Kyosseva, 2016), and the transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2), regulates genes involved in the oxidative stress response (He et al., 2020). The most widely known signaling pathway associated with the retina and macular degeneration is the vascular endothelial growth factor (VEGF) signaling pathway (Kowanetz and Ferrara, 2006).
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FIGURE 1. Molecular pathomechanism of vitamin E (α-tocopherol) with phase II enzyme system, anti-inflammatory, and oxidative stress involvement in the retina. AP-1, Activator protein-1; ATF-2, activating transcription factor 2; DAG, diacylglycerol; ERK, extracellular-signal-regulated kinase; FOS, proto-oncogene c-Fos; JNK, c-Jun N-terminal protein kinase; Keap1, kelch-like ECH-associated protein 1; MAPK, mitogen-activated protein kinase; Nrf2, nuclear factor erythroid 2-related factor 2; P, phosphate group; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; VEGF, vascular endothelial growth factor.



Distribution of Vitamin E in Ocular Tissues

Much is still not understood on the signaling mechanism of vitamin E’s neuroprotective and cytoprotective effects in the retina. It has been shown that levels of α-tocopherol are higher in the retina than in the vitreous and choroid. These findings correlate with serum levels of α-tocopherol (Bhat, 1986). Results from a comparative study to determine distribution differences in rat eye tissue by administration of a 5 μL eye drop of either tocopherol or tocotrienol concluded that the α-tocotrienol concentration increased in all ocular tissues. Results showed that α-tocopherol did not increase significantly nor did γ-tocopherol and γ-tocotrienol differ significantly. Noteworthy increases in total vitamin E were found in the neural retina, eyecup, and crystalline lens (Tanito et al., 2004).



Role of Vitamin E in Retinal Layers

Photoreceptors and especially the outer rod segments are the most vulnerable to oxidative damage through peroxidation because more than 65% of the membrane fatty acids are poly-unsaturated (Muller, 1992). Scavengers including glutathione peroxidase are upregulated in the photoreceptor outer segments in response to light exposure (Ohira et al., 2003). Levels of α-tocopherol in retinal cytosol also have a positive correlation with the antioxidant ability of vitamin A, suggesting a compounding effect (Guajardo et al., 1999). This part of the retina also sustains phototoxic damage due to intense light exposure over time which can be seen as lipofuscin granules (Muller, 1992; Winkler et al., 1999). Vitamin E can be beneficial to decreasing phototoxic damage because of its ability to decrease lipid peroxidation. Vitamin E deficiency accelerates RPE autofluorescent pigment deposition rates, possibly by enhancing the conversion of phagocytosed photoreceptor outer segment components into autofluorescent pigment granules (Muller, 1992; Winkler et al., 1999). This is likely a similar mechanism to age-related lipofuscin formation. Both are formed by autooxidation of photoreceptor disk membrane components.

The choroid and CC region can be affected by oxidative damage in AMD so there is potential for vitamin E to ameliorate these effects. As red blood cells pass through the CC region, hemoglobin precursors may undergo photoactivation (Winkler et al., 1999). Activating these precursors may generate reactive oxygen species which can then damage the RPE and Bruch’s membrane (Winkler et al., 1999). A deficiency of vitamin E in rats triggered an increase of lipofuscin content in melanocytes and fibroblasts of the choroid (Herrmann et al., 1984). These changes were not seen in the endothelial cells of the CC (Chapy et al., 2015).



Interconnected Signaling Pathways

In addition to vitamin E’s oxygen scavenging properties, inhibition of cell growth and protein kinase C (PKC) activity has been observed (Saishin et al., 2003; Xu et al., 2004; Betti et al., 2006; Kim et al., 2010; Titchenell et al., 2012). It has also been shown to alter expression of transcription factors involved in gene expression (Zingg, 2015; He et al., 2020). More research is needed to demonstrate that vitamin E mediates signal transduction involved in macular degeneration pathology (Figure 1). A summary of these pathways as determined by published experimental studies is described in the sub-sections below.



Models to Study Vitamin E Signaling

A common experimental model to study AMD and oxidative stress is the use of the ARPE-19 cell line, immortalized human RPE cells, and human telomerase reverse transcriptase (hTERT)-RPE. In Duncan et al., 2022 they demonstrate that α-tocopherol, γ-tocopherol, δ-tocopherol, and α-tocotrienol all exhibited similar, but not identical, antioxidant activity. In addition, exposure time is important for its protective properties against oxidative stress. Synthesis of new proteins was also found to be partially required with α-tocopherol, but not γ-tocopherol, within a 24-h period and before exposure to tertiary butyl hydroperoxide (tBHP) for optimal cytoprotection (Duncan et al., 2022). In another study, ARPE-19 cells were subjected to pre-treatment of ≥2.5 mM α-tocopherol, which significantly decreased oxidative stress-induced activator protein-1 (AP1) transcription factor expression at 14 h but was not further reduced with higher levels of α-tocopherol (Yin et al., 2011). The major AP1 transcription factor family of genes include JUN, FOS, and ATF, which are important regulators of redox, cellular homeostasis, and proliferation that can activate nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) and MAPK/extracellular-signal-regulated kinase (ERK) signaling pathways (Figure 1). Vitamin E pre-treatment also significantly improved viability in APRE-19 cells exposed to oxidative stress and quenched blue light induced lipofuscin autofluorescent pigment accumulations of A2E-epoxidation causing DNA damage and cell death in macular degeneration etiology, respectively (Sparrow et al., 2003; Kagan et al., 2012). It was also determined α -tocopherol, in combination with either zeaxanthin or lutein, provided better protection to A2E photooxidation than single antioxidant treatment (Kim et al., 2006).

Animal models are crucial for studying the mechanism of AMD pathogenesis and evaluating therapeutic options to prevent or slow disease progression. The features and stages of AMD are not all replicated in non-human primates due to the lack of a macula, but instead, horizontal visual streaks through the retina have similarities to the primate macula (Hughes, 1985). Researchers are still able to tease out valuable information on mechanistic and novel treatments. A table of commonly utilized models is listed in the following reviews (Pennesi et al., 2012; Fletcher et al., 2014). Vitamin E therapeutics can be administered to animals either systemically or topically to assess its effects on disease phenotypes. There is scope for further investigation here as this area is unexplored or currently under exploration during the writing of this review.



Phase II Enzyme Inducer

Vitamin E has been shown experimentally to induce the phase II enzyme system. These enzymes are involved in drug metabolism in the liver and conjugate oxidized intermediates to form hydrophilic products that can be more easily excreted by the body. An upstream promoter regulatory element called the antioxidant-response element (ARE) regulates the expression of these enzymes. The ARE regulator is activated by Nrf2 transcription factors. A study using an acrolein (oxidant) model of AMD in human retinal pigment epithelium cells showed that α-tocopherol has been found to activate the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway (Feng et al., 2010). This is done through cysteine residue oxidative modification within kelch-like ECH-associated protein 1 (Keap1) or phosphorylating Nrf2 (Feng et al., 2010). Activating this pathway upregulates phase II enzymes (Feng et al., 2010). Alternately, the same pathway can be activated by α-tocopherol by activating phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways which cause Keap1 phosphorylation (Figure 1; Feng et al., 2010). The importance of Nrf2 and upregulation of phase II genes has potential for neuroprotective application in AMD.




MOLECULAR MECHANISMS OF VITAMIN E SIGNALING OUTSIDE OF THE RETINA

Signal transduction pathways are modulated by vitamin E through several mechanisms relevant for its absorption, distribution, metabolism, and molecular functions. These include modulation of a variety of enzymes involved in signal transduction like cyclooxygenase-2 (COX-2), diacylglycerol kinase (DGK), 5-, 12-, and 15-lipoxygenases (LO), protein kinase B (PKB), PKC, protein tyrosine kinases (PTK), phospholipase A2 (PLA2), protein phosphatase 2A (PP2A), and protein tyrosine phosphatase (PTP) (Zingg, 2015, 2019).


Modulation of Vitamin E

It is highly unlikely that one antioxidant is proven to be effective in absence of other members of a supporting team like vitamin C, selenium, vitamin A, CoQ10, and calcium to work efficiently (Golumbic and Mattill, 1941). Calcium plays a significant role in the metabolism of vitamin E. In studies of hepatocytes, calcium was shown to modulate vitamin E metabolism. Decreasing intracellular calcium levels led to a decrease in α-tocopherol levels (Pascoe and Reed, 1987).



Peroxyl Radical-Scavenging System

Vitamin E’s antioxidant activity can scavenge reactive oxygen and nitrogen species. This can protect mono-unsaturated fatty acids (MUFAs/PUFAs) and their lipid mediators which are important for cellular functions (Zingg, 2019). The unusually high content of PUFAs in the membrane lipids are susceptible to oxygen damage when vitamin E is low. These fatty acids can play beneficial roles in preventing cancer, insulin resistance, non-alcoholic steatohepatitis (NASH), cardiovascular, and neurodegenerative disease (Zingg, 2019). It has been shown that mixed tocopherols as seen in a typical diet had more effect on several of the observed effects of tocopherol including decreasing lipid peroxidation, attenuating platelet aggregation, and decreasing arterial thrombosis than α-tocopherol alone (Liu et al., 2002). Modulation by vitamin E can also affect the stability and properties of the cell membrane, which can indirectly modulate the signaling properties of proteins in the membrane (Zingg, 2019). The different vitamin E analogs affect cellular signaling differently through signal transduction enzymes and influencing the translocation of receptors to the plasma membrane (Zingg, 2019). Supplementation with vitamin E succinate was shown to increase activity of glutathione reductase and thus increase glutathione concentrations (Rego et al., 1998). In addition, vitamin E has been demonstrated to affect oxidative actions related to stress. Stress-induced increase in lipid peroxidation caused by nitric oxide production is a process that can be decreased by vitamin E (Yargiçoğlu et al., 2003). Choroidal neovascularization, observed in “wet” AMD, is vulnerable to sub-retinal hemorrhages which may induce retinal degeneration by promoting lipid peroxidation from iron released from hemorrhages as oxyhemoglobin (HbO2) or methemoglobin (metHb). When porcine retinal homogenates were incubated with α-tocopherol or docosahexaenoic acid (DHA), a major fatty acid, α-tocopherol was more rapidly decomposed than DHA with metHb versus HbO2. α-tocopherol scavenged hemoglobin-induced lipid peroxyl radicals and was consumed in the process (Ito et al., 1995).



Mitochondrial Dysfunction

Mitochondria are the primary user of oxygen for energy synthesis and reactive oxygen species (ROS) produced there can go to the cytosol, be neutralized by antioxidants, or remain within the mitochondria and interact with mitochondrial lipids, proteins, and DNA. These interactions can alter mitochondrial function by deactivating enzymes involved in the respiratory chain and citric acid cycle. Mitochondrial dysfunction has been implicated in diseases including aging, dementia, type 2 diabetes, and obesity (Napolitano et al., 2019). As the major antioxidant present in mitochondrial membranes, vitamin E can respond with peroxyl radicals and protect mitochondrial membranes from oxidative stress (Napolitano et al., 2019). This effect can also be seen from studies in allergic asthma. Interleukin-4 (IL-4) and 12/15 lipoxygenase (12/15-LOX) contribute to mitochondrial dysfunction in allergic asthma and can be reduced by vitamin E supplementation (Mabalirajan et al., 2009). The mechanism of IL-4 inhibition is thought to inhibit the binding of NF-κB and transcription factor Sp-1 with binding sites of the IL-4 promoter region (Mabalirajan et al., 2009). Interestingly, administration of vitamin E increased mice longevity by slowing mitochondrial degeneration (Mabalirajan et al., 2009).



Vitamin E Signaling in Systemic Disease

In addition to Vitamin E’s antioxidant properties, vitamin E is known to have other beneficial effects in various disease processes including being anti-thrombotic, anti-neoplastic, anti-angiogenic, anti-inflammatory, and on levels of cholesterol (Pearce et al., 1992; Singh et al., 2005; Song and DeBose-Boyd, 2006; Zingg, 2019; Ziegler et al., 2020). Anti-proliferative and apoptotic properties have also been observed through studies examining its inhibitory effects on mouse mammary cells. This effect is thought to be due to its ability to reduce PKC activation and can be extrapolated to modulating general mammary gland development, function, and modification (McIntyre et al., 2000). Anti-neoplastic actions of tocopherol have been described in breast, colon, and prostate cancer cells (Betti et al., 2006). This is thought to be due to a decrease in PKC-α activity and decreased expression of cell cycle-related proteins (Betti et al., 2006). This PKC-α effect can also decrease activation of MAPK/ERK (Betti et al., 2006) and modulate gene expression, including certain proteins that control cell cycle progression, including cyclin D, cyclin E1, p27, and p53 (Betti et al., 2006). γ-tocopherol may have stronger anti-inflammatory and anti-neoplastic effects than α-tocopherol through increased inhibition of COX2 (Betti et al., 2006).

Vitamin E can be anti-inflammatory through inhibition of the PKC pathway (Lloret et al., 2019). It can activate protein phosphatase 2A (PP2A) that deactivates PKC and modulates diacylglycerol kinase (DGK) activity (Lloret et al., 2019). α- and β-tocopherol have different effects on PKC. α- tocopherol has a significant inhibitory effect on PKC in vascular smooth muscle causing arrest of cell growth but β-tocopherol does not (Betti et al., 2006; Lloret et al., 2019). This effect has been studied with regards to Alzheimer’s disease, as there is thought to be an oxidative stress and inflammatory component.

Vitamin E is thought to have anti-thrombotic properties and has been studied in myocardial infarction prevention. Separate from its antioxidant properties, α-tocopherol regulates genes and enzyme activity involved in vitamin E uptake and metabolism in addition to regulating lipoprotein uptake and inflammation (Ziegler et al., 2020). A study of patients with myocardial infarction, showed decreased levels of vitamin E in a significant number of patients (Ziegler et al., 2020). Anti-inflammatory properties including decreasing the release of proinflammatory cytokines including interleukin-8 (IL-8) and plasminogen activator inhibitor-1 (PAI-1) as well as decreasing CRP levels have been observed (Singh et al., 2005).



Vascular Endothelial Growth Factor Signaling

Studies indicate vitamin E to have regulatory effects on angiogenesis through the modulation of VEGF (Zingg, 2019). The exact regulatory pathways are unclear, as in some settings vitamin E can activate or inhibit VEGF but it is thought to block effector mechanisms (Nussenblatt et al., 2006). Studies have been done in human microvascular endothelial cells (HMVECs), HUVECs, and cultured endothelial cells with varying effects on VEGF receptors (Zingg, 2019). It has been observed that expectant ewes given vitamin E showed enhanced angiogenesis and formation of the vascular network in the placenta, thought to be due to increased VEGF (Zingg, 2019). On the other hand, in a comparative study, tocotrienols inhibited bovine aortic endothelial cell proliferation and tube formation of which δ-tocotrienol appeared to have the highest activity. δ-tocotrienol reduced VEGF-activated tube formation in HUVECs and halted new blood vessel formation shown by a chorioallantoic membrane assay to assess in vivo angiogenesis on the growing chick embryo (Miyazawa et al., 2004).




MOLECULAR MECHANISMS OF VITAMIN E TOXICITY

Toxic amounts of vitamin E do not concentrate in the body as it is metabolized and transported out of the liver through bile and urine. This prevents accumulating α-tocopherol levels and eliminates toxic effects in most healthy individuals. Although rare, there are some circumstances where exogenous vitamin supplementation is not due to diet alone or conditions that prevent excess vitamin E from being eliminated from the body. Ideally, vitamin E supplementation should be kept to a lower dosage.


Hypervitaminosis

As with many vitamins, an excess of vitamin E can cause potential health complications. Many individuals consume vitamin E supplements for its antioxidant or immune-boosting properties. An accumulation of vitamin is a pathological condition known as hypervitaminosis. It may take months for a vitamin to substantially accumulate in the tissues, especially if the body is unable to eliminate it (Kitagawa and Mino, 1989; Handelman et al., 1994). The daily tolerable upper limit dose is 1000 mg (Miller et al., 2005). An upsurge in mortality from all causes has been reported with excessive doses of vitamin E (Miller et al., 2005). Toxic amounts of vitamin E can alter liver and kidney function and cause muscle weakness or bleeding problems (Tsai et al., 1978). In addition, as vitamin E is metabolized in the liver by cytochrome P450 (CYP) enzyme system, it can interact with many other commonly used medications that share this pathway.



Cardiovascular Disease

The link between high doses of vitamin E and heart failure has been extensively studied in several randomized control trials including most notably the HOPE and HOPE-TOO trials. These trials found greater risk of heart failure related to high doses of vitamin E (≥400 IU/d) (Lonn et al., 2005). The cause for this effect is unclear but has been postulated to be due to disruption of the natural balance of antioxidant systems or reduction of HDL cholesterol (Lonn et al., 2005). This effect was redemonstrated by a similar trial, finding a 50% increase in risk to develop congestive heart failure (CHF) after administration of α-tocopherol (Brigelius-Flohé, 2007). A study examining the effects of megadoses of vitamin E showed an increase in serum triglyceride levels most pronounced in female subjects (Tsai et al., 1978). Heart failure can result in microvascular dysfunction in the retina where dilation responses of both arteriolar and venular retinal microvessels were significantly reduced to a flicker stimulus (Grassi and Mancia, 2018; Nägele et al., 2018). Concern about this effect may limit the usefulness of vitamin E in large doses in patients with extensive cardiovascular risk factors or diabetes, both of which are common in the elderly population where AMD would be seen. On the other hand, Bursell et al. (1999) described in early stages of type I diabetes, high doses of vitamin E controlled retinal blood flow with minimal to no diabetic retinopathy.



Thyroid Homeostasis

Tocopherol has been shown to affect the hypothalamus-pituitary-thyroid axis (Tsai et al., 1978). Prolonged vitamin E deficiency has shown a reduction in function of this system, while large doses of vitamin E have been shown to lower concentrations of thyroid hormone T3 and T4 (Tsai et al., 1978). However, studies with a longer duration have shown that this may be a transitory effect (Tsai et al., 1978). Low thyroid levels can cause hypertriglyceridemia and may contribute to this observed effect (Tsai et al., 1978). Thyroid hormones are known to regulate visual functions in human and mouse studies (Takeda et al., 1994, 1996; Ittermann et al., 2014). Data indicate that cultured human RPE cells are a direct target of thyroid hormones (THs; Duncan et al., 1999). Ma et al. (2014) looked at cone cell viability and whether TH signaling affects retinal degeneration mouse models. TH signaling has been shown to be important for cone visual pigment expression and pattern formation while an overabundance of TH signaling causes cone degeneration (Ng et al., 2010). In contrast, Ma’s study discovered when TH signaling was suppressed in rodent cone-rod dystrophy models, preservation of cones was found, a novel approach to macular degeneration therapy (Ma et al., 2014). A link between thyroid hormone, vitamin E, and macular degeneration has not been thoroughly investigated and can only be speculated at this time.



Bleeding Disorders

The most well-known symptom of vitamin E toxicity is bleeding. Vitamin E inhibits vitamin K dependent activation of clotting factors, tissue factor, and inhibits aggregation of platelets with an oxidative stress mediated mechanism (Handelman et al., 1994; Chapy et al., 2015). Intracranial hemorrhagic stroke with higher than recommended doses of vitamin E has been reported (Le et al., 2020). This is especially important to consider in patients using warfarin (a vitamin K antagonist) for anticoagulation. A retrospective cohort study found that serum vitamin E levels could predict bleeding events in patients on warfarin (Chapy et al., 2015).



Drug Interactions

Vitamin E supplementation can also potentially interact with medications such as simvastatin (Zocor) and niacin, chemotherapy and radiotherapy, and anticoagulants and antiplatelet medications (Brown et al., 2001; Cheung et al., 2001; Doyle et al., 2006; Block et al., 2007; Lawenda et al., 2008; Violi et al., 2010; Pastori et al., 2013). Decreased concentrations of mRNA for hepatic organic anion transporting polypeptide 3 (OATP3) transport proteins have been found in rats that were injected with α-tocopherol (Podszun and Frank, 2014). These transport proteins are important for uptake of statin medications into circulation. Several cases have implicated the use of niacin with cystoid macular edema (CME; Millay et al., 1988; Fraunfelder et al., 1995; Callanan et al., 1998; Domanico et al., 2015). The CYP enzyme family can also be affected by vitamin E. These enzymes are responsible for metabolism of xenobiotics and 60% of prescription medications (Brigelius-Flohé, 2007). In rat studies using vitamin E supplementation, a vitamin E deficient diet reduced CYP enzyme concentrations. The mechanism behind this is thought to be vitamin E activation of a nuclear pregnane X receptor (PXR) driven chloramphenicol acetyltransferase (CAT) reporter in HepG2 cells, a human hepatoma cell line that is typically used in drug metabolism and hepatotoxicity studies which can mediate and induce CYP functions (Brigelius-Flohé, 2007). This can decrease the efficacy of common drugs. RRR-α-tocopherol did not alter hepatic mRNA expression of CYP enzymes, however, high doses of all racemic α-tocopherol acetate induced hepatic mRNA expression 3-4x (Podszun and Frank, 2014). At normal doses, vitamin E does not appear to have significant effects on CYP expression. There is evidence to suggest a link between CYP27A1, a broadly expressed mitochondrial sterol 27-hydroxylase, AMD, and cholesterol maintenance in the retinal. Retinal lesions developed in Cyp27a1–/– mice were characterized by cholesterol containing drusen, neovascularization, and activated Müller cells (Omarova et al., 2012). Müller cells are the first to reveal changes in metabolic processes due to retinal stress or disease. Cholesterol buildup is associated with macular degeneration (Sarks et al., 1999; Curcio et al., 2011). It is conceivable that the AREDS formulation containing vitamin E reduces the progression of drusen in AMD, but this is not proven and remains to be seen.



Fetal Health and Birth Defects

Research investigating teratogenic effects triggered by vitamin E on fetal health has been investigated in rat models where no obvious teratogenic effects, survival rate, or size and weight of litters were observed (Martin and Hurley, 1977). In mothers treated daily with 500 mg of vitamin E, results showed a delay in opening eyelids and other ocular complications, however, nothing statistically significant in comparison to control animals (Martin and Hurley, 1977). It has been shown in several studies that vitamin E protects against birth defects in the presence of nicotine use, sparing malformations, embryonic bone development (Güler et al., 2022), decreased the rate of embryo malformations, and increased size and maturation of streptozotocin-induced diabetic animals (Viana et al., 1996). Folic acid and vitamin E taken together with antiepileptic, antihypertensive, and anti-allergic drugs prevented mortality and teratogenic effects in mice (Wahid et al., 2014). Teratogenicity due to zinc deficiency is not ameliorated by vitamin E, suggesting that fatty acid metabolism may be impeded by zinc causing an increase in the lipid peroxidation rate (Hurley et al., 1983). With this, it cannot be assumed that vitamin E’s antioxidant effects are entirely beneficial.



Ocular Drug Delivery to Bypass Systemic Effects

While significant doses of systemic vitamin E have demonstrated a toxic effect (Abdo et al., 1986), there is less pre-clinical evidence to show that accumulations of ocular vitamin E are toxic. Intravitreal injection of high concentrations of an ocular therapeutic allows for the bypass of systemic effects (Peyman et al., 2009). Results from intravitreal injection of vitamin E in rabbits suggest that α-tocopherol in doses of 0.05, 0.10, and 0.20 mL failed to show any toxic effects following injection at 1 week, 1 month, and 3 months (Fallor et al., 1984).




CONCLUSION AND FUTURE RESEARCH

Vitamin E influences cell physiology and survival by several signaling pathways. The molecular mechanisms by which it achieves uptake, transport, metabolism, and cellular action to promote neuroprotective effects in the retina are still being elucidated. Clinical studies suggest that supplements containing vitamin E may benefit individuals with moderate to severe AMD in contrast to only a nominal protective effect in early disease progression. Reducing the risk of AMD vision loss must begin prior to detection. Supplementing our diet with vitamin E, recommended by medical professionals, is beneficial to our health and survival but current literature also warns us against adverse effects. The long-term supplementation of vitamin E to counteract the progressive effects of AMD deserves further pre-clinical research.
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Persons with type 2 diabetes born in the regions of famine exposures have disproportionally elevated risk of vision-threatening proliferative diabetic retinopathy (PDR) in adulthood. However, the underlying mechanisms are not known. In the present study, we aimed to investigate the plausible molecular factors underlying progression to PDR. To study the association of genetic variants with PDR under the intrauterine famine exposure, we analyzed single nucleotide polymorphisms (SNPs) that were previously reported to be associated with type 2 diabetes, glucose, and pharmacogenetics. Analyses were performed in the population from northern Ukraine with a history of exposure to the Great Ukrainian Holodomor famine [the Diagnostic Optimization and Treatment of Diabetes and its Complications in the Chernihiv Region (DOLCE study), n = 3,583]. A validation of the top genetic findings was performed in the Hong Kong diabetes registry (HKDR, n = 730) with a history of famine as a consequence of the Japanese invasion during WWII. In DOLCE, the genetic risk for PDR was elevated for the variants in ADRA2A, PCSK9, and CYP2C19*2 loci, but reduced at PROX1 locus. The association of ADRA2A loci with the risk of advanced diabetic retinopathy in famine-exposed group was further replicated in HKDR. The exposure of embryonic retinal cells to starvation for glucose, mimicking the perinatal exposure to famine, resulted in sustained increased expression of Adra2a and Pcsk9, but decreased Prox1. The exposure to starvation exhibited a lasting inhibitory effects on neurite outgrowth, as determined by neurite length. In conclusion, a consistent genetic findings on the famine-linked risk of ADRA2A with PDR indicate that the nerves may likely to be responsible for communicating the effects of perinatal exposure to famine on the elevated risk of advanced stages of diabetic retinopathy in adults. These results suggest the possibility of utilizing neuroprotective drugs for the prevention and treatment of PDR.
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INTRODUCTION

Patients with type 2 diabetes are at high risk of vision-threatening proliferative diabetic retinopathy (PDR) leading to blindness. The diabetic retinopathy (DR) remains a leading cause of the vision loss and preventable blindness in adults aged 20–74 years (Wong et al., 2016). The crude prevalence of the visual impairment and blindness caused by the DR has increased in recent years, mainly due to the increase of type 2 diabetes in low- and middle-income countries (Flaxman et al., 2017). Today, the laser therapy and anti-vascular endothelial growth factor (VEGF) intravitreous injections targeting neovascularization are the most commonly used treatments, despite that the recent clinical and research evidence advocate the important role of a tight cellular interaction between the different compartments of the neurovascular unit in the pathogenesis of PDR (Dodson, 2007; Simó et al., 2014; Simo et al., 2018). However, not all patients can afford and/or respond to these therapies and still effective preventive modalities are far to be optimal because the underlying causal mechanisms are not completely understood. Besides the modifying role of metabolic risk factors in diabetes, it is becoming evident that early life events such as intrauterine nutritional deprivation and stress exposures might contribute to the compromised programming of vasculature during fetal development and thereby increase susceptibility to the micro- and macro-vascular diseases in adults (Kistner et al., 2002; Mitchell et al., 2008; Gopinath et al., 2010). Thus, a perinatal exposure to famine was suggested to contribute to the rapid increase of type 2 diabetes prevalence in China—the current epicenter of the global diabetes epidemic (Zimmet et al., 2017). The Dutch hunger winter (1944–1945), the Chinese (1959–1961), and the Great Ukrainian (1932–1933) famine studies reported the link between the famine exposure at birth and the long-term adverse consequences in adults such as hyperglycemia, obesity, and dyslipidemia, but also cardiovascular disease and kidney dysfunction (Roseboom et al., 2001; Lumey et al., 2015; Zimmet et al., 2017). Our observations in individuals with type 2 diabetes, who experienced perinatal exposure to famine, demonstrated disproportionally elevated risk for PDR as compared to patients with type 2 diabetes that were born unexposed in two populations from Ukraine and Hong Kong (Fedotkina et al., 2021a).

In the present study, we investigated the possible underlying molecular mechanisms of the famine-associated risk of PDR by using genetic markers previously linked to glycemia or drug metabolism in the exposed to famine populations from Ukraine and Hong Kong. The changes in the expression of genes associated with PDR in the exposed to famine population were studied in the experimental primary cell culture model of embryonic retinal cells exposed to starvation for glucose and helped to confirm a molecular link between perinatal exposure to famine and PDR.



MATERIALS AND METHODS


Study Populations


The Diabetes and Its Complications in the Chernihiv Region Study

The Diagnostic Optimization and Treatment of Diabetes and its Complications in the Chernihiv Region (DOLCE) is a population-based study of the patients with diabetes of all ages and their relatives in the Chernihiv region of northern Ukraine. Patients with diabetes and their first-degree relatives (parents, siblings, or children) were invited to participate. The recruitment started in November 2011 and ended in December 2014 (Fedotkina et al., 2021b). With the help of an endocrinologist and diabetes nurse, all participants completed a questionnaire covering their medical history, including the information on the family history of diabetes, anthropometric measurements (weight, height, and blood pressure), alcohol intake, smoking, medication for diabetes, hypertension, and hyperlipidemia. The information on co-morbidities was provided by primary care physicians, using the participants’ hospital discharge records as a primary source. Overall, 6,095 patients with diabetes (n = 785 type 1 diabetes, n = 4,297 type 2 diabetes, n = 62 unspecified, n = 951 healthy relatives) were enrolled in the study. The severity of DR was assessed using fundus photography. The PDR outcome was defined as proliferative retinopathy, or laser-treated DR, or blindness. The fasting samples were withdrawn for plasma glucose measurements and HbA1c; plasma and serum samples were stored at –80°C for further determinations of C-peptide, insulin, and lipid levels. All blood measurements were performed at the Department of Clinical Chemistry, Scania University Hospital Diabetes, Malmoe, Sweden (Laboratoriemedicin, 2020). Insulin resistance (HOMA2-IR) and beta-cell function (HOMA-B) were estimated based on C-peptide concentrations calculated using the HOMA calculator (Levy et al., 1998; HOMACalculator, 2021). Fasting blood-ethylenediaminetetraacetic acid (EDTA) samples were taken at the examination and were stored for DNA extraction from all patients with diabetes and their relatives. Genotyping was carried out at the Lund University Diabetes Center (LUDC), Department of Clinical Sciences, Diabetes and Endocrinology (Lund, Sweden). All participants provided a written informed consent. The study was approved by the local ethics committee (approval number for Ukraine: Dnr17/2011-09-14, for Norway: 2019/28968).




The Hong Kong Diabetes Register: Validation Cohort for Genetic Findings

The Hong Kong Diabetes Registry (HKDR) was established in 1994 at the Diabetes and Endocrine Center, the Prince of Wales Hospital, Hong Kong Special Administrative Region (Luk et al., 2017; Fedotkina et al., 2021a). Patients with physician-diagnosed diabetes who attended the center for a comprehensive evaluation of diabetes complications were consecutively recruited. The referral sources included hospital- and community-based clinics. The detailed information including demographics, co-morbidities, and medication use was documented. The physical measurements, including vital signs and anthropometric parameters, were collected. The presence of diabetic retinopathy was examined by fundus photography and interpreted by trained endocrinologists. To keep the consistency with the previous report (Fedotkina et al., 2021a), advanced diabetic retinopathy was defined by fulfilling one or more of the following: Reduced visual acuity, PDR, pre-PDR, history of laser photocoagulation or presence of laser scar, and history of vitrectomy. Anti-VEGF treatment was not routinely used at the time that patients were recruited; hence it was not considered as advanced diabetic retinopathy. The fasting blood samples were obtained for plasma glucose, HbA1c, lipids, and renal function tests. A written informed consent was obtained from the patients at study enrollment. The HKDR was approved by the New Territories East Cluster Clinical Research Ethics Committee (reference number: 2007.339). The current dataset included 3,021 eligible participants from HKDR, 730 of them with available genetic information, and the selection of individuals was described in Supplementary Figure 1. The clinical characteristics of HKDR individuals are presented in Supplementary Table 1A. During the WWII period (1941–1945), Hong Kong experienced the famine exposure as a consequence of the Japanese invasion, which lasted for 3 years and 8 months.


Genetics

We performed gene-environment interaction to study the molecular susceptibility of PDR attributed to type 2 diabetes, which is more detrimental in the individuals at risk for type 2 diabetes after intrauterine undernutrition as a consequence of famine exposure (Fedotkina et al., 2021a). We analyzed a panel of 76 SNPs associated with type 2 diabetes, plasma glucose, and pharmacogenetics as a part of previously designed ANDIS panel of genetic loci reproducibly associated with risk of T2D in the 3,583 DOLCE participants (Ahlqvist et al., 2018). In DOLCE, the genotyping was performed using Mass Array iPLEX, and the Illumina Omni express array; genotyping of the individuals in HKDR was described elsewhere (van Zuydam et al., 2018). The schematic overview of genetic analyses flow in the DOLCE cohort was represented on the Supplementary Figure 2. Allele frequencies of SNPs used in the final analyses did not differ between groups that had or had not been perinatally exposed to famine, ruling out the contributing effects of at risk alleles to the excessive loss of susceptible individuals (p > 0.01) (Supplementary Table 2).




In vitro Expression Measurements in Human Retinal Tissue

To rule out the effect of type 2 diabetes per se on expression of identified genes in the human retina in the patients without PDR, we obtained and analyzed postmortem retinal tissue from the Blood and Tissue Bank of Vall d’Hebron University Hospital, Barcelona, Spain. The procedure for eye cup donation and for the handling of this biologic material is rigorously regulated by the protocol of donations of the Blood and Tissue Bank of the Catalan Department of Health and was approved by the ethics committee of Vall d’Hebron University Hospital (PR-AG-4/2010). The methods for RNA extraction and reverse-transcription quantitative polymerase chain reaction (RT–qPCR) have been previously reported (Hernández et al., 2016). A total of 10 donors with diabetes and 5 donors without diabetes matched by age and sex were included in the study. One eye cup was harvested to separate neuroretina from retinal pigment epithelium, and samples of both tissues were immediately frozen with liquid nitrogen and stored at -80°C. The tissue samples derived from this eye cup were used for the studies of gene expression in the neuroretina. The time from death to eye enucleation was less than 4 h.


RNA Quality Assessment

The concentration and purity of RNAs were obtained by spectrophotometry in the NanoDrop instrument (Thermo Fisher Scientific), which specifically measure absorbance using small sample volumes. The quality of the samples was validated by the RIN assessment. RT–PCR. The PCRs were performed with the cDNA obtained with a High Capacity Kit (Applied Biosystems, Madrid, Spain) with random hexamer primers in a Thermal Cycler 2720 (Applied Biosystems, Madrid, Spain). Also, TaqMan Assays exon–exon boundary (Applied Biosystems, Madrid, Spain) were used for amplification of ADRA2A Hs01099503_s1; CYP2C19 Hs00426380_m1; PCSK9 Hs00545399_m1; PROX_m1; Hs00896293_m1 and β-Actin housekeeping gene assay (Hs01060665_g1) also purchased from Applied Biosystems (Applied Biosystems, Madrid, Spain). The PCR was performed in a 7.900 HT Thermal Cycler Sequence Detection System with 384-well optical plates (Applied Biosystems, Madrid, Spain). Then it was noticed that CYP2C19 Hs00426380_m1 and PCSK9 Hs00545399_m1 measurements (Applied Biosystems, Madrid, Spain) were higher than 35 CTs, and therefore they were not considered for the analysis. The rest of the measurements (<33 CTs) were obtained by calculating relative quantifications (R.Q.) using the Ct method.



In vitro Starvation Experiments of Embryonic Retinal Cells


Ethical Permits

The study was approved by the local ethics committee (2018–579, 2016/891), and the experiments were performed in compliance with the animals in research: reporting in vivo experiments (ARRIVE) guidelines (Kilkenny et al., 2010). Given that glucose is an essential nutrient needed for cell growth and proliferation, we designed ex vivo exposure experiments in embryonic retinal cells starved for glucose. The mice retinas were isolated from E18.5 embryos, and retinal cells were starved for glucose in a neurobasal medium for 6 h, followed by culturing in normal glucose medium for 6 days. We investigated the acute effects of starvation and analyzed expression of genes associated with DR using RT–qPCR and measured axonal length 1 day after the end of starvation. The measurements were repeated 6 days after the end of starvation to obtain information on the long-term effects of starvation exposure.



Isolation and Culture of Retinal Cells

First, C57BL/6J mice were purchased from Charles River. The retinas were isolated from E18.5 mouse embryos and digested with 0.05% trypsin (ready-made, Gibco) for 15 min at 37°C. The digestion was terminated by adding Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 25-mM sodium bicarbonate (Gibco), 25-mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Gibco), 10% fetal bovine serum (v/v, Hyclone), and 1% penicillin and streptomycin solution (v/v, Gibco). The cell suspension was filtered through 70-μM filter and centrifuged at 1,300 rpm for 5 min, resuspended in medium, and centrifuged. This was repeated twice and the cells were plated on poly L-lysine coated plates at a density of 2.0 × 106 cell/cm2. Second, on the next day, the cells were washed 2 times with phosphate-buffered saline (PBS) and starved for glucose in neurobasal medium supplemented with B27 supplement lacking insulin, with 0.06 g/L-glutamine, 1% penicillin–streptomycin (v/v, Gibco), and 11-mM HEPES for 6 h. Finally, the cells were further cultured for 6 days in the complete neurobasal medium.



The RNA Isolation and RT-qPCR

Total RNA was isolated using the miRNeasy micro kit (Qiagen). Reverse transcription was carried out using the RevertAid First Strand cDNA synthesis kit (Thermo Fischer Scientific), following the manufacturer’s instructions using 500-ng total RNA. Taqman RT–qPCR system was used for gene expression quantification (ThermoFischer Scientific). The gene expression data were normalized against the expression of hypoxanthine-guanine phosphoribosyltransferase (HPRT). The experiments were repeated for n = 4–5, each in duplicate. The data were shown as a mean expression with SEM and were analyzed with Student’s t-test.



Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and permeabilized with 0.2% Triton X-100 in PBS for 10 min. The cells were then blocked for 1 h in 5% fetal bovine serum in PBS, and incubated with a primary antibody—rabbit anti-β III tubulin antibody (Covance; 1:1,000, Catalog No. PRB-435P-100), chicken anti-β III tubulin antibody (Abcam; 1:1,000, Catalog No. ab117716), rabbit anti-Pcsk9 antibody (Abcam; 1:100, Catalog No. ab31762), rabbit anti-Adra2a antibody (Sigma-Aldrich; 1:100, Catalog No. A271) and mouse anti-Nestin antibody (Chemicon; 1:500), overnight at 4°C. The next day, the cells were rinsed 3 times with PBS and incubated with a secondary antibody [donkey anti-rabbit IgG Alexa 488 (ThermoFischer Scientific); goat anti-rabbit IgG Alexa 568 (ThermoFischer Scientific) or donkey anti-rabbit IgG Cy5 (Jackson ImmunoResearch)] 1:250 for 1 h at the room temperature. The nuclei were stained with 2 μg/ml Hoechst 33342. The cells were imaged using Zeiss LSM 780 laser scanning microscope (LSM) using either 20 × or 40 × objective.



Image Analysis

Bright-field images of the isolated retinal cells on day 2 were acquired using an Olympus IX73 microscope. The fluorescent images on day 7 were acquired using the LSM (Zeiss LSM 780) using the 20 × objective and ZEN software (Zeiss). Four images of the retinal cultures were acquired per sample, and the neurite extensions were quantified using Fiji with simple neurite tracer plug-in (Longair et al., 2011; Schindelin et al., 2012). The representative bright-field images were also acquired using LSM (Zeiss LSM 780).




Global DNA Methylation

Genome-wide DNA methylation analyses were performed using DNA extracted from peripheral blood lymphocytes (Gentra Autopure, Qiagene) of the DOLCE study participants using the Illumina Infinium 450 Bead Chip with Infinium assay (Illumina iScan) and the standard Infinium HD assay methylation protocol guide (part number 15019519, Illumina). The DNA was quantified using picogreen (DNA assay kit 2000, Invitrogen, Tecan Infinitie); 1-μg DNA was bisulfite-treated using the EZ DNA Methylation™ kit (Zymo Research), following the manufacturer’s instructions. The modified DNA was hybridized with the Illumina 450 K beadchips and scanned using Illumina iScan, according to the manufacturer’s protocol. The samples were randomly distributed on the arrays. The Infinium HumanMethylation450 BeadChip contains 485 577 probes with 99% coverage of RefSeq genes with the capacity for 12 samples per chip (Bibikova et al., 2011).

The GenomeStudio methylation module software of the Genome studio Genome Browser (NCBI build 37) was used to calculate the raw methylation score for each DNA methylation site, represented as the methylation β-value. The β-values were calculated as follows: β = intensity of the methylated allele (M) ÷ (Intensity of the unmethylated allele (U) + intensity of the methylated allele [(M) + 100]). All samples passed the GenomeStudio quality control steps based on the built-in control probes for staining, hybridization, extension, and specificity, and displayed high-quality bisulfite conversion efficiency with an intensity signal above 4,000 (Bibikova et al., 2011). The probes detected at p > 0.01, less than three beads in at least 5% samples per probe, non-CpG probes, single nucleotide polymorphism (SNP)-related probes, multi-hit probes, and allosomal CpG probes were filtered out. Overall, DNA methylation data were obtained for 411,923 probes. The background correction and beta mixture quantile normalization (BMIQ) to normalize the type I and type II probes was implemented using ChAMP (Teschendorff et al., 2012). The singular value decomposition (SVD) method was used to assess batch effect, and ComBat was implemented to correct multiple batch effects (Johnson et al., 2007; Teschendorff et al., 2009). Since genome-wide methylation analysis was performed using DNA obtained from the whole blood, the methylation status could potentially reflect the combination of blood cell types. Then RefbaseEWAS was hence implemented to correct for changes in the distribution of white blood cells between different subpopulations using DNA methylation signatures in combination with a previously obtained external validation set consisting of signatures from purified leukocyte samples (Houseman et al., 2015). To reduce the heteroscedasticity for highly methylated or unmethylated sites, β-values were converted to M-values in the lumi package for further analysis calculated as M = log2[β/(1 - β)] (Du et al., 2008, 2010).




Statistical Analysis

A flowchart for the quality control and preparation of the DOLCE dataset for the statistical analysis is represented in Supplementary Figure 3. All subsequent episodes of famine exposure in Ukraine were combined into decades of births before 1950 (exposed to famine) and after 1950 (unexposed) as previously described (Fedotkina et al., 2021b). To study the association of genetic variants and perinatal exposure to famine on the risk of PDR in adulthood, the interaction term between SNPs and famine exposure (year of birth before or after 1950) was fitted using generalized estimation equation using sex, age at visit, diabetes duration, and HbA1c as covariates, and corrected for family relationships (R-package “gee” version 4.13–19; defining families as clusters and correlation structure as exchangeable) (VanderWeele and Knol, 2014; Carey and Ripley, 2019). The association of the genetic variants and the risk of PDR in individuals that had been born perinatally exposed or unexposed to famine was also assessed using effect size heterogeneity Q-statistics and quantified using I2-value. Bonferroni correction was used to adjust for multiple testing in genetic association tests, p < 0.05 was considered statistically significant. The relationship between the risk variants and famine exposure and degree of methylation, quantified as M-value, was calculated using linear regression. The relationship between the risk variants and type 2 diabetes was analyzed using logistic regression using sex and age as covariates, p-values were adjusted for multiple testing correction using the false discovery rate method. All reported p-values are two-sided. All analyses were performed using R software, plink v. 1.07 (Purcell et al., 2007; R Core Team, 2013).




RESULTS


Genetic Variants and the Risk of Proliferative Diabetic Retinopathy in Offspring of Individuals With Perinatal Exposure to Famine


Discovery of Genetic Variants in the Diabetes and Its Complications in the Chernihiv Region Cohort

To gain understanding into the putative biology of the previously reported link between exposure to famine and the risk of PDR (Fedotkina et al., 2021a), we analyzed a panel of type 2 diabetes susceptibility genetic loci in 3,583 patients with type 2 diabetes from the DOLCE study. Among these patients, 1,758 (30% men) individuals had been perinatally exposed to famine, and 1,825 (35% men) were born during modern times and had not been perinatally exposed to famine. Among them, 67 (3.8%) and 41 (2.2%) individuals had PDR, respectively. The clinical characteristics of the participants in the DOLCE cohort are shown in Supplementary Table 1B.

We found four SNPs to be significantly associated with PDR in offspring to famine-exposed individuals in the DOLCE study (Table 1). The risk loci linked to increased risk of PDR were glucose-rising genotypes of ADRA2A rs10885122 (ORexposedvs.unexposed, 95% CI, 3.67, 1.77–7.63 vs. 0.45, 0.28-0.71, pinteraction = 0.003); genotypes associated with pharmacogenetic response to statin therapy at PCSK9 rs2479409 (2.27, 1.26–4.06 vs. 0.59, 0.37–0.94, pinteraction = 0.021); and genotypes associated with reduced function of drug-metabolizing gene CYP2C19*2 rs4244285 (2.87, 1.23–6.68 vs. 0.48, 0.23–0.99, pinteraction = 0.040). By contrast, alleles linked to elevated glucose levels at PROX1 rs340874 showed a reduced risk of PDR (0.54, 0.32–0.89 vs. 1.57, 1.05–2.35, pinteraction = 0.045) (Table 1). However, only rs10885122 on ADRA2A remained significant after Bonferroni correction in heterogeneity analysis (pheterogeneity = 6.0 × 10–5). To rule out the potential associations of genotypes with the poor glycemic control of diabetes, heterogeneity analyses were also adjusted for the HbA1c level, and the results did not change (Supplementary Table 3).


TABLE 1. Genetic variants and the risk of PDR for offspring to parents exposed and unexposed to famine in the DOLCE cohort.
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Replication of Genetic Findings in the Hong Kong Diabetes Register Cohort

Replication of the top variants in the HKDR conferred significantly increased risk of ADRA2A rs10885122 for advanced diabetic retinopathy in persons with type 2 diabetes who were born during famine, while no risk was observed in unexposed individuals (OR, 95% CI, 3.13, 1.12–13.2, pfamine = 0.026 vs. 0.94, 0.18–17.4, pnon famine = 0.953) (Table 2).


TABLE 2. Genetic variants and the risk of ADVDR for offspring to parents exposed and unexposed to famine in the HKDR cohort.
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Gene Expression in Human Retina of Patients With and Without Diabetes

Notably, expression level of the ADRA2A and PROX1 genes did not significantly differ in the retinas from non-famine type 2 diabetes patients with mild non-proliferative DR and non-diabetic donors (Blood and Tissue Bank of Vall d’Hebron University Hospital) (Supplementary Table 4), ruling out the impact of diabetes condition per se on expression level of identified genetic variants in the human retina. Together, these results point at presence of hyperglycemia independent molecular mechanisms driving progression to PDR in people who were exposed to famine-related insults at birth.




Exposure of Embryonic Retinal Cells to Starvation and Gene Expression


Establishment and Evaluation of a Primary Cell Culture Model

The priming for future diseases during fetal development most likely includes modulation of gene expression. To study the potential mechanisms by which starvation could influence gene expression, we developed a primary cell culture model of starvation for glucose using mice embryonic retinal cells, since the human and mice retinal transcriptomes have shown remarkable similarity during development (Hoshino et al., 2017). As a proof-of-concept that our primary cell culture model mimics essential pathophysiological events implicated in the development of PDR (Aiello et al., 1994), we evaluated the expression of the pro-angiogenic genes VegfA and Vegfr2 (Figure 1). These genes encode vascular endothelial growth factor A and its tyrosine kinase receptor, vascular endothelial growth factor 1R—the well-established pathogenic markers of PDR. We confirmed the upregulation of VegfA gene expression in response to glucose deprivation (Figure 1). Additionally, we analyzed expression of Txnip—a thioredoxin interaction protein ascribed a pathogenic role in diabetes and related complications, whose expression is strongly up-regulated by glucose in normal physiology (Parikh et al., 2007). As anticipated, Txnip expression was significantly reduced upon 6-h glucose deprivation (Supplementary Figure 4B). These observations confirmed that the primary cell culture model mimicking embryonic retinal cell starvation for glucose exhibit key pathogenic features (elevated VEGF) associated with PDR in humans.


[image: image]

FIGURE 1. The impact of exposure to starvation for glucose on gene expression in embryonic retinal cells. (A,C) Schematic overview of the established and validated in vitro model of embryonic retinal cells exposed to glucose starvation to mimic the perinatal exposure to famine. Dissociated retinal cell cultures were prepared from E18.5 mouse embryos and plated on dishes coated with poly-L-lysine (day 0; as described in Supplementary Methods). The culture was starved for glucose for 6 h on day 1. RNA was isolated after the end of starvation on day 1 (A) or day 7 (C). (B,D) Relative mRNA levels on day 1 (B) and day 7 (D), determined by RT–qPCR (n = 5–6). Untreated cells were used as controls. **p < 0.01, *p < 0.05 (two-tailed paired Student’s t-test). All values are means + S.E.M.




Effects of Short Term (6-h) and Long-Term (6-Days) Starvation for Glucose on Gene Expression

In this model, short-term 6-h exposure to starvation for glucose resulted in the up-regulation of expression of Adra2a and Pcsk9 (Figures 1A,B). Further, the expression of Adra2a and Pcsk9 genes continued to be elevated in starved cells cultured in normal glucose medium for 6 days after the end of starvation, while the expression of the Prox1 gene was significantly reduced in comparison with untreated (control) cells (Figures 1C,D).



Effect of Starvation for Glucose on Morphology of Neurons

We also evaluated the effect of starvation on morphology of neurons using our primary cell culture model. We used the axonal length as a proxy for outgrowth capacity, serving as an indirect measurement of the ability of neurons to form extended connections—a hallmark of plasticity and adaptive processes in brain development (Prince, 1998). On average, the length of the longest neurite was 11-μm shorted 1 day after exposure to starvation, while the mean length of starved neurites was not significantly affected (Supplementary Figure 5). Long-term effects, nevertheless, revealed 3.7-μm shortening (p < 0.01) of the mean axonic length of starved retinal neurons (Supplementary Figure 5), suggesting sustained inhibitory effects of starvation on neurite outgrowth (Figure 2). Immunohistochemistry revealed that ADRA2A was expressed in both the neuron body and the axon, while the expression of PCSK9 was higher at the plasma membrane of the neurons than at axon (Figure 3). Collectively, these observations suggested persistent effects of starvation exposure on the morphological properties of the neurons.
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FIGURE 2. The impact of exposure to starvation for glucose on neurite outgrowth in embryonic retinal cells. Representative confocal LSM images of untreated (control) (A) and starved primary retinal cells (B) on day 7 of the experiment described in this figure, showing neurons (β III tubulin) and cell nuclei (Hoechst). The images are representative of 3–4 replicates. Scale bar, 20 μm. n = 3–4. Arrows indicate loss of neurite outgrowth.
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FIGURE 3. Immunocytochemistry of ADRA2A and PCSK9 levels in control (untreated) primary mouse retinal cells on day 7. Representative confocal LSM images of primary mouse retinal cultures at day 7 showing expression of ADRA2A (A), β III tubulin (B), Nestin (C), cell nuclei (Hoechst), (D) a merge image (E), and a zoomed merge image (F). (G–L) LSM images of primary mouse retinal cultures at day 7 showing expression of PCSK9 (G), β III tubulin (H), Nestin (I), cell nuclei (Hoechst) (J), a merge image (K) and a zoomed merge image (L). (M,N) Negative controls were treated without primary antibody and are shown as merge images. Scale bar = 10 μm or scale bar = 5 μm for zoomed images.





Effects of Risk Variants on Methylation and Gene Expression


Methylation QTLs and Expression QTLs

A potential mechanism affecting changes in gene expression might involve epigenetic modifications of the DNA (Tobi et al., 2018). In a limited subset of DOLCE participants exposed and unexposed to famines (n = 51), we performed genome-wide methylation genotyping for exploratory analyses. Methylome analysis of DNA revealed differential methylation of the ADRA2A gene (p < 0.05) in famine-exposed compared with unexposed individuals (Supplementary Table 5A). To investigate the potential methylome QTL effects of identified SNPs, we performed look up in the publicly available mother-child ALSPAC database, which supported the association of methylome with genetic variants for all four genes (ADRA2A, PCSK9, CYP2C19*2, and PROX1) (Supplementary Table 6; Golding et al., 2001). Additionally, to investigate expression QTL effects, we performed look-up in the GTEX database, which deposited tissue biobank to study relationship between genetic variants and gene expression in diverse tissues in humans. These analyses showed effects of retinopathy-associated genotypes on increased gene expression for PCSK9 (rs2479409) in skin fibroblasts, for CYP2C19*2 (rs4244285) in skin fibroblasts, liver, and stomach, and for PROX1 (rs340874) in the brain (Supplementary Table 7; Consortium, 2015). The genotypes of ADRA2A or its proxies were not present in the GTEX database. Although expression of the gene in the retinal cells is not present in the GTEX database, observed eQTL effects emphasize the potential role of the identified genetic variants in the different organs and tissues, and thus plausible in the retina.





DISCUSSION

The results of this study highlight the importance of the neuronal dysfunction as a potential early event in the pathogenesis of microcirculatory abnormalities in adult type 2 diabetes patients with PDR whom, as children, were exposed to perinatal famine at birth. In this regard, the genetic and molecular immunohistochemistry findings of embryonic retinal cells support the idea that starvation for glucose insults during early retinogenesis might exhibit a lasting effect and act as triggers of subsequent diabetes-associated changes in the neurovascular unit in adults.

The findings of this study are in line with emerging evidence suggesting that neuroprotection could play a role in the treatment of early stages of DR, although current treatments for DR are mostly addressed to advanced disease (Simo et al., 2018, 2019). The central role for the neurovascular unit in the pathogenesis of DR has been previously discussed, but the exact pathogenic mechanisms are not entirely understood (Abcouwer and Gardner, 2014; Simo et al., 2014). The present study reveals a number of genes with neuronal and vascular functions that might influence risk of adult PDR, with ADRA2A being the strongest. The genetic association results from the two independent populations of Ukraine and Hong Kong exposed to famine at birth illuminated the most significant locus rs10885122 resided in the ADRA2A gene linked to function of nervous tissues. In the neuronal development of neonatal and adult hippocampus, α2ARA activity has been shown to regulate proliferation and survival of neural precursor cells (Jhaveri et al., 2014). These findings are in line with the reported neuroprotective effects of α2ARA agonist on Müller cells function after injury and also inhibition of apoptosis of the retinal ganglion cells (Nizari et al., 2016; Harun-Or-Rashid and Hallböök, 2018). This indicated the important role of neurons in the starvation-associated mechanisms linked to diabetic retinopathy and informed the ensuing experiments in the animal model. In this study, a significant and stable up-regulation of Adra2a expression was observed in the primary cell culture of embryonic retinal cells after starvation for glucose. Further, differential DNA methylation of ADRA2A upstream of SNP rs10885122 observed almost 70 years after perinatal exposure to famine could partly explain the long-lasting effects of famine on gene expression. It might be important to comment that we detected increased ADRA2A methylation in famine-exposed individuals, which could be referred as linked with transcriptional repression. However, there are plenty of examples of other forms of gene regulation as a function of CpG modulation, including transcriptional activation, which depends on the site and gene locus (Tirado-Magallanes et al., 2017). The results from this study support the previous observations and may pave the way for targeting α2ARA in the retina for the treatment of DR (Simo et al., 2019).

One possible mechanism by which early life exposure may exert programming effects on the risk of neuronal dysfunction later in life can involve impaired function of the stem cell progenitors (Dyer et al., 2003). In line with this, we found that the type 2 diabetes risk variant in the neuronal progenitor PROX1 gene was associated with decreased risk of severe DR in offspring of individuals exposed to famine, while this variant increased the PDR risk in the unexposed group. The associations of PROX1 variant showed same directionality of the effects in famine-exposed group from HKDR, even though did not reach statistical significance. Although our methylation studies might be underpowered to detect PROX1 mQTL effects, in the publically available ALSPAC cohort, the risk variant in PROX1 was associated with increased methylation as well as increased methylation of PROX1 was seen in type 2 diabetes individuals as compared to healthy controls. Expression of PROX1 is shown to be downregulated in islets from type 2 diabetes donors as compared to controls (Fadista et al., 2014). It is therefore tempting to speculate that methylation changes of PROX1 gene during starvation could contribute to the increased gene expression, also acting as a protective mechanism to restore the pool of the stem cells.

One possibility to aid clinical management of PDR is that existing drugs will be beneficial for another disease. Interestingly, we found that variants of the PCSK9 gene that affect lipid metabolism in the liver were associated with an increased risk of severe DR in individuals with famine exposure at birth (Zhang et al., 2016). Similarly, in the ex vivo model, the developmental changes induced by starvation exposure resulted in permanent up-regulation of Pcsk9 expression in the retinal cells. A potential explanation could be that the PCSK9 gene is methylated during starvation exposure and epigenetically regulated (Lohoff et al., 2017; Tobi et al., 2018). The manifestation of programmed fetal effects on adult phenotypes, nevertheless, may not be unmasked until later in life, after triggering by subsequent environmental factors (Gluckman et al., 2008). Therefore, this link is likely to be missed in most genetic studies conducted in populations of developed nations without subsequently experienced repeat exposure to famine. While PCSK9 inhibitors have been introduced for the treatment of cardiovascular diseases, other potential effects of PCSK9 inhibitors, such as DR treatment, should be explored.

It is important to note that the primary cell cultures were prepared from embryos at E18.5. At this stage, the retina constitutes not only retinal neurons but also Müller cells and endothelial cells (Blackshaw et al., 2004; Dakubo et al., 2008). In the present study, the immunostaining experiments displayed some isolated immunopositive profile of ADRA2A, PCSK9 and PROX 1 not colocalizing with beta3 tubulin. Notably, our recently published data on the global mRNA sequencing analyses from the same cellular model indicated that starvation for glucose caused marked transcriptomics changes in various retinal markers including vascular markers and allowed us to generate hypothesis of potential detrimental reprogramming of the entire neurovascular unit (Özgümüs et al., 2021).

Several metabolic adaptations have been proposed to lie in the heart of fetal programming and developmental plasticity during intrauterine exposure to starvation (Figure 4). These are attributed to the situation when body is confronted with a nutritional challenge to maintain energy balance. The main mechanisms are centered around the goal of shunting energy resources derived using glucose from non-essential functions to the critical organs like brain, which accounts for greater than 80% of the body’s metabolism in the newborn (Tanner, 1978). Given that the insulin stimulates the glucose uptake by tissues throughout the body, the metabolic and signaling changes are required to modify insulin secretory capacity (de Rooij et al., 2006). To partition a glucose uptake between the brain and the insulin target organs (muscle, liver, and adipose tissue) mechanisms of inducing insulin resistance are taken place (Kuzawa, 2010). At the same time, the prolonged starvation leads to fat mobilization from the depots and releasing free fatty acids as backup system to be used as energy sources by these tissues (Kuzawa, 2010). Thereby, the neurons and the neuronal signaling network might play a central role in these energy partitioning mechanisms for developing brain as obligatory glucose user and nervous tissue as mediator of signals to the peripheral organs, e.g., lipolysis in the adipose tissue, insulin secretion from pancreatic beta cells, and inhibitory actions of insulin in the liver. In the study, the findings of genes involved in nervous tissues and lipid metabolism support the concepts of the metabolic re-programming of energy metabolism during early life as an adaptive mechanisms to nutritional deprivation, which may have lasting effects.
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FIGURE 4. Schematic representation of the suggested mechanisms underlying association between perinatal famine exposure and the risk of proliferative retinopathy in adults with type 2 diabetes. An exposure to starvation induces a situation of nutritional deficits confronting the body to maintain metabolic balance by shunting the energy, i.e., glucose being the main source, from non-essential peripheral organs (including retina) to critical for survival organs (brain). Insulin secretion from the pancreas is reduced to slow down uptake of glucose in the periphery (muscle, liver, and adipose tissue), while endogenous hepatic glucose production (liver) is increased to partition and supply glucose to the brain. In addition to the adaptive insulin resistance, lipolysis is induced to release free fatty acids as backup system to be used as energy sources by non-essential organs and tissues; ADRA2A is abandonedly expressed in the neuronal tissues surrounding pancreatic islets, adipocytes, hepatocytes, and neuroretinal glial cells. This supports the concept of the metabolic re-programming of insulin secretion and action as well elevated lipolysis during early life as an adaptive mechanism to nutritional deprivation. The nerves may mediate these programming effects of increased predisposition to the risk of proliferative retinopathy in adults.



Strengths and Limitations

Our genetic analyses were based only on selected first reports of established and reproducible genetic variants linked to risk of T2D, which represented only a fraction of type 2 diabetes susceptibility variants reported in the literature (Ahlqvist et al., 2018). Further genome wide association study (GWAS) analyses should support and unravel novel genetic loci contributing to the famine-associated risk of retinopathy. Although the methylation analyses supported the potential effects of epigenetic changes in the ADRA2A gene on the famine-associated risk of PDR, the subset with methylation data was underpowered to detect, particularly, small effects and therefore increased sample size would be required. Although the population of Hong Kong represents a unique validation cohort, the sample size with available genotyping was limited. Nevertheless, the association of ADRA2A locus with the advanced stages of diabetic retinopathy in famine-exposed individuals in the HKDR was similar to that observed in the DOLCE study reassuring the link between famine-related exposure and elevated risk of severity of diabetic retinopathy. Finally, the records on macular edema were not available in the DOLCE cohort; however, only seven patients with laser-treated retinopathy did not have information on PDR, which is less likely being able to substantially influence the results. In HKDR, patients with macular edema were excluded from the analyses.

The DOLCE participants with type 2 diabetes were from the Chernihiv region of northern Ukraine, a population that was affected by the Great Holodomor famine (Fedotkina et al., 2021a). The famine exposed group was defined based on the year of birth as we have previously demonstrated significantly elevated odds ratios for PDR in people from the exposed regions born before 1950 as opposed to those born after 1950 as compared to similar groups in the unexposed regions (Fedotkina et al., 2021a). These results indicated that other factors than age contributed to the elevated risks of PDR in the regions affected by the historical famine. Thus, one potential methodological caveat in both populational cohorts from Ukraine and Hong Kong could be that we did not have genetic information in a control group from the neighboring geographical regions of the same ethnicity not exposed to the famines. Additionally, there might be other cultural changes explaining differences between patients with diabetes in the DOLCE study born before and after 1950 such as socio-economical and behavioral factors. Thus, the stress hormones during the periods of famine insults in patients born before 1950 could per se induce epigenetic modifications (Ewald et al., 2014). Further, some therapeutics that became available to patients born after 1950 could potentially interact with the genetic susceptibility and thereby modify risks of PDR linked to ADRA2A, PSCK9, and CYP2C19*2 mutations or nurturing stemness effects of PROX1 mutations. This enhances the importance of gene-environment and gene–drug interaction studies in discoveries of potential therapeutic mechanisms and drug targets.

In summary, we show the possible involvement of neuronal ADRA2A, PCSK9, and neuroprogenitor marker PROX1 genes as molecular underpinnings in the pathogenesis of PDR. These findings may inform the development and testing of neuroprotective drugs relevant to the famine-exposed individuals or other individuals with progressive diabetes.
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Phosphatidylinositol 3-kinase (PI3K)/Akt signal pathway mediates pro-survival function in neurons. In the retina, PI3K/AKT/mTOR signaling pathway is related to the early pathogenesis of diabetic retinopathy. Signaling molecules in the membrane-initiated signaling pathway exhibiting neuroprotective function interacts with the PI3K/Akt pathway as an important survival pathway. Molecular chaperone α-crystallins are known to potentially interact and/or regulate various pro-survival and pro-apoptotic proteins to regulate cell survival. Among these demonstrated mechanisms, they are well-reported to regulate and inhibit apoptosis by interacting and sequestrating the proapoptotic proteins such as Bax and Bcl-Xs. We studied the importance of metabolic stress-induced enhanced Akt signaling and αA-crystallin interdependence for exhibiting neuroprotection in metabolically challenged retinal neurons. For the first time, this study has revealed that αA-crystallin and activated Akt are significantly neuroprotective in the stressed retinal neurons, independent of each other. Furthermore, the study also highlighted that significant inhibition of the PI3K-Akt pathway does not alter the neuroprotective ability of αA-crystallin in stressed retinal neurons. Interestingly, our study also demonstrated that in the absence of Akt activation, αA-crystallin inhibits the translocation of Bax in the mitochondria during metabolic stress, and this function is regulated by the phosphorylation of αA-crystallin on residue 148.
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INTRODUCTION

Protein kinase B (Akt) is an essential signaling protein that can be activated by various growth factors such as platelet-derived growth factor, epidermal growth factor, basic fibroblast growth factor, and insulin-like growth factor as well as insulin (Fayard et al., 2005; Sale and Sale, 2008). Akt phosphorylation is one of the essential signaling events responsible for various physiological functions, including metabolism, survival/apoptosis, differentiation, and proliferation (Brazil et al., 2004). Various studies have reported that many signaling molecules in the membrane-initiated signaling pathway exhibiting neuroprotective function interact with the PI3K/Akt pathway as an important survival pathway (Mannella and Brinton, 2006). Akt activation can also activate downstream signaling pathways involved in inflammation, such as the induction of phosphorylation and activation of IκB and the release of NF-κB (Ihekwaba et al., 2004). In addition, studies have reported that Akt activation exerts a neuroprotective effect in neuronal cells against ischemic brain damage (Ohba et al., 2004) and oxidative damages in the retina (Yu et al., 2006), besides enhancing the retina insulin receptor response through intraocular insulin growth factor-2 administration in diabetic rats (Zolov et al., 2021).

Pro-survival mechanisms are particularly important for neurons, as they often get exposed to environmental stressors. Retinal neurons consistently deal with external stimuli, which eventually cause oxidative and nutrient stresses, resulting in retinal pathology. Importantly, these noxious environmental stressors can originate from the retina, the adjacent vitreous body, the extracellular matrix, or the blood vessels and capillaries (Skeie and Mahajan, 2013; Thanos et al., 2014). Several groups, including ours, have reported the upregulation of the small heat shock proteins α-crystallins in the vitreous-retina complex of mice (Skeie and Mahajan, 2013) and diabetic donors (Ruebsam et al., 2018). Moreover, the upregulation of α-crystallins is believed to be a part of an adaptive response for promoting neuroprotection (Vazquez-Chona et al., 2004; Ying et al., 2008; Ruebsam et al., 2018). While believed to be associated with the chaperone function, α-crystallins specific neuroprotection mechanisms remain largely unclear.

α-Crystallins are known to potentially interact and/or regulate various pro-survival and pro-apoptotic proteins to regulate cell survival. Among these demonstrated mechanisms are the well-reported regulation and inhibition of apoptosis by interacting with and sequestrating proapoptotic proteins such as Bax and Bcl-Xs (Mao et al., 2004). In lens epithelial cells, αB-crystallin has also been reported to promote survival by activating RAF/MEK/ERK pathway (Liu et al., 2004). Despite demonstrating a strong neuroprotective role in the retina, αA-crystallin interaction with pro-survival signaling pathways is unclear. Since it has been previously shown to potentially regulate Akt signaling in lens epithelial cells, the current study was carried out to delineate the possible interaction of αA-crystallin with pro-survival Akt signaling molecule for its neuroprotective function in retinal neurons under metabolic stress.



MATERIALS AND METHODS


Cell Culture

Rat retinal neuronal cells (R28) were obtained from Applied Biological Materials Inc. (Richmond, BC, Canada). Cells were maintained in DMEM, 5 mM Glucose (DMEM-NG) supplemented with 10% FBS (Flow Laboratories) at 37°C, 5% CO2 unless stated otherwise. For experiments, R28 cells were differentiated into neurons in DMEM with 8-(4-Chlorophenylthio)adenosine 3′,5′-cyclic monophosphate (8-CPT-cAMP, Catalog # C3912, Millipore Sigma, St. Louis, MO, United States) at a final concentration of 2.5 mM on laminin-coated plates as described earlier (Ruebsam et al., 2018).



Transfection and Experimental Protocol

Cells were transfected using the Neon Transfection System (Invitrogen, Waltham, MA, United States) following the manufacturer’s instructions. Briefly, cells were trypsinized and washed in PBS before resuspending in suspension buffer and electroporated with targeted plasmids. Cells were then plated in six-well plates for protein expression studies. Post-transfection, cells were plated in DMEM with 5 or 25 mM glucose for 24 h. The cells were then incubated in either serum-free DMEM, 25 mM glucose, or 25 mM glucose with 100 ng/ml TNFα (R&D Systems, Catalog # 210-TA) for 4 h before analysis, whereas 5 mM DMEM served as the experimental control.



Cell Death Analysis

To investigate the effect of conditioned media on R28 cell viability, cell death rates were assessed using DNA Fragmentation ELISA (Roche Diagnostics, Indianapolis, IN, United States) according to the manufacturer’s instructions and as previously described (Ruebsam et al., 2018). Transfected R28 cells were seeded in a 96 well plate at a density of 1 × 105 cells per well were incubated with or without stressors and either Akt Inhibitor V or Akt Inhibitor XII (30 μM; Millipore Sigma, Darmstadt, Germany) for 4 h. Following stress, cells were lysed in 100 μl of lysis buffer. Next, 20 μl of the supernatant and the positive and negative controls were transferred into the ELISA plate and the immunoreagent complex. Following incubation and washes, the colorimetric solution was added and incubated until the colorimetric reaction developed. After adding the stop solution, the colorimetric signal was measured with a fluorescence plate reader in a FLUOstar OMEGA plate reader (BMG LABTECH, Ortenberg, Germany) with excitation at 405 and 490 nm.



Caspase-3/7 Activity Assay

Caspase-3/7 activity was measured using the Apo-ONE Assay (Promega, Madison, WI, United States) described previously (Abcouwer et al., 2010). Briefly, R28 retinal neuron cells were seeded in a 96 well plate at a density of 1 × 105 cells per well were incubated with 100 μl of medium without serum for 4 h. Following incubation, caspase-3/7 activity was measured in the supernatants in a 96-well plate format, according to the manufacturer’s protocol at 37°C.



Subcellular Fractionation

To assess Bax translocation in mitochondria, R28 retinal neuron cells were subjected for subcellular fractionation. Briefly, the cell pellets were resuspended in 100 μL of cytosolic buffer containing 1X PBS, 300 mM sucrose, 5 mM PMSF, and protease inhibitor cocktail and sonicated. After incubating the mixture at ice for 30 min, the lysates were centrifuged for 60 min at 10,000 × g at 4°C, and the supernatant was collected containing cytosolic fraction. The pellet was then resuspended in mitochondrial buffer containing 1X PBS, 1% Triton X-100 150 nM NaCl, and protease inhibitor cocktail and sonicated. The resuspension was centrifuged at 10,000 × g for 30 min at 4°C, and the supernatant was collected containing mitochondrial fraction.



Immunoblot

Cells were homogenized by sonication in the previously described RIPA buffer (Ruebsam et al., 2018). Protein concentrations were measured with the Pierce BCA reagent, and all samples were adjusted for equal protein concentration. Whole lysates and subcellular fractions were immunoblotted using NuPage gels 4–12% and MES buffer following the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, United States). Gels were run in MES buffer (Thermo Fisher Scientific, Waltham, MA, United States) per the manufacturer’s instructions. Western blot transfer was carried out on Nitrocellulose membranes using the Mini Trans-Blot cell (Catalog # 1703930, Bio-Rad, Hercules, CA, United States) at 160 V for 1 h at 4°C. Cell lysates were screened for Akt (9272S, Cell Signaling Technology, Danvers, MA, United States), Bax (D2E11, Cell Signaling Technology, United States), HA Tag (C29F4, Cell signaling technology, United States), phosphorylated-FOXO3a (Cat no #9466, Cell Signaling Technology, United States), phosphorylated-S6 (D68F8, Cell Signaling Technology, United States), phosphorylated-4EBP1 (236B4, Cell Signaling Technology, United States), Total-4EBP1 (53H11, Cell Signaling Technology, United States), GAPDH (D16H11, Cell Signaling Technology, United States), COX-IV (Cat no #4844, Cell Signaling Technology, United States), αA-crystallin (sc-28306, Santa Cruz Biotechnology, Dallas, TX, United States) expression and β-actin (MAB-1501, Millipore, Burlington, MA, United States) as a loading control.



Statistics

The mean ± SEM and statistically significant differences are reported. Analyses were performed using non-repeated-measures ANOVA, followed by the Student–Newman–Keuls test for multiple comparisons. A p-value less than 0.05 was considered significant.




RESULTS


αA-Crystallin Protects Retinal Neurons From Metabolic Stress by a Mechanism Independent of the Pro-survival Akt Pathway

We have previously demonstrated that αA-crystallin is strongly neuroprotective for retinal neurons exposed to metabolic stress and that threonine 148 phosphorylation essentially controls the protective role of αA-crystallin (Ruebsam et al., 2018). We indeed reported that while the phosphomimetic form of αA-crystallin shows improved neuroprotective function, the non-phosphorylatable form showed an almost complete lack of protection, consistent with a key regulatory function of this phosphorylation (Ruebsam et al., 2018). Since αA-crystallin was previously shown to promote epithelial cell survival through modulation of the pro-survival Akt pathway, we aimed to test the existence of a similar relationship in retinal neurons. For this analysis, we have used differentiated retinal neurons from rat R28 retinal neuron cells overexpressing either myristoylated (Myr) or kinase-dead (KD) form of Akt with or without wild type (WT) phosphomimetic (T148D) or non-phosphorylatable form (T148A) of αA-crystallin (Figure 1A). Our data demonstrated that retinal neurons overexpressing the myristoylated (Myr-Akt) form of Akt or the wild type (WT) form of αA-crystallin alone had ∼50% reduction in cell death induced by serum starvation (Figure 1B) and “diabetic-like” stress (Figure 1C). No additional protection was observed in retinal neurons co-overexpressing Myr-Akt with either WT or the phosphomimetic form of αA-crystallin in either metabolic stress (Figures 1B,C). As expected, our data showed that retinal neurons overexpressing the non-phosphorylatable αA-crystallin mutant (not shown) or the kinase-dead form of Akt had cell death levels comparable to that of the empty vector-transfected cells. Suggestive of independent mechanisms, overexpression of the KD form of Akt did not impact the protective effect of αA-crystallin overexpression. In contrast, overexpression of the non-phosphorylatable αA-crystallin mutant did not impact the protective effect of the myristoylated Akt in either the serum starvation or “diabetic-like” stress conditions (Figures 1B,C).
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FIGURE 1. αA-Crystallin protects retinal neurons in stress conditions, independent of the pro-survival Akt pathway. Rat retinal neuronal cells (R28) cells were transfected with either empty vector (EV), wild type αA-crystallin (WT), phosphomimetic form of αA-crystallin (T148D), or non-phosphorylatable form of αA-crystallin (T148A) with/without myristoylated (Myr) or kinase-dead (KD) form of protein kinase B (Akt). Post transfection, cells were either kept in serum starvation (No FBS) or exposed to diabetic-like stress (25 mM glucose + 10 ng/ml TNFα). The expression of αA-crystallin and Akt in cell lysates was assessed for stressed R28 cells (A) using immunoblotting. DNA fragmentation ELISA was performed as the endpoint on Rat retinal neuronal cells (R28), incubated with the No FBS (B) or diabetic-like stress (C) for 4 h. Each endpoint was measured on a minimum of three technical replicates in two independent experiments (n = 3/each condition). Statistical analysis was performed by one-way ANOVA followed by the Student–Newman–Keuls test. **p ≤ 0.01, ***p ≤ 0.001. CryAA, αA-crystallin; Akt, protein kinase B; TNFα, tumor necrosis factor-alpha; HA-Tag, human influenza hemagglutinin tag; Myr, myristoylated form of protein kinase B; KD, a kinase-dead form of protein kinase B; WT, wild type αA-crystallin; T148D, phosphomimetic form of αA-crystallin; T148A, non-phosphorylatable form of αA-crystallin.




Pan-Akt Inhibition Does Not Impact the Protective Effect of αA-Crystallin Overexpression

We then used a chemical inhibitor-based approach as a secondary method to assess the involvement of Akt in the regulation of αA-crystallin neuroprotective effect and its regulation by T148 phosphorylation. Because R28 retinal neurons endogenously express multiple Akt isoforms, differentiated R28 retinal neurons overexpressing the WT or phosphomimetic form of αA-crystallin were exposed to serum starvation or “diabetic-like” stress in the presence of a pan-Akt inhibitor (XII) that we previously characterized (Gardner et al., 2015). As we previously showed, this pan-Akt specific inhibitor dramatically reduced the phosphorylation of proteins downstream of Akt, including FOXO3a, S6, and 4E-BP1 (Figure 2A), confirming the significant inhibition of Akt signaling. Furthermore, specific Akt signaling inhibition by this treatment was confirmed by its effectiveness in suppressing the protective impact of Myr-Akt on cell death induced by either of these metabolic stress conditions (Figure 2B). Consistent with parallel effects of these protective pathways, our data further revealed that inhibition of Akt had no impact on the protective effect of overexpression of either the WT or phosphomimetic form of αA-crystallin (Figure 2B). Of note, while not impacting cell death, inhibition of endogenous Akt has led to increasing caspase 3/7 activity in all the groups and was comparable to the empty vector (Figure 2C), suggesting that the protective effect of αA-crystallin is at least partially caspase-independent.
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FIGURE 2. Pan-Akt inhibition does not impact the protective effect of αA-crystallin on retinal neurons. Rat retinal neuronal cells (R28) cells were transfected with either empty vector (EV), wild type αA-crystallin (WT), phosphomimetic form of αA-crystallin (T148D), or myristoylated (Myr) form of protein kinase B (Myr-Akt). For pharmacological inhibition of Pan-Akt expression, post transfection, cells were either kept in serum starvation (No FBS) or exposed to diabetic-like stress (25 mM glucose + 10 ng/ml TNFα) with the pan-Akt inhibitor XII (30 μM conc.) for 4 h. The expression of downstream targets of the Akt pro-survival pathway in cell lysates was assessed for stressed R28 cells (A) using immunoblotting. DNA fragmentation ELISA (B) and caspase 3/7 activation (C) assay were performed as the endpoint on Rat retinal neuronal cells (R28), incubated with the No FBS or diabetic-like stress (B,C) for 4 h, respectively. Each endpoint was measured on a minimum of three technical replicates in two independent experiments (n = 3/each condition). Statistical analysis was performed by one-way ANOVA followed by the Student–Newman–Keuls test. **p ≤ 0.01, ***p ≤ 0.001. CryAA, αA-crystallin; Akt, protein kinase B; TNFα, tumor necrosis factor-alpha; HA-Tag, human influenza hemagglutinin tag; Myr, myristoylated form of protein kinase B; KD, a kinase-dead form of protein kinase B; WT, wild type αA-crystallin; T148D, phosphomimetic form of αA-crystallin; T148A, non-phosphorylatable form of αA-crystallin; p-FOXO3a, phosphorylated forkhead box O-3; p-S6, phosphorylated ribosomal protein S6; p-4EBP1, phosphorylated factor 4E-binding protein 1.




αA-Crystallin Phosphorylation at Residue T148 Inhibits Stress-Induced Bax Translocation to Mitochondria Independent of Pro-survival Akt Pathway

We previously reported that αA-crystallin prevents neuronal cells death through regulation of Bax translocation to the mitochondria. Thus, we next assessed how manipulation of Akt signaling might impact the regulation of the cellular localization of Bax by αA-crystallin. Differentiated R28 retinal neurons overexpressing dominant negative Akt with either WT, phosphomimetic, or non-phosphorylatable form of αA-crystallin exposed to metabolic stress was analyzed for Bax expression and subcellular localization (Figure 3A). We first confirmed that the presence of KD Akt with either form of αA-crystallin in metabolically stressed retinal neurons does not have any impact on the total Bax expression (Figure 3B). Consistent with a key role of T148 phosphorylation independent of Akt, the metabolic stress-induced translocation of Bax to the mitochondria was almost completely suppressed in retinal neurons overexpressing the phosphomimetic form of αA-crystallin, even when co-expressing the KD form of Akt (Figures 3C,D). Altogether this study demonstrates that αA-crystallin protects retinal neurons from metabolic stress-induced cell death by sequestrating Bax in a T148 phosphorylation-dependent manner independent of Akt signaling.
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FIGURE 3. αA-Crystallin phosphorylation at residue 148D is important for inhibiting stress-induced Bax translocation to mitochondria and does not depend on Akt to mediate this effect. Rat retinal neuronal cells (R28) cells were co-transfected with either empty vector (EV), wild type αA-crystallin crystallin (WT), phosphomimetic form of αA-crystallin (T148D), or non-phosphorylatable form of αA-crystallin (T148A) with kinase-dead (KD) form of Akt. Post transfection, cells were exposed to serum starvation (No FBS) for 4 h. Bax, CryAA, and kinase-dead Akt expression in cytosolic, mitochondrial, and whole lysates were assessed in stressed R28 cells (A) using immunoblotting. In addition, the expression of Bax in total lysates (B), the mitochondrial fraction (C), and cytosolic fractions (D) were analyzed using ImageJ software. Each endpoint was measured on a minimum of three technical replicates in two independent experiments (n = 3/each condition). Statistical analysis was performed by one-way ANOVA followed by the Student–Newman–Keuls test. *p ≤ 0.05, **p ≤ 0.01. CryAA, αA-crystallin; Akt, protein kinase B; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; COX-IV, cytochrome c oxidase complex IV; HA-Tag, human influenza hemagglutinin tag; KD, a kinase-dead form of protein kinase B; WT, wild type αA-crystallin; T148D, phosphomimetic form of αA-crystallin; T148A, non-phosphorylatable form of αA-crystallin.





DISCUSSION

The current work studied the importance of metabolic stress-induced enhanced Akt signaling and αA-crystallin interdependence for exhibiting neuroprotection in metabolically challenged retinal neurons. For the first time, this study has revealed that αA-crystallin and activated Akt are significantly neuroprotective in the stressed retinal neurons, independent of each other. Furthermore, the study also highlighted that significant inhibition of the PI3K-Akt pathway does not alter the neuroprotective ability of αA-crystallin in stressed retinal neurons. Interestingly, our study also demonstrated that in the absence of Akt activation, αA-crystallin inhibits the translocation of Bax in the mitochondria during metabolic stress, and this function is regulated by the phosphorylation of αA-crystallin on residue 148. Overall, our study suggests that αA-crystallin and its phosphorylation on residue 148 plays an important role in regulating apoptosis in stressed retinal neurons and can exert this function independent of Akt signaling.

Phosphatidylinositol 3-kinase (PI3K)/Akt signal pathway is well known for mediating pro-survival function in neurons. In the retina, PI3K/AKT/mTOR signaling pathway is related to the early pathogenesis of diabetic retinopathy (Reiter et al., 2006; Fort et al., 2014; Zhang et al., 2019). This pathway is reported to play a major role in protecting against oxidative stress-induced apoptosis (Faghiri and Bazan, 2010) and high glucose-induced inflammatory injury in retinal pigment epithelial cells (Ran et al., 2019). Studies have also reported its active participation in oxidative stress-induced apoptosis in retinal neurons (Yu et al., 2006) and a cytoprotective role in response to the local redox environment of human RPE cells (Kim et al., 2010).

Previous reports, including ours, have demonstrated that the small heat shock chaperone protein αA-crystallin is considerably neuroprotective to the metabolically stressed neurons (Thanos et al., 2014; Ruebsam et al., 2018; Zhu and Reiser, 2018). While studying αA-crystallin possible interaction with the Akt pathway in demonstrating its neuroprotective ability, our current study revealed that it is neuroprotective to metabolically stress retinal neurons, and this function is independent of Akt activation. α-Crystallins were recently proposed to prevent the oxidative stress-related injury to retinal ganglion cells via regulation of the Akt/BAD pathway (Hua Wang et al., 2020), and αB-crystallin was reported to be effectively promoting astrocytes viability through phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling pathways under serum-deprivation (Zhu et al., 2015). Our study further demonstrated that pharmacological inhibition of the PI3K-Akt pathway did not alter the neuroprotective ability of αA-crystallin in the stressed retinal neurons. Supportive of the key role of Akt activation, studies have reported that inhibition of Akt using the inhibitor Akt VIII causes a significant increase in retinal-derived cell death induced by H2O2 (Wang et al., 2015).

Several groups, including ours, have reported that α-crystallins reduce stress-induced apoptosis in part by interfering with the mitochondrial translocation of the pro-apoptotic protein Bax (Mao et al., 2004; Dou et al., 2012; Hamann et al., 2013). Furthermore, decreased α-crystallin expression during metabolic disease progression is also correlated with enhanced Bax pro-death activity (Hamann et al., 2013). Our group has also reported the strong association of diabetes-associated reduced chaperone function of α-crystallins with the increased disruption of its interactions with Bax, a function also shown to be critical for the neuroprotective effect of α-crystallins in retinal neurons in culture (Losiewicz and Fort, 2011). While αB-crystallin protects retinal pigment epithelial cells from ER stress-induced apoptosis by attenuating the increase in Bax (Dou et al., 2012), the C-terminal extension domain of αA-crystallin was sufficient to protect against Bax-induced apoptosis in cone-derived 661W cells (Hamann et al., 2013). Our current study showed that alteration of the Akt survival pathway by overexpression of the KD mutant did not affect the inhibition of the translocation of Bax to the mitochondria by αA-crystallin and that this function was strongly regulated by the phosphorylation of αA-crystallin on residue 148. It is well documented that crystallins undergo numerous post-translation modifications (PTMs), affecting their chaperone activity (Blakytny et al., 1997; Kamei et al., 1997; Ciano et al., 2016). Our group had previously reported that phosphorylation on the serine/threonine 148 residue is essential to retaining the protective role of αA-crystallin under metabolic stress and diabetic conditions (Ruebsam et al., 2018). The current study demonstrated that αA-crystallin protects retinal neurons during metabolic stress by inhibiting the translocation of Bax to the mitochondria and does so completely independently of the Akt signaling pro-survival pathway and that this function is regulated by the phosphorylation of αA-crystallin on residue 148. This observation further confirms the key regulatory role of phosphorylation on the residue 148 of αA-crystallin for its protective function.

In conclusion, this study underlines the neuroprotective role of αA-crystallin and its modulation by phosphorylation on T148 in suppressing pro-apoptotic Bax independent of the PI3K-Akt pathway. Additionally, these findings indicate a potential implication of αA-crystallin modulation for the plausible treatment of neurodegeneration induced by diabetes.
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Retinal pigment epithelial (RPE) cells sustain photoreceptor integrity, and when this function is disrupted, retinal degenerations ensue. Herein, we characterize a new cell line from human RPE that we termed ABC. These cells remarkably recapitulate human eye native cells. Distinctive from other epithelia, RPE cells originate from the neural crest and follow a neural development but are terminally differentiated into “epithelial” type, thus sharing characteristics with their neuronal lineages counterparts. Additionally, they form microvilli, tight junctions, and honeycomb packing and express distinctive markers. In these cells, outer segment phagocytosis, phagolysosome fate, phospholipid metabolism, and lipid mediator release can be studied. ABC cells display higher resistance to oxidative stress and are protected from senescence through mTOR inhibition, making them more stable in culture. The cells are responsive to Neuroprotectin D1 (NPD1), which downregulates inflammasomes and upregulates antioxidant and anti-inflammatory genes. ABC gene expression profile displays close proximity to native RPE lineage, making them a reliable cell system to unravel signaling in uncompensated oxidative stress (UOS) and retinal degenerative disease to define neuroprotection sites.

Keywords: neuroprotectin D1, RPE cell, single cell, gene expression, lipids, apoptosis, autophagy, age-related macular degeneration (AMD)


INTRODUCTION

The retinal pigment epithelial (RPE) cells conform to a tightly arranged monolayer that serves as a barrier between the photoreceptor cells (PRC) and the choriocapillaris (Bazan, 2007; Lakkaraju et al., 2020). In addition, these cells are critical in nutrient transport, efflux of catabolic products, and the daily phagocytosis of PRC outer segments. The RPE also recycles all-trans-retinal that is oxidized during photo conversion and docosahexaenoic acid (DHA) through the interphotoreceptor matrix (IPM) to the base of inner segments and secretes cytokines, chemokines that locally modulate innate and adaptive immune systems (Bazan et al., 1985; Gordon et al., 1992; Detrick and Hooks, 2020; Lakkaraju et al., 2020; Storm et al., 2020).

Retinal pigment epithelial cells and PRC are at constant risk for uncompensated oxidative stress (UOS) because of their oxygen-rich environment, high flux of polyunsaturated fatty acids (PUFAs) (Bazan et al., 2010), and high metabolic activity (Bazan, 2006, 2007). RPE cell impairments due to disruption in homeostasis are involved in retinal degenerative diseases, including age-related macular degeneration (AMD), where perturbed phagocytic activity occurs (Mitter et al., 2014; Golestaneh et al., 2017; Inana et al., 2018).

Three phagocytic processes are at crossroads with autophagy in RPE. Daily phagocytosis of the PRC tips engages the microtubule-associated protein 1 light chain 3 (LC3) in LC3-associated phagocytosis (LAP), and autophagy at the basal level requires LC3 for the formation of the phagophores as part of the normal repair process, which includes mitophagy that eliminates damaged mitochondria by oxidative stress (Intartaglia et al., 2021). Downstream, autophagic lysosome-mediated degradation is often positively regulated by AMP-activated protein kinase (AMPK) signaling and negatively regulated by the mammalian/mechanistic target of rapamycin (mTOR) pathway (He and Klionsky, 2009). AMPK regulates lipid metabolism and cell survival via adiponectin and its receptors, Adipor1 and Adipor2, by stimulating ceramidase activity. Previously, we have demonstrated that Adipor1 mutant mice, independent of their cognate ligand adiponectin, result in retinal degeneration (Rice et al., 2015). A single amino acid mutation of Adipor1 has been found in different forms of retinitis pigmentosa (Xu et al., 2016; Zhang et al., 2016). Membrane frizzled-related protein (MFRP) and AdipoR1 are critical for DHA uptake and retention in the RPE and retina (Rice et al., 2015; Kautzmann et al., 2020). Moreover, a recent study suggests a role for Adipor1 in the pathogenesis of Late-Onset Retinal Degeneration (L-ORD) (Miyagishima et al., 2021). We characterized human primary RPE cells, dubbed ABC, that display features of the native pigment epithelium. Notably, those features include formation of impermeable monolayers with tight junctions and high resistance to UOS. These cells do not undergo senescence and display functional phagocytosis and active lipid dynamics mechanisms. Here we used ABC cells in a case study to unravel the relationship between these mechanisms in the normal cycle of the cell.



MATERIALS AND METHODS


Cell Lines

The ABC cell line was derived from the ocular globes of a 19-year-old male donor provided by the National Disease Research Interchange (NDRI) within 24 h after death (head trauma), following a modification of a previously described protocol by Ishida et al., 1998 (Calandria et al., 2012). After removing the vitreous humor, flaps of the retina, choroid, and RPE were made, and squares of 5 mm × 5 mm were cut and placed in Petri dishes. The RPE cells grew for 3 weeks in the dishes, then were transferred to flasks with Minimum Essential Medium Eagle (MEM, Millipore Sigma, Burlington, MA, United States, Cat# M2279) containing 10% fetal calf serum, 5% newborn calf serum, 1X non-essential amino acids, 4 mM glutamine, amphotericin B (0.5 g/ml), and gentamicin (10 μg/ml). The cells were then trypsinized (0.05%); dead and loosely attached cells were washed and discarded. The remainder of the attached cells was further trypsinized (0.25% trypsin) and passaged several times until a homogeneous culture was obtained. ARPE-19 cells were obtained from ATCC, Manassas, Virginia, Cat# CRL-2302 and cultured as recommended by the commercial vendor. Additionally, primary human RPE49 cell line was developed by isolation of the RPE from a healthy 49-year-old male Caucasian donor and cultured in the same conditions as the ABC cells.



Basal Flux Measurement

ABC cells were grown in Thincert cell culture inserts (Greiner Bio-One, Monroe, NC, United States) with permeable polystyrene membranes of 12 mm diameter and 0.4 mm pore size previously treated with Vitronectin. Basal (lower) and apical (upper) compartments were loaded with 1.5 and 0.5 ml of medium, respectively, for equilibrium. After 7 days of culture, the impermeability of confluent RPE cells was tested by adding a medium containing 0.04% trypan blue (1 ml) to the upper compartment, producing an apical-to-basal hydrostatic pressure. Then cell cultures were incubated under these conditions for up to 12 h. Empty well inserts were used as controls. The basal flux was calculated by photometry measurements after subtracting the background and is expressed in absorbance at 560 nm. After trypan blue treatment, cells were washed with medium and subsequently stained with Alexa Fluor 594 WGA (Invitrogen, Waltham, MA, United States, Cat# W11262) and Hoechst for highly selective staining of the plasma membrane and nucleus, respectively. Control inserts without cells were compared with inserts containing ABC cells.



Cell Culture, Staining, and Morphology

The cells were routinely passaged by dissociation in 0.05% (w/v) trypsin in MEM medium, followed by replating at a split ratio ranging from 1:3 to 1:6 (Sonoda et al., 2009). ABC cells were maintained in T75 flasks in the medium described below. Primary cultures were incubated in the culture medium [MEM medium containing 10% FBS, 5% NCS, MEM-NEAA (Gibco, Carlsbad, CA, United States, Cat# 11140050)] and 1× Penicillin/Streptomycin at 37°C, 5% CO2, and 99% relative humidity for 2 days. The medium was replaced weekly. Cells of passage numbers 20–25 were used in all of the experiments. Proliferation of cells was determined using anti-Ki67 antibody (rabbit polyclonal, Abcam Cat# ab15580) as described (Al-Hussaini et al., 2008). Briefly, ABC cells were seeded at 250,000 cells/ml in 12-well plates and incubated overnight for 2, 3, 4, 5, 6, 7, and 8 days to reach several degrees of confluency, then they were fixed with 4% paraformaldehyde and immunostained with anti-Ki67 (Millipore Sigma, Burlington, MA, United States, Milli-Mark Anti-Ki67, clone Ki-S5 APC conjugate Cat# FCMAB103AP). Hoechst 33342 counterstain was included to measure apoptosis as previously described (Calandria et al., 2015). To induce UOS, cells were serum-starved for 8 h and exposed to H2O2 (1,600 μM)/TNFα (10 ng/ml) for 24 h. After that period, cells were photographed with a DIAPHOT 200 microscope (Nikon, Melville, NY, United States) with fluorescent optics. Images were recorded by a color-chilled 3CCD camera (Hamamatsu, Bridgewater, NJ, United States) and counted with ImageJ1 using small-size/high-brightness to detect apoptotic cells with the blue filter, and small red dots in the nuclei on the red filter were counted as positive Ki67 cells. To assess the morphology of ABC cells, they were grown on nitrocellulose membranes for 1 week or pelleted, then fixed and embedded in plastic and thin-sectioned as described (Knott et al., 2011).



Quantitative PCR and Real-Time PCR

RNA was collected at passages from ABC cells (P# 18 and 21), ARPE-19 cells (P# 22), and primary human RPE49 (isolated from a healthy 49-year-old donor). One μg of total RNA was reverse transcribed using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, United States, Cat# 1708890). Quantitative PCR (qPCR) was performed in a CFX-384 Real-Time PCR system (Bio-Rad) using primers (Supplementary Table 1), and then amplification products were loaded on 2% agarose gels (Supplementary Figure 1A). Data were normalized using Delta-Delta-Ct (ΔΔCt). All results are expressed as means ± SEM, n = 4 (Supplementary Figure 1B).



Western Blot

Samples were lysed by RIPA buffer, and protein was determined by Bradford assay (Bio-Rad). After denaturation, 30 μg of total protein for cell samples were separated by SDS-PAGE (4–12% gradient) gel (Thermo Fisher Scientific, Waltham, MA, United States) and transferred to nitrocellulose membranes (Bio-Rad). The membranes were blocked by 5% non-fat dry milk in PBST, probed with anti-Bestrophin (Abcam, Cat# ab2182), anti-Cytokeratin 8 (Santa Cruz Biotechnology, Dallas, TX, United States, Cat# sc-8020), anti-rhodopsin (Abcam, Cambridge, United Kingdom, Cat# ab81702), anti-GAPDH (Millipore Sigma, Burlington, MA, United States, Cat# MAB374) for 1 h, washed three times with PBST, probed with secondary antibodies (GE Healthcare, Chicago, IL, United States) for 1 h, and washed three times with PBST. Protein bands were visualized using the LAS 4000 imaging system (GE Healthcare).



Uncompensated Oxidative Stress Induction and Lipid Treatments

Cells were grown in 6-well plates semi-confluent for 72 h in DMEM/F12 and 10% fetal bovine serum (FBS) media, then serum starved for 8 h before triggering oxidative stress by further incubation with 10 ng/ml of TNF-α plus 600 μM H2O2 for 15 h. Bioactivity was assayed by adding 50 nM of neuroprotectin D1 (NPD1) at the outset of oxidative stress.



Phagocytosis Imaging

Eight-well chamber slides (LabTek # 154534) were seeded with 100,000 cells per well for each cell type and incubated overnight at 37°C and 5% CO2. To evaluate the amount of photoreceptor outer segments (POS, bovine rod photoreceptor outer segments, InVision BioResources, Seattle WA, United States, Cat# 98740) particles to add to each well, we followed the protocol described in Mukherjee et al., 2007 and determined that we needed 10 × 106 POS/well. We used fluorescein isothiocyanate (FITC; Invitrogen # F1906) diluted in DMSO at a 10 mg/ml concentration and labeled the POS at a 3:1 ratio (POS vol:FITC vol). The tube containing FITC + POS was shielded from light and incubated on a rotating well for 1 h at room temperature. The labeled POS were rinsed by adding 1 mL of DMEM + 2.5% sucrose to the sample. The tube was spun at 3,000 g for 5 min at room temperature, and then the supernatant was removed, rinsed two additional times, and transferred into a fresh tube. Before distribution into the wells, the labeled POS were added to the culture medium, and this mixture was added to each well at a 10 × 106 density. Yellow-green fluorescent beads (Invitrogen # F13081) at a concentration of 10 × 106 beads/μl were distributed at a density of 10 × 106 beads/well after mixing with culture medium. Cells were incubated at 37°C + 5% CO2 and collected at 6, 8, and 22 h following the protocol (Mao and Finnemann, 2013) and stained with Hoechst. Cells were imaged using an LSM 710 Zeiss confocal microscope with a 63X oil-immersed objective. Z-stacks with 0.5 μm step-size were acquired in four different areas of the well for each experimental time point. Maximal projections of the z-stacks were captured and exported in ImageJ (see footnote 1) for fluorescence intensity measurements.



Evaluation of POS Phagocytosis by Flow Cytometry

To assess phagocytosis, ABC cells were either plated on Thincerts™ cell culture inserts coated with Vitronectin or plated in an 8-well chamber slide and grown for 3 days to 1 week. Cells were serum starved and then fed with POS for 8 h at a 1:10 ratio (cell:POS). Blue-fluorescent Hoechst 33342 dye (1:500) was from Invitrogen (Carlsbad, CA, United States). Cell samples were treated and then analyzed immediately on a Gallios Flow Cytometer (Beckman Coulter). Cells were gated based on the specific set of cell labeling used in each experiment (Figure 4 and Supplementary Figure 4). After excluding proper gating cell debris and doublets for Apoptosis/Necrosis assay (Enzo Life Sciences, Farmingdale, NY, ENZ-51002-25), a plot of Annexin V versus 7AAD signals was generated (Supplementary Figure 4). Twenty thousand or more events were collected per treated sample. Data were analyzed using Kaluza Analysis Software (Beckman Coulter). For each condition for ABC control cells vs. ABC cells exposed to FITC-POS (Figure 4F, top and bottom, respectively), 7AAD versus FITC signals and unbound/internalized POS were obtained (100,000 events analyzed in each condition). Then, after gating out unbound POS, viable (7AAD negative) and apoptotic cells (7AAD positive, gated, right) are revealed. Confluent ABC cell cultures were incubated with previously labeled (pHrodo or FITC) or unlabeled bovine POS (1:10 cell:POS ratio) for 16 h. Then cells were trypsinized and labeled for flow cytometry processing (Supplementary Figure 4).
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FIGURE 1. Phenotypycal characteristics of primary human RPE (ABC cells). (A) RPE cells were isolated from human donor eyes and grown in tissue culture. Schematic representation of the protocol used for the isolation of RPE cells. Right panel shows light microscopy photograph of passage 8 (P#8) ABC cells with melanosomes. (B) Heatmap showing RNA sequencing results comparing ABC, ARPE-19 and human primary RPE cells from a 49-year-old donor (hRPE49) mRNA expression levels for Pigment synthesis, MET Transition signaling, Mesenchymal and Epithelial markers. (C) Violin plots of single-cell RT-PCR for ABC cells showing distribution of RPE-specific markers whitin the population. (D) Western blot comparison of the levels of Cytokeratin-8, and Bestrophin-1 (BEST1). The bars represent the mean and SEM of 3 independent measurements. GAPDH was used for standardization. One Way ANOVA and t-test was applied to determine significance. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001. Representative blots are displayed. The whole membranes are depicted in Supplementary Figure 2. (E) ABC cell passages 15, 17, and 19 forming honeycomb like monolayers. (F) Slender cytoplasmic projections (filopodium) in migrating ABC cells are shown in GFP-tagged MFRP overexpressing ABC cells. Monolayer formation. (G) Representation of RPE cells microvilli surrounding photoreceptor. Sections of confluent RPE cells growing on a nitrocellulose filter. Sections through an RPE cell pellet show cells to be about 20 μm wide and 15 μm thick with prominent lateral protrusions (apical villar processes) and a single large central nucleus, resembling the in vivo retinal RPE cell layer. (H) ABC cells seeded on Thincert cell culture inserts treated with vitronectin showing the functional junction formation of ABC cells (Supplementary Figure 4B). (I) ZO-1 staining of ABC cells in culture, one week after plating. The cells are tightly packed. Yellow arrow shows a double nucleated ABC cell. Basal flux was calculated by photometry measurements after subtracting the background and is expressed in absorbance at 560 nm. (J) Immunocytochemistry of ABC cells after 1 week in culture, cells express MITF, beta-catenin, and Peropsin. Blue = DAPI; Red = β-catenin; Green = MITF; Yellow = Peropsin.
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FIGURE 2. Postmitotic ABC cells become resistant to UOS. (A) The expression of Ki67 in ABC cells is represented by green (UOS) and red (control) lines (right y-axis). Histogram shows cell death rate (left y-axis). (B) Representative images of Ki67 staining in ABC cells at different times. (C) ABC and ARPE-19 cells were exposed to various concentrations of H2O2. Apoptotic cell death was detected by Hoechst staining. Nine cells per well/four wells per condition were plotted. (A,C) Data were analyzed using two-way ANOVA and Tukey’s HSD for pairwise comparisons. *p < 0.05. (D) RNAseq heatmap for expression levels of genes involved in the oxidative stress response for ABC, ARPE-19, and hRPE49 cells. (E) Evaluation of apoptosis and necrosis by flow cytometry relative to the increment in H2O2 concentration. Plots showing Annexin V vs. 7AAD signals were made (Supplementary Figure 4E) (100k events per condition). Four cell populations were analyzed in each experimental condition: 7-AAD+ cells for necrotic cells, 7AAD and Annexin V + cells for Late Apoptotic cells, Annexin V+ for Early apoptotic cells, and live cells negative for both 7AAD and Annexin V. Quadrants show the types of cell death detected differentiated by shape: Early and late apoptosis and necrosis.
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FIGURE 3. Autophagy and survival signaling are restored by NPD1 in ABC cells undergoing UOS. (A) Timeline of experiment for single-cell RT-PCR using Fluidigm Biomark. (B) Violin plots showing the expression of inflammasome-related genes. (C) STRING interaction network was generated for differentially expressed genes for NPD1-treated cells, showing high correlation and clustering of target genes involved in response to inflammation. (D) Violin plots showing autophagy-related genes. Y-axis illustrates the relative expression level for each gene. Each black dot at the right of the violin plots depicts a single-cell gene expression. One-way ANOVA was performed with the Post Hoc Tukey HSD test for multiple comparisons. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (E) Regulated genes tested by single-cell RT-PCR are involved in autophagy corresponding to the four depicted complexes that regulate the formation of the phagophore. Genes modulated by NPD1 are marked with a blue dashed line.
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FIGURE 4. Phagocytosis activity in ABC is higher than ARPE-19 cells. (A) Phagocytosis of photoreceptor outer segments (POS) or polystyrene microspheres (beads) by ARPE-19 and ABC cells over time. Confocal microscopy was used to analyze bound and internalized FITC-labeled POS or fluorescent beads (Supplementary Figure 8). The ratio of relative fluorescence intensities was determined by measuring total fluorescence intensity of the green signal from the added material (beads or POS) over the total blue signal (Hoechst). (B) Live images showing ABC cells fed with and without POS. (C) Confocal images (z-stacks) of ABC cells show uptake of (i,ii) human POS and (D) rat photoreceptor outer segments; orthogonal view displays co-localization of the FITC labeled POS (green) and opsin (red). (E) Immunoblots with opsin antibody against the lysates of ABC and ARPE19 cells fed with bovine POS (Supplementary Figure 9 shows two independent biological whole membrane western blots). (F,G) Assessment of POS phagocytosis in ABC cells by flow cytometry. After gating out cell debris and doublets (Supplementary Figure 4A), and not bound/internalized POS (F, bottom left) in control or cells exposed to FITC-POS, 7AAD versus FITC signals were obtained (F, Gated, 100,000 events per condition were assessed). The great majority of viable cells (7AAD negative cell population) are POS + (bottom right). (G) Analysis of FITC signal alone showed a shift in the peak of it in ABC cells fed with FITC-labeled POS compared to one of the control ABC cells (white). (H,I) Quantitative analysis of Hoechst-stained ABC cells by fluorescence microscopy of POS phagocytosis effects on apoptotic cell population after oxidative stress. (H) Analysis of apoptosis by Hoechst staining. (I) Quatification of panel (F). (A,H,I) One Way ANOVA and Tukey’s HSD for pairwise comparisons was applied. Results represent averages ± SEM of repeats of at least three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




Assessment of Phagocytosis by Western Blot

ABC and ARPE-19 cells were incubated with unlabeled POS suspension for 0, 2, 6, 8, and 16 h. To stop the reaction, the cells were washed 3 times with PBS-CM buffer (PBS supplemented with 1 mM MgCl2, 0.2 mM CaCl2). To detect internalized POS only, the cells were washed 1 time with PBS, then incubated with PBS-EDTA for 5–10 min. Samples designated for total POS detection remained in PBS-CM. The PBS-EDTA was then removed, and the cells were washed three times with PBS-CM. The PBS-CM was removed from all wells, and the cells were lysed with RIPA buffer freshly supplemented with a protease inhibitor cocktail. Analysis of phagocytosed POS content in samples was determined by SDS-PAGE electrophoresis and opsin immunoblotting.



Lipid Extraction and LC-MS/MS-Based Lipidomic Analysis

Cells were grown for 7–10 days before being collected to maximize phagocytosis and utilization and incorporation of lipids from outer segments into the RPE cells. The cells were then washed with ice-cold PBS with calcium to remove any unbound outer segments, and the lipids were extracted. Lipid extraction was performed similarly to our previous work (Do et al., 2019). Briefly, each sample was homogenized in MeOH (3 ml), followed by the addition of CHCl3 (6 ml) and the internal lipid standards (Cayman, Ann Arbor, MI, United States). After sonication in a water bath, samples were centrifuged, and the supernatant was added with pH 3.5 H2O for phase separation. The bottom phase (organic phase) was dried down under N2 and reconstituted in an AcN:MeOH:CHCl3 (90:5:5) solution. A Xevo TQ-S equipped with Acquity UPLC BEH HILIC 1.7 μm 2.1 × 100 mm column was used with solvent A (acetonitrile:water, 1:1; 10 mM ammonium acetate pH 8.3) and solvent B (acetonitrile:water, 95:5; 10 mM ammonium acetate pH 8.3) as the mobile phase. Solvent B (100%) ran for the first 5 min isocratically was graduated to 20% solvent A for 8 minutes, and then ran at 65% of A for 0.5 min. It ran isocratically at 65% of A for 3 min and then returned to 100% of B for 3.5 min for equilibration. The capillary voltage was 2.5 kV, the desolvation temperature was set at 550°C, the desolvation gas flow rate was 800 l/h, cone gas was 150 l/h, and nebulizer pressure was 7.0 Bars with the source temperature at 120°C.



Matrix−Assisted Laser Desorption/ionization Imaging Mass Spectrometry

Matrix−assisted laser desorption (MALDI) was carried out as described previously (Kautzmann et al., 2020). Briefly, coverslips with cells were attached to MALDI plates and then placed within the sublimation chamber, where matrix (2,5-dihydroxybenzoic acid, DHB) was applied for positive ion mode analysis. Sections were then rasterized by laser, 355 nm, 2000 Hz Scanning control (15 μm, horizontal and vertical movement) and analyzed. Differential spectra represent relative abundance of lipid molecular species detected by matrix−assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS) based on cell type were created.



Isolation of Single Cells and cDNA Synthesis

Control stressed and treated single ABC cells were captured with the C1™ platform (Fluidigm Inc., South San Francisco, CA, United States) using Fluidigm’s Integrated Fluidic Circuits™ (IFC) according to the manufacturer’s instructions (Supplementary Figure 7A). Captured cells were imaged on IFC to confirm the number of cells per site, and the viability of the cell was confirmed using a LIVE/DEAD cell assay (Life Technologies, Waltham, MA, United States, Cat# L3224). Only single, viable cells were used for subsequent analysis. In the IFC, individual cells were lysed, and mRNAs were reverse transcribed and amplified to complementary DNAs. The resulting cDNAs from individual cells were collected from the IFC and diluted three times in TE buffer before utilization in the qPCR reaction with Biomark™.



High Throughput qPCR by Biomark™

The qPCR reaction mixture had a volume of 5 μl and contained 2.25 μl of diluted preamplified cDNA, 0.25 μl of DNA Binding Dye (Fluidigm), and 2.5 μl SsoFast EvaGreen Supermix with low ROX (Bio-Rad, Hercules, CA, United States). The primer reaction mixture had a final volume of 5 μl and contained 2.5 μl Assay Loading Reagent (Fluidigm, San Francisco, CA, United States) and 0.25 μl of a mix of all reverse and forward primers (Supplementary Table 1), corresponding to a final concentration of 500 nM in the reaction. The Biomark 96.96 IFC was first primed with an oil solution in the Juno Controller (Fluidigm) to fill the fluidic circuit. Ninety-six sample reactions (5 μl each) were loaded into individual sample wells, and 96 forward and reverse primer mixtures were loaded into each assay well (5 μl each). The IFC was then placed in the Juno Controller for automatic loading and mixing. After an hour and a half, the IFC was then transferred to the Biomark™ HD qPCR platform (Fluidigm). The cycling program consisted of Thermal Mix at 70°C for 40 min followed by 60°C for 30 s. Hot Start was 1 min at 95°C, followed by 30 cycles of denaturation at 96°C for 5 s, annealing at 60°C for 20 s. Melting curves were collected between 60°C and 95°C with 1°C increments/3 s. We designed a set of 96 primer pairs (Supplementary Table 1) that comprise inflammatory and autophagy pathways in addition to housekeeping genes. The induction of UOS was optimized for the ABC cells by testing a range of H2O2 concentrations (Supplementary Figure 3). Naïve ABC cells or cells treated with H2O2 were isolated using the Fluidigm C1 microfluidics platform. Cells were captured into individual chambers, lysed, and their RNA reverse transcribed and amplified into cDNA. cDNA from single cells was collected, and qPCR was performed using the Fluidigm Biomark™ platform (Supplementary Figure 7A). Specific amplification of each targeted cDNA was confirmed by melt curve analysis. Measured Ct values were exported from the BioMark™ software to Excel for data analysis. Ct values of target genes were extracted through the Fluidigm Real-Time PCR Analysis program. The Ct value of target genes was normalized to the housekeeping genes.



RNAseq Analysis

For RNAseq ABC cells, ARPE-19 cells, and hRPE49 cells were used. Cells seeded in 6-well plates (500,000 cells/well) were grown for at least 72 h. The total RNA was extracted using Trizol, and RNA quality and integrity were verified using NanodropOne (Thermo Fisher Scientific) and Agilent 2100 Bioanalyzer RNA nanochips. Library preparation was done using TrueSeq RNA library prep kit v2 – Set A (catalog #RS-122-2001) (Illumina); libraries were denatured, pooled, and normalized according to Illumina’s sample preparation guide. RNASeq was done on Illumina NextSeq 500 sequencing system using NextSeq 500 High Output v2 kit (150 cycles) (catalog# FC-404-2002).



Bioinformatic Analyses of RNAseq and Single-Cell RT-PCR

The RNA reads were mapped to the human genome and processed through bioinformatics pipeline in QIAGEN CLC Genomics Workbench (Qiagen, Redwood City, CA, United States). Then the results were analyzed using R and heat map of gene expression was generated with Heatmap generator. Then the results are analyzed using Ingenuity Pathway Analysis tool (Qiagen, Redwood City, CA, United States). Principal component analysis (PCA), hierarchical clustering, violin plots, and box plots were carried out using the Bio Vinci program (Bioturing Inc., San Diego, CA, United States), GraphPad Software (La Jolla, CA, United States, United States)2 and Partek Genomics Suite software (Partek Inc., St. Louis, MO, United States).3 Gene Interaction Prediction was performed using STRING database4 (Szklarczyk et al., 2017).



Statistics

Data were plotted using GraphPad Software, San Diego, CA, United States.5 Data are presented as means ± SEM. Comparisons were performed using ANOVA two-way. P-values were indicated as follows: ns P > 0.05, ∗P ≤ 0.05, ∗∗P < 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001. Data were filtered by P ≤ 0.05 and absolute value fold change ≥ 1.5.



Illustration

The autophagy pathways illustration (Figure 6E) was adapted from Intartaglia et al. (2021) and created with BioRender.com.
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FIGURE 5. Enhanced incorporation and synthesis of phospholipids containing very-long-chain fatty acids in ABC cells. (A–C) Principle component analysis (PCA) were performed for PC, PE, and PS phospholipid species for ABC cells, and ARPE-19 cells after phagocytosis of POS. (D–F) LC-MS/MS quantitative distributions in bar graphs for ABC vs. ARPE-19 lipid species with and w/o POS feeding shows the most abundant PLs species found in the cells after feeding, containing either DHA and VLC-PUFAs (iv) or double DHA (iii). Tukey’s HSD post hoc testing was performed for two-factor ANOVA ****p < 0.0005, ***p < 0.005, **p < 0.05, *p < 0.01. (G) RNA sequencing analysis showing normalized counts for MFRP and ADIPOR1 gene expression for each cell type. (H) ABC cells fed with deuterated DHA for up to 32 h were analyzed using LC-MS/MS. Line graphs showing two of the most abundant PL species (18:1, 22:6) containing DHA-d5 from ABC cell lysates, demonstrating the ability of the ABC cells to incorporate 22:6. (I) MALDI lipidomic comparative analysis. Coverslips with cells were attached to MALDI plates and then placed within the sublimation chamber, where matrix (2,5-dihydroxybenzoic acid, DHB) was applied for positive ion mode analysis. Sections were then rasterized by laser, 355 nm, 2000 Hz Scanning control (15 μm, horizontal and vertical movement) and analyzed. (Middle panel) Differential spectra show relative abundance of lipid molecular species detected by MALDI IMS based on the cell type. Molecules more abundant in ABC cells are presented in the upper part of the graph, while molecules more abundant in ARPE-19 are displayed at the bottom; m/z 834 corresponding to PC containing DHA (PC (18:0/22:6) was more abundant in ABC cells than in ARPE-19 cells. PC (16:0/18:1) with K + adduct (m/z 798) was the most dominant molecule in ARPE-19. (Right panel) Bicolor (red and green) image composition of lipid signals from MALDI IMS extracted from the cells and generated with positive ion mode. Same m/z shows different abundance from one cell type to another.
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FIGURE 6. mTOR signaling is reduced in ABC cells as compared to ARPE-19 cells. (A) Heatmap from RNA seq analysis of ARPE-19 cells compared to ABC and hRPE49 cells showing canonical pathways with the most significant changes. IPA analysis was performed using ARPE-19 cells as control. Red color means the pathway is upregulated when compared with ARPE19, while blue means it is downregulated. (B) Comparative heatmap representation of RNA seq data of mTOR downstream signaling genes (Supplementary Figure 10 shows IPA network). The expected effect of mTOR on its downstream targets is labeled as “Act” for activation and “Inh” for inhibition. (C) Analysis of genes involved in geroconversion and autophagy activation by mTOR signaling and its related genes. (D) Heatmap analysis of genes involved in senescence. (E) Autophagy pathways in RPE cells.





RESULTS


Human Primary Cells That Phenotypically Resemble RPE in the Human Eye

ABC cells were obtained from retina xenografts of a 19-year-old Caucasian male (Figure 1A). At passage 8 and over, they conserved the pigmentation (Figure 1A, right panel) and extensive areas of polygonal-shaped cells at higher densities (Figures 1E,F). We compared the transcription profile of ABC cells, ARPE-19, and a primary culture originating from a 49-year-old Caucasian male using the same technique utilized for ABC by means of RNAseq. The latter, cultured hRPE49, disclosed a limited life span, reaching passage 9 at most. ABC and ARPE-19 both originated from 19-year-old Caucasian males; the second underwent spontaneous immortalization (Dunn et al., 1996). Of the three cell lines compared, ABC depicted the most abundance of RPE markers. Retinal dehydrogenase 5 (RDH5); Bestrophin 1 (BEST1); MER proto-oncogene, tyrosine kinase (MERTK); retinaldehyde binding protein 1 (RLBP1); Paired box gene 6 (PAX6); Orthodenticle homeobox 2 (OTX2); Microphthalmia-Associated Transcription Factor (MITF); retinoid isomerohydrolase RPE65 (RPE65); cellular retinaldehyde-binding protein (CRALBP); and pigment epithelium-derived factor/serpin family F member 1 (PEDF/SERPINF1) are essential for the function and maintenance of RPE cells and photoreceptors, and their mutation causes retinal degenerating pathologies (Housset et al., 2013; Raviv et al., 2014; Xue et al., 2015; Liu et al., 2017; Audo et al., 2018; Guziewicz et al., 2018; Chen et al., 2019; Ma et al., 2019; Wang et al., 2020; Zhang et al., 2020). These genes are expressed in ABC, and some are underrepresented in the other two cell lines (Figure 1B, right panel). Thus, ABC represent a good in vitro model to study the role of these genes and their associated retinal diseases. Single-cell Real-Time PCR showed uniform expression of cellular retinaldehyde binding protein (CRALBP), RPE65, and OCCLUDIN, a tight junction protein. RDH5, which was represented more in hRPE49 by RNAseq (Figure 1B, right panel), evidenced more variability within the ABC cell population, with up to 50% of them exhibiting low expression (Figure 1C). RPE65, BEST1, RDH5, RLBP1, and SERPINF1 were confirmed using reverse transcription polymerase chain reaction (RT-PCR) and Real-Time polymerase chain reaction (qPCR) (Supplementary Figures 1A,B).

Retinal pigment epithelial cells derived from human embryonic stem cells (hESCs) have recently arisen as a model for RPE-related diseases. Nevertheless, hESC-derived RPE undergoes mesenchymal-epithelial transition in culture before acquiring an epithelial phenotype (Choudhary et al., 2015). ABC cells show minimal expression of mesenchymal cell markers as well as markers of mesenchymal-epithelial transition, thus displaying more phenotypic stability (Figure 1B, middle panels). Western blot analysis comparing ARPE-19, ABC, and fibroblasts illustrates that proteins Bestrophin-1 (BEST1) and Cytokeratin 8 (Figure 1D and Supplementary Figure 2) were only present in the two RPE cell lines, and BEST1 was the highest expressed in ABC, confirming the phenotype stability observed by the low expression of the mesenchymal and the MET transition (Figure 1B).

RPE cells generate three types of pigment melanin and fuscin. Melanosomes are developed during brief periods at embryonic stages, while fuscin accumulates with aging as lipofuscin and melanolipofuscin granules (Boulton, 2014). Two mRNAs coding for enzymes implicated in the synthesis of eumelanin from tyrosin, tyrosinase (TYR) and tyrosinase-related protein 1 (TYRP1), were found in high abundance in ABC in comparison to ARPE-19 and hRPE-49. Premlanosome protein mRNA, PMEL, was also present, although in less abundance (Figure 1B, left panel). These data confirm the ability of ABC to produce melanin-like granules in vitro (Figure 1A).

Unlike other human RPE cell lines, ABC were capable of retaining their original characteristics along passages (Figures 1A,E). The expression of GFP-tagged-membrane frizzled-related protein (GFP-MFRP), which is localized in cytoplasm and membrane, exhibited filopodial processes (Figure 1F). After two weeks in culture, these cells depicted a classical RPE hexagonal shape (Figure 1F). Moreover, villar processes appeared on the apical surface when they formed a packed monolayer with well-defined tight junctions (Figure 1G, middle panels). ABC cells pelleted, embedded in plastic, and thin-sliced displayed prominent apical villar processes and a single large central nucleus (Figure 1G, right panel). The formation of tight junctions was tested using a basal flux assay (Figure 1H, left panel) in which trypan blue was placed in the insert chamber, and it was allowed to diffuse freely toward the well through the permeable membrane. ABC cell tight junctions prevented the dye from diffusing across the monolayer, even after 12 h of incubation (Figure 1H, right panel and Supplementary Figure 4B). Immunostaining with Zona Occludens confirmed the formation of the tight junctions after one week of incubation (Figure 1I). Notably, the monolayers depicted incomplete cariocinesis, represented by cells containing more than one nuclei (Figure 1I, yellow arrow).

Additionally, microphthalmia-associated transcription factor (MITF), β-Catenin, and Peropsin displayed nuclear, peripheral, and cytoplasmic localization in ABC cultures accordingly with the distribution of the proteins in the monolayer (Figure 1J).

These results demonstrate that ABC cells display phenotypic and genetic features closer to the RPE native pigment epithelium than the other two cell lines regarding stability, purity, and structure, indicating that key proteins are correctly localized and that the expression of desirable enzymes for pigmentation and function occurs. From this point forward, we will present evidence to consider ABC a suitable model to use in AMD studies.



Postmitotic ABC Cells Display UOS Resistance

To determine the proliferation rate variation in response to confluency and stress, a time curse was performed, and the dividing cells were detected using Ki67 staining in the presence or absence of UOS (Figures 2A,B). In parallel, apoptosis was measured using Hoechst staining. In naïve cells, Ki67 values declined from 100% at day 1 to 30% at day 8, reaching the 50% mark between day 5 and 6 (Figure 2A, red curve). When H2O2 was applied to induce uncompensated oxidative stress, less than 1% of cells were Ki67 positive at day 1, and the number increased with time as the population recovered, reaching stabilization at around 50% between days 5 and 6 (Figure 2A, green curve). Days 1 and 2 depicted the higher values of apoptosis (Figure 2A, blue bars), whereas the sensitivity decreased drastically to 25% after 3 days of growth to become almost null by day 8. Accordingly, the appearance of the initial hexagonal-shaped cells occurs one week after plating at this density. Concentration curves confirmed these observations (Supplementary Figures 3A–D). Functional tight junctions appeared after 7 days of culturing ABC cells in inserts (Figure 1H). When ARPE-19 and ABC cells response was compared under the same conditions, the first cell line reached 60–65% cell death at 600 μM H2O2, but the second one did not yield significant differences from their own control (concentration 0 μM). ARPE-19 cell death was raised to 100% with 800 μM, while <75% of ABC cells died at 1200 μM (Figure 2C). In addition, the UOS response genes differ between ABC and ARPE19 cells, with 8 out of 14 genes highly expressed in ABC cells (Figure 2D), suggesting that in ABC cells, the antioxidant systems are set forth to promote protection against ROS. Notably, mRNAs coding glutathione peroxidases 2, 3, and 8 (GXP2, GXP3, and GXP8) were elevated in ABC. GXP2, GXP3, and GXP8 are three isoenzymes belonging to the glutathione peroxidase family that catalyze the reduction of organic hydroperoxides and hydrogen peroxide (H2O2) by glutathione, protecting the cells against oxidative damage (Nirgude and Choudhary, 2021; Ren et al., 2022; Yin et al., 2022). The mRNA encoding Thioredoxin reductase 1 (TXNRD1), a selenocysteine-containing enzyme involved in redox homeostasis (Snider et al., 2013), was over-represented in ABC as well. To determine whether necrosis and apoptosis were occurring, flow cytometry was used to analyze a population of cells stained with Annexin V and 7AAD. Dot charts and histograms indicate the presence of four populations of cells (Figure 2E and Supplementary Figure 4D). Four cell populations were analyzed: (1) live cells negative for both Annexin V and 7AAD, (2) early apoptotic cells positive for Annexin V, (3) cells positive for both Annexin V and 7AAD, demonstrating late-stage apoptosis, and (4) necrotic cells positive only for 7AAD (red population). A clear concentration-dependent decrease in the ABC viable cell population, with a concomitant increment in the late apoptotic population, is evident (Figure 2E). Overall, the majority of dying cells are apoptotic; only a small fraction (10%) are necrotic.

These results suggest ABC cells become postmitotic and increase resistance to uncompensated oxidative stress, probably through the activation of key glutathione-related homeostatic effectors that counteract the oxidized reactive species and stabilize the redox status of the cell.



ABC Cells Undergoing UOS Are Rescued by NPD1

Neuroprotectin D1 synthesis is triggered by stress to promote homeostasis and survival in RPE cells (Calandria et al., 2009). NPD1 modulates the expression of proteins like BIRC3 (Calandria et al., 2009) to rescue RPE cells from apoptosis induced by UOS. To assess the transcriptional response of ABC to NPD1, single-cell RT-PCR was used (Figure 3A) to screen the expression of genes related to inflammasome activation and autophagy, both of which have been widely implicated in the pathogenesis of AMD (Mitter et al., 2014; Celkova et al., 2015). Two different concentrations of H2O2 modulate the expression differentially (Supplementary Figures 5, 6). NPD1 uniformly downregulated the expression of NLRP3 (3-fold), IL1B (4.2-fold), and IL23 (1.8-fold) when compared to cells undergoing UOS. Conversely, NPD1 augmented the expression of antioxidant and anti-inflammatory genes, SOD1 (2.1-fold), SOD2 (1.6-fold), and NRF2 (1.5-fold) in comparison to the UOS-only treated cells (Figure 3B). Then, RELB, cREL, and BIRC3 expressions were compared to define the mechanism of action of NPD1 in ABC cells (Supplementary Figure 7B). The distribution of cells expressing each gene exhibited bimodal expression patterns. NPD1 triggered the expression of RELB in a large population of cells compared to UOS alone or control. NPD1 brought up cREL expression to control levels in cells undergoing UOS and upregulated BIRC3 expression. Not all cells responded to the stress or NPD1, denoting a high heterogeneity in the response. The monophasic distribution of TFRC expression across the three conditions attested to the preservation of the transcriptional machinery in all the cells analyzed (Supplementary Figure 7B). To identify functional connections between the relevant genes, a protein-protein interaction network was constructed using the STRING database (Figure 3C; Szklarczyk et al., 2017). We used the top differentially expressed genes with P-values < 0.01 as inputs for the STRING database to determine the molecular network of interacting genes and to obtain correlations with a high probability confidence score (≥0.900). The protein-protein interaction analysis performed using STRING indicated that the proteins differentially represented in ABC cells are highly correlated (P-value < 1.04e-10). The results were significantly enriched with BIRC3 and TLR4 as the main nodes in the network.

Autophagy plays an important role in maintaining cellular homeostasis by eliminating damaged organelles and protein aggregates and by removing infectious agents from host cells (Cho and Hwang, 2012; Szatmári-Tóth et al., 2016; Harris et al., 2017). Defects in autophagic machinery generate sensitivity to oxidative stress conditions in RPE cells (Mitter et al., 2014), and it is associated with several disorders, including AMD (Kaarniranta et al., 2017) and neurodegenerative and infectious diseases (Jing and Lim, 2012). Furthermore, the interest in the components of this pathway is enhanced by the fact that RPE cells utilize part of the autophagy complexes to perform phagocytosis of the photoreceptor tip renewal (Mitter et al., 2014). To determine whether NPD1 affects autophagy, ABC cells undergoing UOS were treated with NPD1, and a panel of autophagy-related genes was evaluated using single-cell Real-Time PCR. NPD1 consistently restored the expression of autophagy-related genes to homeostatic levels in single ABC cells (Figure 3D). Beclin1 (BECN1), autophagy-related proteins 9A and 2 (ATG9A and ATG2A), which are regulatory parts of the PI3K complex and ATG9A system involved in the nucleation of the Phagophore, were downregulated in a subpopulation of cells by UOS and restored by NPD1 (Figures 3D,E, blue dash line). Similarly, ATG7 and ATG3, which are part of the LC3-conjugation system, are downregulated by UOS in a subpopulation and totally recovered by NPD1. Intriguingly, ATG10, ATG5, and ATG16L, which are contained in the ATG12-conjugation system, are downregulated by UOS in the majority of the cells since this complex is the main candidate for disruption by UOS and the levels are brought back to control levels but not in the totality of the cells. These two last complexes work on the conjugation of LC3 to the lipid phosphatidylethanolamine (PE) in the elongation step of the phagophore and the addition of LC3 to the endosome in the LC3 associate phagocytosis.

Therefore, NPD1 contributes to the resistance of ABC cells against UOS by modulating genes involved in inflammasome, apoptosis, antioxidant pathways, and autophagy.



Active Biosynthesis of VLC Fatty Acid Species Indicates an Outer Segment Cycle Renewal Mechanism Preservation Is Expressed in ABC Cells

During daily cycle renewal, the outer segments of the photoreceptors are phagocytized by the mammalian RPE cells, which in turn recycle visual pigment components and DHA in a circadian manner (Bok, 1993; Kolko et al., 2007; Bazan et al., 2010; Asatryan and Bazan, 2017). In fact, RPE cells are among the most phagocytic cells in the whole organism (Mazzoni et al., 2014). To evaluate phagocytosis, ABC and ARPE-19 cells were incubated with Fluorescein isothiocyanate (FITC)-labeled bovine POS or fluorescent polystyrene beads. Both cell types actively ingested these particles with relative fluorescence abundance higher in ABC cells compared to ARPE-19, especially for POS (Figures 4A,B and Supplementary Figure 8), suggesting that the phagocytic activity was greater in ABC cells. Confocal imaging, along with 3D rendering of human, rat, and bovine POS fed to confluent ABC cells, revealed their intracellular localization (Figures 4C,D). Additionally, opsin immunoblotting signal for both internal and total opsin on immunoblots increased with time, reaching its maximum at 16 h (Figure 4E and Supplementary Figure 9). There was a 4-fold increase in opsin internalization in ABC cells compared to ARPE-19 cells (Figures 4A,E). To further confirm the findings, the uptake of labeled bovine POS was analyzed using flow cytometry and 7AAD counterstaining to detect viable cells. The majority of viable cells were POS-positive (Figure 4F, bottom right, Figure 4G). The gating for Hoechst signal to separate debris from cells and for FITC signal to detect endocytosed labeled POS peak shifted when ABC cells fed with POS were compared to control (Figure 4G), implying that the majority of FITC-POS have been phagocytized and internalized.

Phagocytosis triggers the biosynthesis of protective lipid messengers that have an autocrine effect on RPE cells (Mukherjee et al., 2007). In ABC cells exposed to 1200 μM H2O2, the phagocytosis of POS attenuated UOS-induced apoptosis (Figure 4H). Flow cytometry was used to determine the populations of early, late apoptosis, and necrotic cells for the different treatments. Compared to control only, cells incubated with POS under UOS conditions exhibited a negligible amount of necrosis and early apoptosis. Late apoptosis was the predominant form, and the population was significantly smaller than the cells undergoing UOS alone (Figure 4I).

ABC and ARPE-19 cells were then fed with bovine POS at a 1:10 ratio (cell:POS), and their membrane lipidome was screened using LC-MS/MS and MALDI. Principal component analysis (PCA) indicate that phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS) species form distinctive clusters differentiating cell type and presence or absence of POS (Figures 5A–C). Random forest PL analysis confirmed differences (Supplementary Figure 10A). Moreover, phospholipids with DHA and VLC-PUFAs, lipids that are not considered integral to their membranes, were found in ABC cells after phagocytizing POS (Figures 5D–F). ARPE-19 cells fed with POS increased PL species containing DHA and VLC-PUFAs to a lesser extent than the ABC cells (Figures 5D–F). The main two phospholipids in the eyes and brain are phosphatidylcholine and phosphatidylethanolamine. Some species in all three types of PL were found to contain docosahexaenoic acid (DHA) of 22 carbons and 6 double bonds (22:6) and arachidonic acid (AA) of 20 carbons and 4 double bonds and other fatty acids omega 6 backbones (Figures 5D,F). Species of PE containing AA were more abundant in ARPE-19 despite whether they had undergone phagocytosis of POS or not (Figure 5E). PC species contain a fatty acid of 32 carbons and 6 double bonds (32:6), a precursor of Elovanoid 32, in addition to DHA (Figure 5D). PE and PS both depict species with two DHA molecules, one in sn1 and the other in sn2 (Figures 5E,F). In all the cases except PC(18:0; 22:6) and PE(20:0; 22:6), species containing DHA were increased in ABC cells above the levels observed on ARPE-19 after being fed POS. AdipoR1 and MFRP, contribute to the conservation of DHA in the retina (Rice et al., 2015; Kautzmann et al., 2020). The two genes are expressed in ABC, ARPE-19, and hRPE49 cells, with a higher basal expression of AdipoR1 in ABC cells (Figure 5G). ABC cells were then incubated for 32 h in the presence of deuterated DHA to determine the incorporation of the fatty acid into the phospholipids (Figure 5H). PE species showed an increase in deuterated DHA content steeper than PCs when species containing 18:1 and 22:6 were measured as representative phospholipids (Figure 5H). To compare the two cell types imaged by MALDI IMS, a difference spectrum was constructed, subtracting the ARPE-19 cell profile from the ABC cell profile (Figure 5I). The resulting relative plots emphasized lipid abundance, with the prevalent ABC cell lipids (pointing up) and the ARPE-19 lipids as downward peaks. DHA−containing PC [m/z 834, PC (18:0/22:6)] was more prevalent in the ABC cells compared to ARPE-19 cells, whereas PC [m/z 798, PC(16:0/18:1)K+ and m/z 782 PC(16:0/18:1)Na+] was enhanced in the other cell types. Image extraction of specific m/z (m/z 603, 739, 754, and 732) from the whole lipid spectrum allowed us to visualize the relative intensity difference between the ABC and ARPE-19 cells (Figure 5I, right panel). Overall, this comparison suggests that the ABC cells have a lipid-membrane composition enriched in DHA-containing PLs.



Inhibition of mTOR Explains Why ABC Cells Do Not Become Senescent, a Key Event in AMD

Senescence plays a major role in tumor suppression, aging, tissue repair, and embryonic development (Cho and Hwang, 2012; Leontieva et al., 2014; Sun, 2014). Senescence occurs in two steps of cell arrest, which is common to quiescence, and geroconversion, which makes senescence irreversible (Blagosklonny, 2014). Contact inhibition is a form of quiescence where cell growth is arrested by contact, and it can be reversed when cells are passaged at low density. Pathways associated with geroconversion are p53 and mTOR (Blagosklonny, 2018), while consequences of the decreased senescent program can be noted by the downregulation of IL-8 signaling and PTEN signaling (Jung et al., 2019; Figure 6A). Suppression of mTOR is associated with contact inhibition in normal cells, including RPE cells (Cho and Hwang, 2012; Leontieva et al., 2014). mTOR pathway activation favors senescence gene programming and expression of the senescence-associated secretory phenotype (SASP), consisting of inflammatory cytokines (IL-1β, IL-6, or IL-8), growth factors, and proteases (Di Micco et al., 2021). The comparison between the expression signatures of ABC vs. ARPE-19 and hRPE49 vs. ARPE-19 using IPA depicted a reduced neuroinflammatory signaling pathway for the ABC cells (Figure 6A). Moreover, decreased glycolysis, gluconeogenesis, and lipolysis suggest that fully confluent ABC cells stop dividing and require less energy to sustain survival than ARPE-19 cells, which do not stop growing and dividing even after becoming confluent, therefore, requiring substantial energy (Figure 6A). Except for three of the genes plotted, the remaining mRNAs belonging to the mTOR pathway were downregulated in ABC cells in comparison to the other two cell lines inhibited in our data set, which coincides with the IPA prediction (Figures 6B,C; Supplementary Figure 10B). Low energy in the cell results in phosphorylation and activation of the TSC2/TSC1 complex formation, yielding inactivation of RHEB and, thus, inactivation of mTOR (Figures 6C,E). These results suggest that ABC cells develop a state of contact inhibition but not senescence when they become fully confluent. The senescence SASP network, like IL-1β and IL-6, are downregulated in ABC, and SIRT1 is upregulated (Xu et al., 2020), which marks the note that senescence is reduced in ABC cells (Figure 6D and Supplementary Figure 10B). In addition, mTOR signaling acts as an initiator of autophagy, and it is involved in the LC3-conjugation for the maturation of the phagosome in the LC3-associated phagocytosis (Figures 6E,4E; Intartaglia et al., 2021). Therefore, ABC cells display phenotypical, genetic, and functional characteristics that resemble the native pigment epithelium of the retina, in which the processes and signaling pathways convey the main cellular tasks that define the normal dynamics of the tissue.




DISCUSSION

We have developed a human RPE cell that recapitulates native features of those cells in the human eye. RPE cells are essential for photoreceptor functions and integrity, and our cell line provides opportunity to discern the fundamental properties and potential of this cell.

ABC cells become quiescent at 100% confluency due to contact inhibition (Figure 2A), and due to a decreased mTOR pathway activity, they resume growing if replating at lower densities. Two opposing events arise in primary RPE (hRPE49) and ARPE-19 cells. The former stop dividing, become senescent, and die when they reach 100% confluency, while ARPE-19 cells sustain viability for many weeks, even at post-confluency. The mechanisms behind this difference can be explained on the basis of mTOR signaling. Cellular senescence is triggered by many stimuli, including telomere attrition and DNA damage, oxidative stress, oncogene activation, and deactivation of tumor suppressor genes. Senescence plays a major role in tumor suppression, aging, tissue repair, and embryonic development (Cho and Hwang, 2012; Leontieva et al., 2014; Sun, 2014). The key feature of senescence is irreversibility, in contrast with quiescence from growth factor deprivation, which can be reversed. Contact inhibition is a form of quiescence where cell growth is arrested due to cells in contact with each other once high density is achieved. Then cells resume division when passaged and cultured at low density. The mTOR pathway is critical for geroconversion, the conversion of reversible cell cycle arrest to senescence (Leontieva et al., 2014). Suppression of mTOR is associated with contact inhibition in normal cells, including RPE cells (Cho and Hwang, 2012; Leontieva et al., 2014). mTOR pathway activation favors senescence gene programming and expression of the senescence-associated secretory phenotype (SASP), consisting of inflammatory cytokines (IL-1β, IL-6, or IL-8), growth factors, and proteases (Di Micco et al., 2021). The canonical pathways for the ARPE-19 transcriptomic dataset obtained by RNAseq were compared to ABC and hRPE49 datasets, and reduced glycolysis, gluconeogenesis, and lipolysis were found, suggesting that the fully confluent ABC cells stop division, requiring less energy to survive than ARPE-19 cells. On the other hand, ARPE-19, which do not stop growing even after becoming confluent, require substantial energy to thrive (Figure 6A). Consistent with this observation, the mTOR pathway is downregulated in ABC cells compared to ARPE-19 or hRPE49 cells (Figures 6B–D), while the Tuberous Sclerosis Complex 2 (TSC2) pathway is activated (Figure 6C). Twenty-six out of 29 genes in the mTOR pathway were inhibited (Figures 6B,C). Low energy in the cell results in phosphorylation and activation of the TSC2/TSC1 complex formation, yielding inactivation of RHEB and, thus, inactivation of mTOR (Figure 6E). This pathway is central for cellular growth and promotes translation by acting on eukaryotic initiation factor 4E (elF-4E), which needs to form complexes to activate the translation of cap-mRNA. Once 4E is associated with BP1, it is inhibited. Intriguingly, the mTOR activation is intrinsically involved in the initiation of LC3-conjugation leading to autophagy and LC3-associated phagocytosis (Figures 4E, 6E) related to the phagocytosis of the POS, and signaling here comes full circle (Intartaglia et al., 2021). mTOR signaling activation/deactivation equilibrium is of importance in the survival of the retinal pigment epithelium (Zhang et al., 2021) and the reduced gene expression of their component in ABC cells allows them to upregulate the mechanism on demand when the cell needs to, for instance, activate phagocytosis, a process that is not perturbed in this cell line (Figure 4).

The ability of ABC cells to form monolayers resembling the native retinal pigment epithelium is demonstrated by their formation of microvilli (Figures 1F,G), functional tight junctions that stop the passive diffusion of trypan blue (Figure 1H), and honeycomb packing culture (Figures 1A,E,I). RNAseq comparing ARPE-19 and ABC, both cell lines derived from 19-years-old Caucasian male donors, evidences significant differences in several important pathways related to senescence, inflammation, oxidative stress response, as well as markers of native RPE, which were more represented in ABC than in the first mention cell line. In regard to the oxidative stress response, ARPE-19 are more susceptible to cell death upon exposure to lower concentrations of H2O2 than ABC. The commercially available lowest passage for ARPE-19 is P19. At this passage, ABC undergo contact inhibition without stepping into senescence. ARPE-19, which were spontaneously immortalized (Dunn et al., 1998), displayed a reduced MET transition and Mesenchimal signaling that evidenced a stable RPE phenotype (Figure 1B). iRPE cells are a new development to model genetic diseases, such as L-ORD (Miyagishima et al., 2021), as well as expensive, time-consuming, and require expertise. Although this cell line offers several benefits, there are also certain limitations such as gender bias. The male origin of the cells may predispose the culture to enhance sensitivities, especially to steroids like testosterone (Penaloza et al., 2009). Our group is currently working to obtain a mirror culture originating from female donors. During embryonary stages, RPE cells originate from neuroectoderm, following common steps in the differentiation until reaching its final form, an epithelial-type cell. For this reason, RPE cells share many features with astrocytes and neurons (Bharti et al., 2011). This similarity was used to convert RPE cells into photoreceptors, a specialized type of neuron (Liang et al., 2006). Currently, exploration of this alternative from iPS cells is underway (Shrestha et al., 2020), and transdifferentiation of RPE cells, such as our ABC cells, into photoreceptors may offer a simpler option for cellular replacement therapies.
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Diabetic retinopathy (DR) is one of the major complications of diabetic eye diseases, causing vision loss and blindness worldwide. The concept of diabetic retinopathy has evolved from microvascular disease into more complex neurovascular disorders. Early in the disease progression of diabetes, the neuronal and glial cells are compromised before any microvascular abnormalities clinically detected by the ophthalmoscopic examination. This implies understanding the pathophysiological mechanisms at the early stage of disease progression especially due to diabetes-induced metabolic alterations to damage the neural retina so that early intervention and treatments options can be identified to prevent and inhibit the progression of DR. Hyperglycemia has been widely considered the major contributor to the progression of the retinal damage, even though tight control of glucose does not seem to have a bigger effect on the incidence or progression of retinal damage that leads to DR. Emerging evidence suggests that besides diabetes-induced hyperglycemia, dyslipidemia and amino acid defects might be a major contributor to the progression of early neurovascular retinal damage. In this review, we have discussed recent advances in the alterations of key metabolites of carbohydrate, lipid, and amino acids and their implications for neurovascular damage in DR.
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INTRODUCTION

Diabetic retinopathy (DR) is one of the most common diabetic eye diseases, which causes preventable vision impairment and blindness worldwide. According to a recent report, approximately 537 million people are diabetic worldwide, over one-third have signs of DR, and nearly 1 in 10 have vision-threatening levels of DR, including severe non-proliferative DR pro-liferative DR (PDR), and diabetic macular edema (DME) (Federation, 2021; Teo et al., 2021). These estimates are expected to rise further due to the increasing prevalence of diabetes, aging global population, lifestyle changes, and growing lifespan of people living with diabetes (Teo et al., 2021). Current treatments such as laser surgery and intraocular injection of anti-VEGF agents only target the advanced stage of DR, including ME and PDR. These treatments are temporarily effective and usually do not promote tissue repair and sometimes can impair vision; in some patients, the retinopathy continues to progress (Narayanan et al., 2013). Therefore, a better understanding of the pathogenesis of DR in the early stages of the disease would permit the development of more efficient strategies against the progression of DR.

Over the last two decades, the concept of diabetic retinopathy has evolved from microvascular disease into more complex neurovascular diseases in which neurodegeneration plays a significant role in the very early stages of the disease. Retinal neurodegeneration has been found to trigger vascular injury which leads to diabetic retinopathy at the later stages of diabetes (Feng et al., 2009; Moran et al., 2016). However, the exact reasons for neuro-vascular cell damage early in the diabetic retina are not well known.

Retina being highly metabolic active sensory tissue demands an increased amount of energy metabolites for maintaining energy homeostasis and neurotransmitter regulation for normal vision (Kern, 2014; Liu and Prokosch, 2021). However, diabetes disrupts several of those energy metabolites in the retinas of diabetic patients and rodents both systemically and locally. Diabetes-induced hyperglycemia, dyslipidemia, and defects in amino acid metabolism are crucial factors in disturbing the energy metabolism. Numerous studies, suggest that the pathogenesis of DR is potentially related to elevated levels of numerous metabolites of glucose, lipids, and amino acids (Ola and Alhomida, 2014; Chou et al., 2020; Yumnamcha et al., 2020) as depicted in Figure 1. Those metabolites may include advanced glycation end products, polyols, hexosamines, excitatory amino acids; glutamate, homocysteine, branched-chain amino acids, cholesterol, polyunsaturated fatty acids, and sphingolipids; whose dysregulated levels may cause neurodegeneration in the diabetic retina by increasing oxidative stress and decreasing neurotrophic support, leading to the progression of DR. In this review, we have highlighted the role of potential metabolites which play a significant role in the pathophysiology of retinal damage in diabetes and more specifically in the neuronal cells damage in retinas and that have been correlated with DR progression. This article would provide a better understanding and guidance to researchers in fostering further research and contributing to the understanding of metabolic stress in DR.


[image: Figure 1]
FIGURE 1. Schematic diagram summarizes diabetes-induced pathological defects in the carbohydrate, lipid, and amino acid metabolism, leading to increases in oxidative stress, activation of apoptosis, and inflammation that may contribute to retinal cell damage and diabetic retinopathy.



Dysregulated Glucose Metabolism

The retina is one of the highest energy-demanding tissues of the human body, and it relies almost exclusively on glucose as its energy source. Therefore, maintenance of euglycemia is critical for normal vision and regulating energy homeostasis in the retina. Glucose homeostasis is tightly controlled by the interplay between glycolysis, Krebs cycle, and oxidative phosphorylation. Many glucose intermediates are produced through the glycolytic pathway, including glucose-6-phosphate, Fructose-6-phosphate, dihydroxyacetone phosphate (D), and glyceraldehyde 3-phosphate, 3-phosphoglycerate, and phosphoenolpyruvate. Under physiological conditions, the retina, similar to the brain depends on the glycolytic pathway to obtain a significant amount of energy and also maintain a steady-state concentration of glycolytic intermediates (Chinchore et al., 2017). However, increased flux through glycolysis, which is commonly seen under diabetic conditions, results in glycolytic overload, which leads to an abnormal increase in the concentrations of glycolytic intermediates that can be shunted into different damaging pathways such as polyol, hexosamine, protein kinase C (PKC) pathways, and advanced glycation end products (AGEs) as shown in Figure 2 (Yumnamcha et al., 2020). The activation of these damaging pathways leads to an increase in oxidative stress either by the generation of reactive oxygen species (ROS) or by decreasing the level of antioxidants, as summarized below.


[image: Figure 2]
FIGURE 2. The schematic diagram shows the mechanism by which glycolysis intermediates overload under diabetic condition and activates the damaging pathway of polyol, hexosamine, PKC, and AGEs, that lead to diabetic retinopathy. PKC, protein kinase C; AGEs, advance glycation end-products.




Polyol Formation

Under physiological conditions, glucose is phosphorylated by an enzyme called hexokinase; however, when there is excess glucose uptake, this enzyme becomes saturated, and any excess glucose is shunted into the polyol pathway. The polyol pathway involves the conversion of glucose into sorbitol, and the reaction is catalyzed by aldose reductase. Unlike under diabetic conditions, the high activation of the polyol pathway could enhance oxidative stress because aldose reductase requires NADPH as a cofactor, thereby reducing the NADPH level, which is a necessary cofactor for regenerating the intracellular antioxidants. In addition, NADPH is a cofactor for glutathione reductase, which converts oxidized glutathione (GSSG) to the critical cellular reductant, reduced glutathione (GSH). Furthermore, NADPH is required for many anabolic pathways such as nitric oxide and fatty acid synthesis, however, NADPH consumption in the aldose reductase pathway under diabetic conditions causes a harmful effect on the biosynthesis process of these molecules in the retina (Thakur et al., 2021).

Polyol pathway activation has been found in various retinal cells, such as retinal ganglion cells (RGC), and Müller cells under hyperglycemic conditions and in nerve fibers in diabetic patients (Dagher et al., 2004). Many studies have proved that sorbitol is increased in the retina of diabetic animals and diabetic patients (Dagher et al., 2004; Lorenzi, 2007; Ola et al., 2012). The increased levels of sorbitol through the polyol pathway can alter the osmotic pressure of the membrane and cause osmotic stress, which causes electrolyte imbalance, hydration and membrane damage (D'Andrea et al., 2020; Thakur et al., 2021). Additionally, polyol pathway activation in the retina of diabetic rats shows increased lipid peroxidation products and depletion of antioxidant enzymes, suggesting that retinal cells and more specifically neuronal cells might be more prone to oxidative stress induced by the polyol pathway early in diabetes (Ola et al., 2018). Furthermore, recent studies showed that the aldose reductase inhibitors helped to slow DR progression (D'Andrea et al., 2020; Thakur et al., 2021).




ACTIVATION OF HEXOSAMINE PATHWAY

The hexosamine biosynthesis pathway is activated as an alternative to the glycolysis pathway by shunting hyperglycemia-induced overproduction of fructose-6-phosphate to glucosamine-6-phosphate by fructose-6- phosphate amidotransferase (GFAT), and further to uridine-5-diphosphate (UDP)-N-acetylglucosamine (UDP-GlcNAc), which is essential to the formation of O-linked glycoproteins (Du et al., 2000). Alternative O-linked glycoprotein can have diverse effects on cell function and survival by disrupting gene expression of several proteins in the retina, especially in neurovascular cells (Fülöp et al., 2007). Under the diabetic condition, activation of the hexosamine pathway contributes to the pathogenesis of DR by blocking the neuroprotective effect of the insulin/Akt signaling pathway that leads to increases retinal neuronal cell death (Kim et al., 2016). It also promotes retinal ganglion cell death in the retina of diabetic rodents by increasing O-GlcNAcylation of the NF-κB p65 subunit and its activation [reviewed in Yumnamcha et al. (2020)]. In addition, recent research found increased production of UDP-N-acetyl glucosamine under diabetic conditions. This product of the hexosamine pathway competes with phosphorylation at post-translation modification sites on transcription factors and disrupts the regulation of inflammatory responses that generally occurs through transcription growth factor-β (Yumnamcha et al., 2020). Thus, the activation of the hexosamine pathway under diabetic conditions leads to neurodegeneration in the retina, specifically through the activation of pro-inflammatory transcription factors.



ACTIVATION OF PROTEIN KINASE C PATHWAY

Under hyperglycemic conditions, the high intracellular glucose concentration induces a de novo pathway of diacylglycerol (DAG) synthesis from glucose to glycerol 3-phosphate, which forms glycerol phosphate (Geraldes and King, 2010; Giacco and Brownlee, 2010). DAG activates different isoforms of protein kinase C (PKC) within the cell, which play an essential role in the pathogenesis of DR by several mechanisms. First, activation of PKC by DAG causes retinal vascular dysfunctions and pericyte losses which is the principal hallmark of the pathogenesis of microvascular damage in DR. Second, the accumulation of DAG under diabetic condition activates PKC-β, which increase the expression of endothelium-derived vasoactive factors such as endothelin-1(ET-1), vascular permeability, and angiogenesis as well as an increase in vascular endothelial growth factor (VEGF) that affect the blood flow in the retina. Third, the increased production of DAG as a result of hyperglycemia under diabetic conditions also activate PKC-δ, which induces pericyte loss through; increasing oxidative stress by activating nuclear factor-B (NF-κB) and upregulating the expression of a protein tyrosine phosphatase, to weaken the critical survival signaling pathway of platelet-derived growth factor (Yumnamcha et al., 2020). Therefore, PKC activation might be partly responsible for some of the pathologies in DR.


Advanced Glycation End Products

Diabetes-induced high intracellular glucose concentration causes accumulation of the production of advanced glycation end products (AGEs). Increased AGEs formation has been found in retinal blood vessels of diabetic patients and animals and in human serum and vitreous of diabetic patients, which correlate with the severity of retinopathy (Ola et al., 2012). AGEs exert their cellular effects on cells by activating their receptor, RAGE, which contributes to activating the NADPH oxidase system and increasing the production of intracellular ROS (Rains and Jain, 2011). The ROS produced, in turn, increases VEGF, monocyte chemoattractant protein- 1 (MCP-1), and intercellular adhesion molecule-1 (ICAM-1) expression in microvascular endothelial cells, thus leading to leukostasis and breakdown of BRB (Ola et al., 2012). AGEs also induce apoptosis and inflammation by activating NF-κB, with a simultaneous increase in the ratio of Bcl-2/Bax, and activity of caspase-3, a key enzyme in the execution of apoptosis of pericytes (Ola and Nawaz, 2012).

Although hyperglycemia is known to cause a higher risk for the development and progression of DR, however, tight control of glucose does seem to improve the incidence or progression of DR. Even aggressive intervention to improve glycemia may raise the possible increased risk of the retinal damage (Ipp and Kumar, 2021). Our studies including a few others suggest that hyperglycemia per se might not cause oxidative stress in the diabetic retina and cultured retinal cells (Ola, 2021). Therefore, it is imperative that dysregulated metabolites of lipids and amino acids, other than high glucose might be other major metabolic factors that might implicate in the pathophysiology of early retinal damage in DR.



Lipid Metabolism in Diabetic Retinopathy

The retina is a heavily energy-consuming tissue used for several processes, including phototransduction, visual pigment recycling, and synaptic activity. However, Cohen and Noell (1960), reported that almost 65% of the CO2 produced from the TCA cycle by the retinas is not derived from glucose, which implies that the oxidation of non-carbohydrate carbons is also used to meet the retinal high energy demand (Joyal et al., 2018; Millman et al., 2019). Furthermore, several studies recently found that lipid oxidation acts as another energy source for the retina (Joyal et al., 2016). In addition, for decades numerous research has highlighted the significant role of lipids in retinal function by transferring many signaling through membrane proteins. Retinal lipids also play an essential role in the visual cycle and converting all-trans-retinal to 11-cis retinal (Zemski Berry et al., 2014). Additionally, very long-chain polyunsaturated fatty acids (VLC-PUFA), such as docosahexaenoic acid (DHA), are disproportionately abundant in the retina compared with other tissues (Zemski Berry et al., 2014). The levels of DHA affect the fluidity, flexibility, and thickness of any membrane. Furthermore, the large amount of DHA in the retina permits efficient conformational changes in rhodopsin (Zemski Berry et al., 2014). It is now well known that modifications in fatty acid metabolism can affect various retinal functions and contribute to retinal diseases that lead to visual loss.

Abnormalities in retinal lipid metabolism occur early during diabetes. Diabetic dyslipidemia produces a deleterious effect on the retina. Dyslipidemia is characterized by abnormal circulating of triglycerides, high-density lipoproteins (HDL), low-density lipoproteins (LDL), cholesterol, and polyunsaturated fatty acids. Dyslipidemia in DR is summarized in a series of reviews as depicted in Figure 3 (Busik et al., 2012; Hammer and Busik, 2017; Fu et al., 2019; Chou et al., 2020; Busik, 2021), and here we have focused on hypercholesterolemia, PUFA, and sphingolipids in DR.


[image: Figure 3]
FIGURE 3. Schematic diagram of the central role of dyslipidemia in endothelial cell damage, pericyte loss as well as a neuronal defect in diabetic retinopathy. Dyslipidemia in diabetes induces oxidative stress, apoptosis, and inflammation that contribute to the retinal neurovascular damage in DR.




Hypercholesterolemia

Cholesterol levels in the retina are affected by several factors, including systemic delivery, local biosynthesis, and cholesterol elimination (Hammer and Busik, 2017; Busik, 2021). The inner blood-retinal barrier (inner BRB) is created by complex tight junctions of retinal capillary endothelial cells, which, when intact, are impervious to cholesterol. However, the breakdown of inner BRB in DR could lead to the non-specific entry of lipoprotein particles into the retina, increasing retinal cholesterol levels (Busik, 2021). The outer BRB, formed by the retinal pigmented epithelium (RPE) cells, which contain the Low-Density Lipoprotein Receptor (LDLR), allows for cholesterol transport into the retina obtained from the diet or produced by the liver (Hammer and Busik, 2017). After uptake by the RPE, cholesterol is exported by ABCA1- and ABCG1-transporters either back to the liver in a multi-step process by reverse cholesterol transport or to the neural retina. In addition to exporting cholesterol, both RPE and neural retina metabolize cholesterol to more soluble oxysterols that rapidly diffuse to the systemic circulation by cytochrome P450s (CYPs) enzymes 27A1, and 46A1, key enzymes in cholesterol elimination (Hammer and Busik, 2017; Busik, 2021). Obstructing control of cholesterol metabolism pathways can cause retinal cholesterol accumulation, negatively affecting normal retinal function.

Several studies demonstrated that increased cholesterol levels pass through BRB in the diabetic retina compared to the non-diabetic retina (Fliesler et al., 1993; Hammer and Busik, 2017). In addition, abnormal cholesterol elimination in the diabetic retina leads to hypercholesterolemia increasing non-enzymatic oxidation and glycation (Hammer and Busik, 2017). Oxidized and glycated LDL induced retinal pericyte loss and oxidized LDL immunocomplexes in diabetic retinopathy (Fu et al., 2014). In addition, numerous studies have described the neurotoxic effects of hypercholesterolemia by induced amyloid-beta peptide accumulation (Rao et al., 2021). Elevated levels of Ab peptide in the retina lead to increased production of ROS which has deleterious effects on retinal ganglion cells (Rao et al., 2021). Furthermore, hypercholesterolemia produces several oxidized byproducts such as 7-ketocholesterol (7-kCh) that result in retinal damage. 7-kCh is a potent pro-apoptotic and inflammatory agent shown to activate caspases, p38, MAP/ERK, and AKT-PKCz-NF-kB (Hammer and Busik, 2017; Rao et al., 2021). Activation of the MAP/ERK pathway increases oxidative stress, inflammation, and apoptosis in retinal neurovascular cells (Rao et al., 2021). In addition, activation of the NF-kB pathway by 7kCh facilitates the expression of many cytokines that result in an inflammatory response (Rao et al., 2021). Furthermore, Yang et al. (2019), found that injecting rat retina with 7KCh mainly deposited in the retinal pigment epithelial (RPE) cells and induced marked photoreceptor apoptosis (Yang et al., 2019). Increasing evidence has suggested a positive correlation between hypercholesterolemia and the risk and the severity of hard exudate among diabetic patients (Chou et al., 2020). In addition, the diabetic patients with higher circulating LDL-C were also more inclined to suffer from diabetic retinal hard exudate. Furthermore, lipid-lowering dietary therapy studies demonstrated regression of retinal hard exudates and beneficial effects toward amelioration of the progression of DR (Busik et al., 2012).



Polyunsaturated Fatty Acid (PUFA)

Both systemic and retinal-specific fatty acid profiles are affected by diabetes, especially DHA, the most abundant PUFA in the retina. Several animal and cell culture studies demonstrated that the DHA has anti-inflammatory by inhibiting cytokine-induced NF-κB activation, nuclear translocation, adhesion molecule expression, and anti-apoptotic effects in the retina and retinal cells (Busik et al., 2012). In addition, DHA contributes to cholesterol homeostasis in the retina by incorporation into phospholipids of caveolar membrane microdomains and displacement of cholesterol from these microdomains as essential mechanisms of the anti-inflammatory effects of DHA in the human retinal endothelial cells (HREC) (Busik et al., 2012). However, diabetes has been found to reduce levels of DHA in both the diabetic retina and plasma, with a concomitant increase in pro-inflammatory omega-6 PUFA that was found to contribute to the development of DR (Tikhonenko et al., 2013). In vivo experiments revealed that a diet rich with a DHA at the recommended levels is protective against capillary loss in the animal model of diabetic retinopathy. In both type 1 and type 2 diabetic animal models, a DHA-rich diet entirely prevented retinal vascular pathology by inhibiting acid sphingomyelinase (ASM) in the retina and endothelial progenitor cells (EPCs), leading to simultaneous suppression of retinal inflammation and correction of EPC number and function (Tikhonenko et al., 2013). In addition, several studies demonstrated that increased dietary intake of DHA prevents vascular pathology through inhibition of ASM in the retina, leading to an inhibition of retinal endothelial cell activation by inflammatory cytokines and reducing pathological retinal angiogenesis (Busik et al., 2012).



Sphingolipids

Diabetes has also been shown to affect sphingolipid metabolism (Fox et al., 2006; Hammer and Busik, 2017). Sphingolipids are a class of biologically active lipids that have essential roles in regulating tissue development, cell death, inflammation, adhesion, and migration (Hammer and Busik, 2017). One of the primary intermediates involved in sphingolipid metabolism is known as ceramide. This intermediate is a potent messenger in stress signaling and pro-apoptotic sphingolipid that accumulates in endothelial and immune cells (Hammer and Busik, 2017). Ceramide is mainly synthesized through the breakdown of sphingomyelin by sphingomyelinases. There are three types of sphingomyelinases classified depending on the pH optimum, acid, neutral, and alkaline. The alkaline form is only expressed in the gut, while acid and neutral sphingomyelinases are ubiquitously expressed in most tissues (Busik et al., 2012). Both acid and neutral sphingomyelinases are expressed in the retina (Opreanu et al., 2011). Evidence suggests that the ASM is activated by diabetes (Busik et al., 2012; Tikhonenko et al., 2013; Hammer and Busik, 2017). Activation of ASM leads to higher sphingomyelin-ceramide conversion causing retinal endothelial damage in the diabetic retina, macrophage, and microglial activation, and circulating angiogenic cell dysfunction (Hammer and Busik, 2017). In addition, inhibition of ASM in the retina has been shown to prevent diabetes-induced vascular degeneration and cytokine-induced pro-inflammatory changes (Busik et al., 2012).



Amino Acid Metabolism in the DR

Amino acids (AAs) and their metabolites play a critical role in retinal health and function (Pow, 2001). They are not only used for protein synthesis, but some amino acids act as a significant neurotransmitter in the retina (Pow, 2001; Bui et al., 2009). In addition, the central nervous system, including the retina, requires amino acid and nitrogen balance, however, any changes in the AA metabolism can cause neurological dysfunction and irreversible damage. Many studies have reported altered amino acid levels in serum and retina in DR patients and DR models of rodents (Diederen et al., 2006; Narayanan et al., 2013; Ola et al., 2013). Altered glutamate, glutamine, arginine, tryptophan, BCAA, and homocysteine metabolism have been found to have a greater impact on DR as depicted in Figure 4 (Ola et al., 2013, 2019). Metabolic abnormalities of these amino acids lead to an increase in oxidative stress, and inflammation and induce apoptosis, thus inducing neuroretina damage in diabetes as discussed below.


[image: Figure 4]
FIGURE 4. Flow diagram depicting the effect of dysregulated level of amino acid within the diabetic retina. Dysregulated levels of homocysteine, serine, BCAA, arginine, and glutamate cause elevating the glutamate levels in the extracellular space within the retina, which can cause neuro-vascular damage in diabetic retinopathy.





EXCITATORY AMINO ACIDS (GLUTAMATE)

Glutamate is a major neurotransmitter in the retina and acts as a precursor for gamma-aminobutyric acid (GABA), an inhibitory neurotransmitter, and glutathione, an endogenously antioxidant; therefore, any changes in glutamate metabolism in the retina have a more significant effect on neuroretinal functioning (Pow, 2001). Photoreceptors, bipolar, and ganglion cells in the retina release glutamate, during light stimulation under the regular state and activate the N-methyl-D-aspartate receptor (NMDA). This Glu receptor is expressed in most cells of neuro-retinal cells (Shen et al., 2006). The activation of NMDA leads to depolarizing of the neuronal cells and increases the influx of calcium and sodium ions into the cell (Shen et al., 2006). However, prolonged exposure of neurons to glutamate leads to cell death by elevating the intracellular Ca2+ that subsequently generates free radicals and induces apoptosis in the neuronal cells (Ola et al., 2013). Glu receptors' activation control is achieved by Glu clearance from the synaptic cleft by glutamate transporter proteins expressed on both neurons and Müller cells (Ishikawa, 2013). Within neurons, glutamate can be recycled, while in Müller cells, glutamate is inactivated by conversion to less toxic metabolites such as glutamine and alpha-ketoglutarate through the glial L-glutamate/L-aspartate transporter (GLAST), which is expressed in the Müller cells, and glutamine synthetase (GS), which is described in the cytoplasm of Müller cells (Bringmann et al., 2013). All of this maintain the requisite glutamate homeostasis in the retina after excitation. However, many lines of evidence demonstrate a defect controlling systems of Glu levels in the diabetic retina (Gowda et al., 2011; Ishikawa, 2013). Considerable evidence indicates an increase in Glu levels in the vitreous and retina of diabetic patients with PDR and experimental animal models of diabetes (Diederen et al., 2006; Ishikawa, 2013; Ola et al., 2019). The elevated levels of Glu in the diabetic vitreoretinal are thought to be mediated by the dysfunction of glutamate transporters on retinal Müller cells and possibly, due to the decreased expression of glutamine synthase (Li and Puro, 2002; Ishikawa, 2013). Lau et al. (2013), reported a significant decrease in the expression of glutamate transporter SLC1A3 gene encoding GLAST protein, leading to the decreased removal of glutamate from the synaptic space due to impairment of the glutamate transporter function of Muller cells. Besides the elevated level of Glu in the DR, it also has been observed the high expression of NMDA in experimental diabetes (Smith, 2002). Furthermore, it has been reported that excessive retinal glutamate excitotoxicity contributes to the upregulation of (VEGF) production in diabetic retinas, which is known to induce microcirculatory abnormalities such as disruption of the (BRB) or an increase in the vascular permeability in the advanced stage of DR (Cervantes-Villagrana et al., 2010; Kusari et al., 2010; Ishikawa, 2013). In addition, Kusari et al. (2010), demonstrated that the elevation of VEGF expression and BRB breakdown in STZ-induced diabetic rats is blocked by the NMDA receptor channel blocker and uncompetitive antagonist memantine (Kusari et al., 2010). This explains the relationship between the excitotoxicity and the induction of VEGF in the linking neurodegeneration with vascular impairment in DR. Furthermore, high levels of oxidative stress in diabetics have been proven to be associated with increased glutamate levels, which in turn directly contributes to DR (Narayanan and Shosha, 2019). Glutamate toxicity has been related to the inhibition of glutamate/cystine antiporter activity, which imports cystine to export glutamate outside the cell (Lewerenz et al., 2013). Cystine is required to synthesize the potent intracellular antioxidant glutathione (GSH). When Glu concentration is high outside the cell leads, it inhibits cystine uptake, depleting GSH synthesis in neuronal cells and inducing oxidative stress and apoptosis (Lewerenz et al., 2013). Several studies have also reported decreased GSH levels in diabetic retinal cells and increased oxidative stress (Al-Dosari et al., 2017; Ola et al., 2019).


Arginine

L-Arginine is metabolized to nitric oxide (NO) and L-citrulline by NO synthases, and to urea and L-ornithine by arginase where the latter is further metabolized to form proline, polyamines, and glutamate. There is some evidence supporting the role of arginase in retinal inflammation, neurotoxicity, pathological angiogenesis, and retinal vascular dysfunction (Narayanan et al., 2013; Hou et al., 2021). Increased arginase activity, elevated expression of arginase, and decreased levels of L-arginine have been reported in plasma of diabetic animals and patients. Several studies have shown that increases in arginase activity are involved in diabetes and high glucose-induced dysfunction of the aorta, coronary and retinal arteries. Increases in arginase activity and arginase expression in neurovascular cells are associated with increased formation of superoxide, increased expression of inflammatory genes, and attachment of leukocytes to the retinal vessels (Elms et al., 2013; Narayanan et al., 2013; Patel et al., 2013; Fouda et al., 2020) High arginase activity leads to the uncoupling of nitric oxide synthase. Uncoupled NOS reacts with molecular oxygen to form superoxide, which will respond rapidly with any available NO to create peroxynitrite, a highly reactive inflammatory and toxic oxidant. Peroxynitrite causes cellular injury either through direct oxidative reactions with lipids, DNA, and proteins or indirect, radical-mediated mechanisms. In addition, inhibiting nitric oxide synthase (NOS) has been shown to prevent diabetes-induced vascular dysfunction implying that reactive nitrogen species play a crucial role in the DR pathology (Elms et al., 2013; Narayanan et al., 2013). Furthermore, in vivo experiments revealed that the long-term oral administration of L-citrulline offered protection against hyperglycemia-induced retinal vasodilator dysfunction by stimulates nitric oxide (NO) biosynthesis via the recycling of L-citrulline to L-arginine (Mori et al., 2015, 2021).

In addition, arginase catabolizes L-arginine to form proline, polyamines, and glutamate. The catabolic products of glutamate and polyamine oxidation have been linked to retinal ganglion cell death due to excessive activation of the excitotoxic NMDA receptors, which can induce more oxidative stress and DNA damage (Narayanan et al., 2013). Furthermore, polyamines have been implicated in neurovascular dysfunction in the retina. Polyamine production is further metabolized to spermine and spermidine (Narayanan et al., 2013; Narayanan and Shosha, 2019). Nicoletti et al. (2003), reported that the level of spermidine and spermine was increased in vitreous samples from patients with proliferative retinopathy, suggesting their involvement in retinopathy (Nicoletti et al., 2003). In addition, in the retinal arterioles, spermine inhibits potassium efflux via inwardly rectifying potassium channels, causing it to limit vasodilator responses and is enhanced in microvessels isolated from the diabetic retina.



Branched Chain Amino Acid

BCAAs (valine, leucine, and isoleucine) are essential amino acids needed for protein synthesis, cells' energy needs, and signaling molecules. They are required for growth and development and act as nutrient signals and nitrogen donors for neurotransmitter synthesis and glutamate/glutamine cycling in the brain and retina (LaNoue et al., 2001; Conway and Hutson, 2016). Many reports have consistently demonstrated increased plasma BCAA levels related to obesity, insulin resistance, and diabetes in human studies and experimental rodents during the last decade (Bloomgarden, 2018). Besides, our lab and a few recent metabolomics investigations have shown significant changes in the levels of BCAA in the retina of diabetic animals and the vitreous of diabetic patients with proliferative diabetic retinopathy (Gowda et al., 2011; Bloomgarden, 2018; Ola et al., 2019). In addition, many neurological disease studies found that the build-up of BCAAs in the brain is neurotoxic to cells by increasing glutamate production, which induces excitotoxicity and neuronal death in the brain through mechanisms of NMDA receptor activation. In addition, the antiepileptic drug gabapentin, which is known to inhibit BCAT, an essential enzyme in the BCAA metabolism, has proved successful in reducing caspase-3 activity, a significant marker of oxidative stress, and reducing the increased levels of ROS in the diabetic retina (Ola et al., 2019). Thus, diabetes-induced altered BCAAs metabolism seems to be the potential in damaging neuroretina.



Serine

Serine is a non-essential amino acid but essential in cellular homeostasis, proliferation, and differentiation (Sinha et al., 2020). Free serine is necessary for generating cysteine, glycine, and sphingolipids, which are critical in synthesizing porphyrins/purine nucleotides, glutathione, sphingomyelin formation, respectively (Sinha et al., 2020). Serine metabolism is central to maintaining redox/oxidative balance, ion flux, glutamate levels, and other support functions. Emerging evidence has demonstrated a correlation between serine deficiency and systemic diabetes (Holm and Buschard, 2019; Sinha et al., 2020). Reduced serine levels and increased D-serine have been implicated in the etiology of DR (Ozaki et al., 2018; Sinha et al., 2020). D-serine, the racemization of L-serine forms an enantiomer of L-serine by serine racemase (SRR) in Müller cells. D-serine has been found to have a high affinity for binding and activation of NMDA receptors in the retina (Sinha et al., 2020). Therefore, the elevated levels of D-serine contribute to the glutamate toxicity effect in the retinal environment and induce cell death in RGCs.



Homocysteine

Homocysteine is a sulfur-containing non-proteinogenic amino acid, and its high levels are associated with various ocular complications, including secondary glaucoma optic atrophy, age-related macular degeneration (AMD), and DR (Ola et al., 2013). Homocysteine is biosynthesized from methionine by S-adenosyl-methionine synthetase in the presence of vitamin B12 and folate as cofactors. Homocysteine formed can either be remethylated back to L-methionine by methylenetetrahydrofolate reductase (MTHFR) and/or trans-sulfuration by cystathionine β-synthase (CBS) to form cysteine, an essential amino acid for the biosynthesis of glutathione (GSH) (Kowluru et al., 2020). Hyperhomocysteinemia in diabetic complications has been associated with impaired activities of CBS and MTHFR, along with deficiencies in folate and vitamin B12 (Kowluru et al., 2020). Naggar et al. (2002), demonstrate that hyperglycemia reduces the expression and activity of the folate transporter and decreases the folate level in the retina, which could have implications for the pathology of DR (Naggar et al., 2002). In addition, supplementation with folic acids and vitamin B is more effective in reducing homocysteine levels and maintaining homocysteine metabolism.

The elevated level of Hcy has a toxic effect on neuronal cells in both the brain and retina. A recent meta-analysis demonstrated an association between high Hcy levels and increased risk of diabetic retinopathy (Lei et al., 2018). In addition, hyperhomocysteinemia in DR has been associated with vitamin-B12 deficiency. In vitro and in vivo studies have also demonstrated vital roles for elevated homocysteine levels in apoptotic mechanisms leading to ganglion cell loss (Moore et al., 2001; Ganapathy et al., 2009). Several studies have shown that the neurotoxic effects of homocysteine are also associated with the activation of Glu receptors and cause excitotoxicity of retinal ganglion cells in the diabetic retina (Ola et al., 2013). A case study reported a high level of Hcy caused by methionine synthase deficiency demonstrated decreased rod function and RGC loss as determined by ERG and visual evoked potentials, which reflect homocysteine's cytotoxic impact on neurons of the visual pathway (Poloschek et al., 2005).

Additionally, more recently metabolomics approaches have been used by Sun and coworkers for plasma metabolic profiles in patients with DR to better understand the mechanism of this disease and the disease progression. Out of several differentially expressed metabolites associated with DR, a risk score based analysis identified pseudouridine to be strongly associated with the occurrence of DR. Furthermore, circulating plasma metabolites; glutamate, leucylleucine, and N-acetyltryptophan were found to be differentially expressed between patients with PDR and evaluated to be significantly related to PDR (Sun et al., 2021). The same group also identified arginine and carnitine metabolites which are altered in the plasma of DR patients. These metabolites can also be used as biomarkers in the disease progression (Sumarriva et al., 2019).




CONCLUSION AND FUTURE PERSPECTIVES

Diabetic retinopathy is well recognized as a neurovascular disease. The pathophysiology of neurovascular damage is extremely complex, nevertheless, diabetes-induced metabolic disorders are considered the major initiating factors that damage both neuronal and vascular components of the retina. Besides diabetes-induced hyperglycemia, emerging evidence suggests a potential role of dyslipidemia and metabolic defects of amino acids that induce the early neurovascular retinal damage in the DR. However, the connections between diabetes-induced metabolic profiling changes and the exact pathways leading to the development of retinal pathology are still unknown. New tools are becoming available for metabolic profiling studies including specific metabolic enzyme inhibitors, antibodies, and animal genetic models to elucidate the metabolic defects. These strategies would contribute to creating a better understanding of the mechanism of diabetes-induced metabolic damage to allow the development of therapeutic options for the prevention and treatment of the neurodegenerative disease as in the case of DR.
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Severity of corneal Observation

calcification

0.5 Calcification visible. Multiple observations needed to
confirm presence of calcification.

1.0 Calcification approaches edge of constricted pupil but did
not overlap

1.8 Calcification bordered constricted pupil

2.0 Calcification ended within constricted pupil

2.5 Calcification crossed half of constricted pupil

3.0 Calcification crossed at least three—fourths of constricted
pupil

Measurements were obtained weekly in all mice beginning at 20 weeks of age.
Large calcifications across the top or bottom of pupil were down-graded by 0.5
points and severely opaque or vascularized small calcifications were upgraded by
0.5 points.
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All DBA2J eyes (n = 48)

Thickness 0.42 0.004

Perimeter length 0.36 0.01
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DBA/2J eyes at 6 months (n = 10)

Thickness —0.45 0.19

Perimeter length —0.69 0.03

Intensity —0.54 0.11

Area —0.64 0.048

DBA/2J eyes at 9 months (n = 20)

Thickness 0.23 0.33

Perimeter length 0.27 0.25

Intensity 0.19 0.42

Area 0.39 0.09

DBA/2J eyes at 12 months (n = 18)

Thickness 0.33 0.20

Perimeter length 0.02 0.94

Intensity 0.36 0.16

Area 0.07 0.78

Eyes with ocular hypertension (n = 14)

Thickness —0.29 0.32

Perimeter length —0.19 0.51

Intensity 0.33 0.26

Area 0.52 0.057

All DBA/2J-Gpnmb™*/SjJ eyes (n = 47)

Thickness 0.16 0.29

Perimeter length 0.01 0.85

Intensity 0.26 0.08

Area —0.01 0.93

DBA/2J-Gpnmb™/SjJ eyes at 6 months (n = 10)

Thickness —0.65 0.04

Perimeter length —0.54 0.11

Intensity —0.36 0.31
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DBA/2J-Gpnmb™/SjJ eyes at 9 months (n = 17)
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Perimeter length 0.03 081
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DBA/2J-Gpnmb™*/SjJ eyes at 12 months (n = 20)
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Area 0.30 0.20

IOR intraocular pressure.
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Gene SNP Risk allele RAF Exposed to famine Unexposed Interaction Effect size heterogeneity
OR (90% Cl) OR (90% CI) p P Qep
ADRA2A rs10885122 G 0.86 3.67 (1.77-7.63) 0.45 (0.28-0.71) 0.003 94 0.00006*
PCSK9 rs2479409 G 0.35 2.27 (1.26-4.06) 0.59 (0.37-0.94) 0.021 89 0.00313
PROX1 rs340874 ¢} 0.50 0.54 (0.32-0.89) 1.57 (1.05-2.35) 0.045 87 0.00642
CYP2C19*2 rs4244285 A 0.13 2.87 (1.23-6.68) 0.48 (0.23-0.99) 0.040 86 0.00826

All subsequent episodes of exposure to famine were combined covering the period before 1950 (exposed to famine) and after 1950 (unexposed). The odds ratios are
obtained from interaction analyses of risk variants (additive model) and famine exposure adjusted for sex, age, and diabetes duration. The influence of genetic variants on
the risk of advanced diabetic retinopathy in individuals that had been born exposed or not exposed to famine was verified using odds-ratio heterogeneity Q-statistics and
quantified using P-value. RAF, risk allele frequency. *Significant after adjustment for the multiple testing using Bonferroni correction (p < 0.05).
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Gene SNP Risk allele RAF Exposed to famine Unexposed Interaction
OR (90% CI) P OR (90% CI) P P
ADRA2A rs10885122 G 0.94 3.13(1.12-13.2) 0.0265 0.94 (0.18-17.4) 0.953 0.368
PCSK9 rs2479409 G 0.68 0.91 (0.59-1.42) 0.674 1.48 (0.46-5.37) 0.522 0.455
PROX1 rs340874 C 0.41 0.78 (0.51-1.17) 0.236 1.26 (0.44-3.69) 0.661 0.401
CYP2C19*2 rs4244285 A 0.31 0.61 (0.37-0.96) 0.0325 0.51(0.08-1.71) 0.308 0.814

The odds ratios are obtained from interaction analyses of risk variants (additive model) and famine exposure adjusted for sex, age, and diabetes duration. ADVDR,

advanced diabetic retinopathy; RAF, risk allele frequency.
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Bold font indlicate the best performing regression model and its corresponding RSME.
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3333
50
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Commercially available formulas

Nutrient AREDS* AREDS2 B&L B&L B&L Ocuvite Alcon Systane I-Caps Alcon Systane I-Caps Biosyntrx Eye and Body Eye Science Macular
Preservision Preservision Eye Health AREDS AREDS 2 Complete Health Formula
AREDS AREDS2
Vitamin C 400 mg 400 mg 226 mg 250 mg (ascorbic 150 mg (ascorbic 2226 mg (ascorbic acid) 250 mg (ascorbic acid) 251 mg (ascorbic acid and 500 mg (ascorbic acid)
(ascorbic acid)  acid) acid) ascorbyl palmitate)
Vitamin E 400 IU 400 IU 90 mg (dl-alpha 90 mg (dl-alpha 20 mg (d-alpha 120 IU (dl-alpha tocopheryl 200 IU (d-alpha tocopherol 15 IU (d-alpha tocopheryl 400 IU (d-alpha tocopheryl
tocopherol tocopherol tocopherol) acetate)/80 IU (d-alpha acetate) succinate and mixed succinate)
acetate) acetate) -tocopheryl acetate) tocopherols), 15 mg mixed
tocotrienols
Beta-carotene” 15 mg - 4296 mcg - - 14320 1U s 1000 IU (retinyl palmitate) s
Copper (cupric 2mg 2mg 0.8 mg (cupric 1 mg (cupric 1 mg (copper 0.8 mg (cupric oxide) 1 mg (cupric gluconate) 0.25 mg (copper sebacate) 2 mg (copper gluconate)
oxide)*™ oxide) oxide) oxide)
Lutein = 10 mg = 5 mg (marigold 5 mg (marigold = 5mg 10 mg 10 mg
flower extract) flower extract)
Zeaxanthin = 2mg = 1 mg (marigold 1 mg (marigold = 1mg 3.13 mg zeaxanthin 2mg
flower extract or  flower extract) isomers, 2.13 mg
paprika fruit zeaxanthin 3R, 3'R
extract)
Zinc 80 mg 80 mg 34.8 mg (zinc 40 mg (zinc 9 mg (zinc oxide) 34.8 mg (zinc oxide) 12.5 mg (zinc oxide) 12.5 mg (zinc 40 mg (zinc oxide)
oxide) oxide) monomethionine)

Omega-3 fatty -
acids

250mg (160 mg - -
EPA, 90 mg DHA)

*Not recommended for smokers. **Added to avoid zinc-related copper deficiency. Formulas are based on the NEI-funded Age-Related Eye Diseases Studies (AREDS and AREDS2). Supplements that are made from
entirely natural sources contain d-alpha-tocopherol. This also is referred to as RRR-alpha-tocopherol. D-alpha-tocopherol is the most bioavailable form of alpha-tocopherol, meaning it’s the type that is preferred for use
by your body and is better absorbed and utilized than other forms. Dl-alpha-tocopherol is a synthetic form of alpha-tocopherol. This synthetic form of alpha-tocopherol is less bioavailable than the d-alpha-tocopherol
and is only half as potent, notes the Oregon State University, Linus Pauling Institute. This form of alpha-tocopherol is frequently found in nutritional supplements and fortified foods. Conversion: 1 mg of alpha-tocopherol
is equivalent to 1.49 international units (IU) of the natural form (d-alpha tocopherol) or 2.22 U of the synthetic form (dl-alpha tocopherol), 1 mg of beta carotene equals 1667 IU.
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Function

transport under normal physiological conditions
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transport under fasting conditions

transport under normal physiological conditions

binds hydrophobic molecules and may be involved in the transport of vitamin E
across the blood-brain barrier
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Pretreatment and treatment x os
Quercetin 100 mg/kg/day
Naringenin 100 mg/kg/day
Naringenin — Quercetin: 50 mg/kg/day - 100 mg/kg/day
Vehicle DMSO 0.025 %

B Total number of experimental animals

Treatment N. animal treated Western Blotting | PCR — Real Time | Immunohistochemistry
n. right retina n. left retina n. Whole retina

Quercetin 100 mg/kg/day

Naringenin 100 mg/kg/day 12 6 11% 6 6
Naringenin — Quercetin: 12 6 6 6 6
50 mg/kg/day - 100

mg/kg/day

Vehicle DMSO 0.025 % 12 6 6 6 6
Unexposed/untreated 7 6 6 1

healty control
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SIRT4
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B-tubulin
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Type of Antibody

Rabbit polyclonal

Rabbit polyclonal

Abcam  Ab243664
Donkey anti-mouse

Dilution

1:100 (IHC)
1:1000 (WB)
1:1000 (WB)
1:100 (IHC)
1:1000 (WB)
1:100 (IHC)
1:1000 (WB)
1:100 (IHC)
1:1000 (WB)
1:1000 (WB)
1:1000 (WB)

Mw

36kDa

32kDa
37kDa
42kDa
57kDa

50kDa
36kDa
55kDa
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RRID =

IHC = immunohistochemical; WB = Western blot; kDa = kilo Dalton.

Research Resource Identification number; W = Molecular weight;
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Anti-rabbit (Alexa Fluor 568)
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Mouse monoclonal
Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal

Goat polyclonal

Mouse monoclonal
Rabbit polyclonal

Mouse monoclonal
Rabbit polyclonal

Company

Sigma-Aldrich
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Sigma-Aldrich
Sigma-Aldrich
Merck Millipore

Work dilution

1:1000
1:500
1:500
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1:1000
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1:5000
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