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Abstract Ocular cells like, retinal pigment epithelium (RPE) is a highly specialized pigmented
monolayer of post-mitotic cells, which is located in the posterior segment of the eye between
neuro sensory retina and vascular choroid. It functions as a selective barrier and nourishes
retinal visual cells. As a result of high-level oxygen consumption of retinal cells, RPE cells
are vulnerable to chronic oxidative stress and an increased level of reactive oxygen species
(ROS) generated from mitochondria. These oxidative stress and ROS generation in retinal cells
lead to RPE degeneration. Various sources including mtDNA damage could be an important fac-
tor of oxidative stress in RPE. Gene therapy and mitochondrial transfer studies are emerging
fields in ocular disease research. For retinal degenerative diseases stem cell-based transplan-
tation methods are developed from basic research to preclinical and clinical trials. Transla-
tional research contributions of gene and cell therapy would be a new strategy to prevent,
treat and cure various ocular diseases. This review focuses on the effect of oxidative stress
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in ocular cell degeneration and recent translational researches on retinal degenerative dis-
eases to cure blindness.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

The ocular cell system is comprised of the eye and its visual
system. Atypical cell proliferation and regulation within the
ocular cell system contributes to the developmental dis-
orders. Retinal pigment epithelium (RPE) cells are a
cuboidal monolayer of non-neuronal epithelial cells of the
neurosensory part of the retina located between the pho-
toreceptors and choroidal capillaries. It provides many
important functions for the conversion of light energy to
electrical signals by the photoreceptors for the visual pro-
cess. It forms tight junction between cells and it enables
passage of selective molecules between choroidal blood
and neural retina.1 Degeneration of retinal epithelial cells
cause severe vision loss and studies suggest that oxidative
stress in the retinal cells is the major factor for RPE
degeneration. Oxidative stress is an imbalance between
generation of reactive oxygen species (ROS) level and
detoxification of the reactive intermediates leads to
cellular damage. There are several types of ROS such as
superoxide anion, hydroxyl radical, singlet oxygen, and
hydrogen peroxide (H2O2) that can be generated from
different cellular compartments; and mitochondria is the
major source of ROS generation in the cells.2 Due to the
high oxygen consumption of retinal cells and phagocytic
nature of RPE cells oxidative stress is more prompt in RPE
cells.3 Due to the lack of histones and not well organized
mitochondrial DNA (mtDNA) repair system mtDNA is more
susceptible to oxidative damage by ROS than nuclear DNA
(nDNA).4,5 mtDNA damage is considered as a biomarker for
oxidative stress. Oxidative stress from various sources
damages RPE cells and choroid capillaries. RPE degenera-
tion happens through various cellular events and ultimately
these processes induce apoptosis and reduction in RPE layer
which lead to several ocular diseases and vision loss.6

Mitochondrial transfer studies using termed tunnelling
nanotubes (TNTs) is an emerging research area in which it
can promise the rescue of mitochondrial dysfunctional
damaged cell by the mitochondrial transfer from normal
cells. For retinal degenerative diseases, lot of stem cell-
based cellular therapeutics have been proposed by re-
searchers. Mitochondrial transfer studies, stem cell and
gene therapy based researches all together may offer novel
and successful ways of treating retinal degenerative dis-
eases and severe blindness.
Retinal Pigmented Epithelial cells

Retinal Pigmented Epithelial cells are monolayer of polar-
ized epithelial cells7 situated between photoreceptors and
the choroid vasculature, derived from outer layer of the
optic cup. The polarized organization of the RPE mediates
important support functions to the neural retina and
maintains access to the choroidal blood supply. They form a
blood-retinal barrier and are essential for the function and
viability of the photoreceptor cells, however, the number
varies in different animals.8,9 Nutrient transport as well as
the directional secretion of growth factors across the RPE
helps to maintain the function of photoreceptors and cho-
roids. RPE cells complement several pigments, such as
melanin, lipofuscin, and flavins, which absorb excess light
and protect the neuroretina from phototoxicity.10 RPE cells
are phagocytic in nature but are not replaced, unlike other
phagocytes and thus, any inefficiency in the degradation
pathway can remain over the life of the organism. By
keeping this in knowledge, Sparrow and Boulton proposed
that such inefficiencies might lead to pathogenesis and age-
related visual impairment.11 Recently Roni et al suggested
that the degeneration of the RPE cells might lead to the
death of macular photoreceptors.12 Recently, advanced
RPE transplantations became a potential cell based therapy
for ocular diseases.13
Oxidative stress molecules and its influence in
the retina

Oxidative stress is essentially an imbalance between the
production of free radicals and the ability of the body to
counteract or detoxify their harmful effects through
neutralization by antioxidants. Oxidative stress is caused by
the production of ROS, including superoxide anion (O2

�∙),
hydroxyl radical (�OH), H2O2, and singlet oxygen (O2). ROS
and reactive nitrogen species (RNS) are highly reactive
molecules acting in modifying proteins, nucleic acids, car-
bohydrates and lipids, often resulting in dysfunction of the
biomolecule. At a physiological level, ROS and RNS can
function as signaling molecules in crucial regulatory path-
ways including cell proliferation, gene expression and
apoptosis.14 However, ROS/RNS levels above physiological,
or an imbalance in the oxidant/antioxidant ratio, can have
significant pathophysiological consequences.15 In partic-
ular, O2

�∙ and �OH with an unpaired electron are also known
as free radicals. H2O2 exhibits a low reactivity, but it can
penetrate cell membranes, including the inner and outer
membranes of mitochondria. Therefore, H2O2 can react
with cellular iron and generate hydroxyl radicals, the most
reactive form of oxygen, through the Fenton reaction:
H2O2 þ Fe2þ / ∙OH þ eOH þ Fe3þ.

Oxidative stress plays a vital role in developing retinal
diseases. The retina is one of the highest oxygen consuming
tissues in the human body.16 The highest oxygen level falls
dramatically across the outermost retina, creating a large
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gradient of oxygen towards the retina and inner segments
of the photoreceptors which contain high levels of poly-
unsaturated fatty acids. Aging, gene abnormalities, and
excess exposure to exogenous oxidative stressors (e.g., a
light exposure) increase oxidative stress in the eye. The
retina is located in an environment that is primed for the
generation of ROS which results in oxidative damage.
However, oxidative damage is normally minimized by the
presence of a range of antioxidant and efficient repair
systems. But as age increases oxidative damage increases,
antioxidant capacity decreases and the efficiency of
reparative systems become impaired whichresults in retinal
dysfunction and cell loss leading to visual impairment.

ROS and mitochondria

ROS can be derived from several enzymatic and oxidation
reactions. O��

2 is the proximal mitochondrial ROS. In the
mitochondrial respiratory chain, the electrons are trans-
ported chiefly from complexes I and III and up to 2% of
electron leakage happens before reaching to complex IV.
This process results in the formation of O��

2 by incomplete
reaction with oxygen in a one electron reduction.17 Under
hypoxic conditions, this process is not performed to
completion, resulting in an increased production of O��

2 .
Super oxides are membrane impermeable and super oxide
dismutase (SOD) convert it into non radical, membrane
permeable H2O2. Mitochondrial generated H2O2 is further
reduced to produce hydroxyl radical �OH. This highly toxic
hydroxyl radical reacts with several metabolites and in-
duces oxidative stress in cells.18

ROS and cigarette smoking

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX) is the source of ROS, derived primarily from
O2
�∙, through enzymatic reactions. Nitric oxide (NO) is

produced by the sequential oxidation/reduction of L-argi-
nine to L-citrulline by nitric oxide synthase (NOS), which
exists in the form of inducible NOS (iNOS), neuronal NOS
(nNOS), and endothelial NOS (eNOS). NO can react with O��

2

and form peroxynitrite (ONOO�) which has a highly potent
oxidizing and nitrosating ability. This reaction prompts
eNOS uncoupling, resulting in an increase in the formation
of O��

2 .
Cigarette smoke is known as one of the exogenous

sources of ROS. Cigarette smoke is a complex mixture of
more than 4000 chemical substances. The agents present in
cigarette smoke are generally subdivided into particulate
and gaseous phases. The major components of the partic-
ulate phase are tar and nicotine. Nicotine and cadmium are
multiple ROS producers. Nicotine is an attractive candidate
molecule to explain an association of smoking with several
diseases. It has been shown to be mitogenic for vascular
endothelial cells and smooth muscle pericytes, to reduce
apoptosis of vascular endothelial cells, and to induce the
formation of capillary tubes. Nicotine promotes nitric oxide
(NO) production and cadmium that accumulates preferen-
tially in the RPE and choroid and increases ROS production.
NO is produced by the sequential oxidation/reduction of L-
arginine to L-citrulline by nitric oxide synthase (NOS), which
exists in the form of inducible NOS (iNOS), neuronal NOS
(nNOS), and endothelial NOS (eNOS). NO can react with O2

�∙

and form peroxynitrite (ONOO�) which has a highly potent
oxidizing and nitrosating ability. This reaction prompts
eNOS uncoupling, resulting in an increase in the formation
of O��

2 . The gaseous phase is composed primarily of carbon
monoxide, carbon dioxide and NO. Cigarette smoke tar
contains numerous pro-oxidant compounds within the
quinone family. Within these, hydroquinone, a benzene
derivative, is an abundant oxidant in nature, found in
processed foods, plastic containers, and atmospheric pol-
lutants. High levels are detected in the plasma and urine of
smokers. In addition, cigarette smoke extract (CSE) has
been shown to induce alterations to mitochondrial integ-
rity, increase in lipid peroxidation, and significant human
RPE cell death. Excess light exposure is also included as a
source of ROS. The energy contained in a photon of light
changes electron orbitals and can break bonds directly.
Fatty acids in retina

Besides the effect of oxidative stress and ROS, long chain
(LC) poly unsaturated fatty acids (PUFAs) and docosahexa-
enoic acid (DHA), a member of w-3 LC-PUFAs, has a role in
CNS diseases. They are primarily concentrated in the ner-
vous system, particularly in retinal photo receptors and
synaptic membranes. The presence of six double bonds
between carbon atoms in its polyene chain (CZC), easily
undergoes non-enzymatic oxidation and fragmentation
during lipid peroxidation and form numerous toxic prod-
ucts. In other words, PUFAs, especially long-, or very long-
chain fatty acids, are targets of oxidative stress-mediated
lipid peroxidation. Lipid peroxidation thus contributes to
a chain reaction implicated in the generation of a variety of
very reactive highly cytotoxic molecules. Retina, is rich in
LC-PUFAs, particularly with DHA, which is very sensitive to
oxidative damage and, unlikely to brain, retina is subjected
to high level exposal to light, which can produce photo-
chemical damage. Lipofuscin formation is another stress
related mechanism occurring particularly in retina. The
retinal lipofuscin is formed and accumulated by RPE cells as
a consequence of both visual process taking place in
photoreceptor-RPE functional complex and metabolic
insufficiency of RPE lysosomal compartment.
Oxidative stress and mitochondrial dysfunction
in RPE and in other ocular cells

RPE cells are composed of various pigments, such as
melanin, lipofuscin, and flavins, which absorb excess light
and protect the neuro-retina from phototoxicity.10

Furthermore, RPE cells secrete growth factors and addi-
tional immunosuppressive factors to protect ocular tissues
from damage.19 Thus any inefficiency in one or more of the
above RPE processes can cost for ocular health and vision.
In an in vivo mice model, RPE has been associated with
mitochondrial oxidative stress that led to metabolic
dysfunction in RPE and photoreceptor cells.20 In ARPE-
19 cells, sodium iodate induced oxidative stress was re-
ported to be inhibited by ROS mediated autophagy and
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mitochondria that minimized RPE cell death.21 Recent
studies strongly implicate oxidative stress as an unvarying
threat to the structural and functional integrity of RPE.21

The experimental studies on the effects of oxidative
stress in RPE have been summarized in Table 1.

The sources of oxidative stress are miscellaneous. Pri-
marily, the high O2 saturation levels and flow rate in cho-
riocapillaris contribute to high O2 tension in the RPE cells.
Long-term sunlight and blue light (475 nm) exposure causes
free radical stress and photooxidation respectively to RPE
biomolecules including pigments.22,23 Another source of
intracellular oxidative stress is the age-dependent accu-
mulation of lipofuscin, which is considered as an aging
pigment in RPE.24 Young RPE cells can competently dispose
lipofuscin by targeting it to lysosomal degradation. How-
ever, the lysosomal pathways and capacity to eliminate
lipofuscin gets diminished as we age. As a result, this waste
material builds up and produces free radicals in RPE cells.25

These various sources of free radical stress can
contribute to deleterious effects inside the cells. The
intracellular free radicals trigger large-scale damage to RPE
biomolecules such as proteins, lipids, and DNA and finally
promoting destruction of the RPE mitochondrial network.
The study by Haijiang et al, (2011) showed that RPE cells
from the macula have greater mtDNA damage and dimin-
ished repair capacity with respect to the cells from pe-
ripheral region. Thus, RPE in AMD is associated with
increased mtDNA damage and decreased mtDNA repair.
Their study found out that the mtDNA damage and reduced
repair capacity, in macular RPE cells, are associated with
aging and AMD pathogenesis.26 Thus, mtDNA damage is the
second factor of oxidative stress in RPE. Studies in diseased
postmortem eyes deliver that the accumulation of mtDNA
mutations in RPE can be related to free radical stress.27e29

Recent investigations pointed out that oxidative stress in
RPE induce an antioxidant response within mitochondria.
The analysis by Cano et al (2014) showed that mitochondria
can protect RPE from oxidative stress.30 Oxidative stress is
caused by many factors which damages RPE cells and cho-
riocapillaris. The pathology begins from the modification of
various compounds in photoreceptors. As a result they get
shed in the form of photoreceptor outer segments (POS).
These POS are phagocytosed by RPE cells thereby results in
damage and leads to dysfunction in cell metabolism.
Deposition of toxic photoproducts further increases the
amount of ROS thus damages mitochondria, lysosome, etc.
which in turn elevates the insoluble or undigested materials
in the form of lipofuscin. This process, referred to as lip-
ofuscinogenesis, induces apoptosis and reduction in RPE
cells in RPE layer. When the number of RPE is reduced, POS
gets stored in between RPE layer and Bruch’s membrane as
drusen. This process is called drusogenesis, which stimu-
lates inflammation and causes neovascularization and
aggravateswith age leading to progression of the dis-
eases.6,31,32 In a mice model, RPE cells with high glucose
conditions increase the level of oxidative stress.33 In RPE
cell lines, increase in oxidative stress leads to RPE cell
death with dysregulates endogenous antioxidants.34,35 In
human fetal RPE and sodium iodate (NaIO3) mouse models,
toll-like receptor-2 caused oxidative stress and RPE dam-
age.36 Recently, a review on the molecular mechanisms to
determine the role of oxidative stress in ocular cells has
been reported.37 Table 2 shows the studies on oxidative
stress effects in RPE cells.

Corneal epithelial cells are the outer most layer of
cornea and it consist of several layers. It protects from
outer environment and it is transparent to reflect light
properly. ROS generation and oxidative stress in corneal
cells have been involved in the pathogenesis of various eye
diseases including photokerato, conjunctivitis, photo-
keratitis, pingueculae and pterygia, cataract, glaucoma,
and macular degeneration.38 Mitochondrial dysfunction and
oxidative stress are the major reasons for inherited and
acquired corneal diseases. Imbalance between the pro-
duction of ROS and antioxidant capacity of the corneal cells
is the main reason for oxidative stress in the cornea.
Accumulation of ROS or RNS in the cornea affects various
functions of corneal cells like signal transduction, cellular
proliferation and promote cell death.39 Major transcription
factors such as Nrf2 and p53 are highly involved in the stress
responses of cornea. Nrf2 regulates antioxidant defense
mechanism and p53 regulates cell cycle arrest, apoptosis,
senescence and DNA repair.40

Due to the post mitotic nature of corneal endothelial
cells it is more predominant with accumulation of damaged
mtDNA. In the dry eye disease, mitochondrial damage has
been involved in corneal epithelial cell death and the dis-
ease state induces apoptosis of these cells through cyto-
chrome C mediated by apoptotic pathway.41 Kearns-Sayre
Syndrome (KSS) is rare neuromuscular disorder resulting
from the deletion of 5 kb mtDNA. mtDNA mutation dysre-
gulate corneal endothelial function and corneal trans-
parency which leads to visual impairment. Ocular diseases
such as keratoconus, Fuchs Endothelial Corneal Dystrophy
(FECD) and KSS are associated with mitochondrial
dysfunction and oxidative stress in the corneal cell.42

Retinal Ganglion Cells (RGC) are the retinal neurons, the
innermost layer of the retina which convey information
directly to the brain. As a result of light exposure, retina is
more vulnerable to oxidative stress. During aging, retinal
mitochondrial function reduces and it causes notable in-
crease in ROS generation.43 Oxidative stress in RGC has
been the major reason for many ocular neurodegenerative
diseases. Oxidative stress and mitochondrial dysfunction
leads to the loss of RGC and optic nerve dysfunction which
cause neurodegenerative diseases such as glucoma, Leber’s
Hereditary Optic Neuropathy (LHON) and progressive
external ophthalmoplegia (PEO). Oxidative stress is the
major reason for pathogenesis of glaucoma and it is evident
from both the animal and human studies that assessed ROS
production, antioxidant levels and oxidative damage
markers to macromolecules which are observed under glu-
comatous condition. Elevated intraocular pressure (IOP) in
glaucoma condition induces oxidative stress in retina and
optic nerve. Many valid evidences show oxidative stress and
mitochondrial dysfunctions in various ocular cells and have
been the contributing factors to several diseases.
Oxidative stress and Nrf2 signaling

The nuclear factor E2-related factor 2 (Nrf2) is the master
regulator of antioxidant transcription factor and Nrf2 defi-
ciency has been associated with various disease processes



Table 1 Overall studies depicting in vitro and in vivo findings of oxidative stress on RPE.

S.No Country/
Region

Study Objective Method used Effects References

1 California,
USA

in vitro To validate the RPE cell culture
in AMD Pathology

➢ Cell culture
➢ Morphological analysis

Cytology of human RPE cells are assessed
and found as perfect model to study
early stages of AMD.

150

2 Boston, USA in vitro To characterize the super oxide
mechanisms and toxicity
prevention.

➢ Cell culture
➢ Examined porcine
RPE cultures to PMA and to L-
dioctanoylglycerol.

in vitro release superoxide and possibly
H2O2 of RPE may be subject to
regulation. Future studies on in vivo
recommended.

151

3 Minnesota,
USA

in vitro To understand the role of zinc
in the pathogenesis and
prevention of AMD.

➢ Flat mounts analysis of tis-
sues - fluorescence and
confocal microscopy.

➢ Histology.

ZPP1 is a superior probe for the
detection of zinc in sub-retinal epithelial
deposits in human and murine tissue.

152

4 Washington,
USA

in vitro To determine causative
pathways which contributes to
AMD

➢ RPE and fibroblasts culture
➢ Differentiation of iPSCs to

RPE
➢ Immunostaining
➢ Cell viability
➢ Microscopy imaging
➢ PCR
➢ Western blot
➢ Karyotyping

The SIRT1/PGC-1a pathways contribute
to AMD.

153

5 Florida, USA in vitro To study POS phagocytosis by
RPE from AMD and the effect of
hUTC on RPE phagocytosis, and
the mechanisms involved.

➢ Cell culture
➢ Immunofluorescence
➢ hUTC isolation and culture
➢ RNA sequencing.

RPE phagocytic dysfunction in AMD and
the ability of hUTC to treat the
dysfunction were analysed.

154

6 California,
USA

in vitro To investigate the molecular
mechanism of wound stimulus
in RPE cells.

➢ Fetal RPE culture
➢ Microarray
➢ RNA sequencing
➢ Bioinformatics
➢ Real-time qPCR
➢ Immunocytochemistry

In RPE cells, insistent mesenchymal state
with wound stimulus is driven by lasting
activation of the TGFb pathway

155

7 Singapore in vitro To develop hPSC-derived RPE
production and purification
system that yields high-quality
RPE monolayers.

➢ Maintenance of human ESCs
and iPSCs

➢ Cell culture
➢ Immunocytochemistry
➢ Microscopic analysis
➢ ELISA

Pure functional RPE monolayers from
hPSC using simplified 2D cultures along
with RPE PLUS protocol were developed.

156

8 Japan in vitro To develop a microfluidic co-
culture model of the ocular
fundus tissue in a challenge to
elucidate AMD pathology.

➢ Device fabrication
➢ Cell culture
➢ Characterisation of cells
➢ Image processing

Developed a microfluidic that study the
development of diseases compounds
that stimulate or inhibit the angiogenesis
process.

157
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9 New York,
USA

in vitro To study the impact of iron and
cigarette smoke, on POS
processing and its consequence
for autofluorescent material
accumulation in human RPE
cells.

➢ Cell culture
➢ Characterisation of cells
➢ Bio chemical analysis on

cultured cells
➢ Cell viability
➢ Staining
➢ Immunocytochemistry

Both environmental factors together inn
under study can impair POS processing
and leads to increased autofluorescent
material accumulation in hiPSC-RPE.

158

10 USA in vitro To investigate the potential use
of fucoidan for the treatment
of exudative AMD.

➢ Cell culture
➢ MTT assay
➢ Proliferation assay
➢ Scratch assay
➢ Phagocytosis assay
➢ Immunocytochemistry

Fucoidan is safe for RPE cells and making
it an interesting molecule for further
studies in AMD.

159

11 London, UK in vitro To systematically develop and
validate a reliable method to
isolate RPE cells from adult
rats.

➢ RPE culture
➢ Immunochemistry
➢ Quantification of RPE

marker expression in RPE
cell culture

Developed an efficient method for the
rapid and easy isolation of high
quantities of adult rat RPE cells

160

12 Maryland,
USA

in vitro To study the role of Cryba1
gene in the EMT of RPE cells.

➢ Human RPE Cell culture
➢ Generation of Cryba1 knock

out animal.
➢ Culture of OCM3 cell line
➢ RNA isolation and RT-PCR
➢ Microarray
➢ Immunofluorescence
➢ Immunohistochemistry
➢ Transfection studies
➢ Co-immunoprecipitation
➢ Western blot
➢ Wound healing and cell

migration assay

Targeting Cryba 1 mutations is a
potential therapeutic method for AMD.

161

13 Washington,
USA

in vitro To provide an evidence for
altered autophagic function in
the pathophysiology of AMD in
an in vitro cellular model

➢ SNPs genotyping
➢ Immunostaining
➢ Real time PCR
➢ Microscopic analysis
➢ Cell viability assay
➢ ROS measurement
➢ Biochemical assays

The autophagy was selectively
dysregulated in AMD

162

14 California,
USA

in vitro To understand the molecular
mechanism behind the AMD by
transcriptome analysis.

➢ Donor eye tissue and RNA
purification

➢ Identification of disease
modules enriched in protein
eprotein associations

➢ RPE-choroid interactome

Discovered novel global biomarkers,
phenotype-specific gene sets, and
functional networks associated with
AMD.

163

(continued on next page)
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Table 1 (continued )

S.No Country/
Region

Study Objective Method used Effects References

➢ Retina interactome
➢ Compilation of AMD-

associated genes
15 New Jersey,

USA
in vitro To develop a model to evaluate

RPE transplantation onto
human Bruch’s Membrane

➢ RPE cell culture
➢ Microscopic analysis

The adherence property of RPE to
normal and diseased human BrM were
studied.

164

16 California,
USA

in vitro To investigate the expression of
HN in hRPE cells and its effect
on oxidative stresseinduced
cell death, mitochondrial
bioenergetics, and senescence

➢ RPE cell culture
➢ Localization of HN in RPE

cells.
➢ Protection of RPE Cells from

oxidative stress
➢ Uptake of FITC-labeled HN

peptide by hRPE cells and
co-localization with
mitochondria

➢ Detection of mitochondrial
superoxide

➢ Western blotting
➢ Quantification of HN levels
➢ DNA extraction and mtDNA

Copy Number measurement
➢ Counting mitochondria by

TEM
➢ Analysis of oxidative stress

einduced cellular
senescence

➢ Trans-epithelial resistance
measurements

Suggested HN as a potential therapeutic
method of AMD.

165

17 California,
USA

in vitro To develop a potential
therapeutic for both dry and
wet AMD by redesign a
complement-inhibiting
peptide.

➢ Peptide synthesis
➢ Hemolytic assay
➢ Apparent solubility

measurements
➢ RPE culture
➢ Immunofluorescence of sub-

RPE deposits
➢ Confocal imaging and

analysis
➢ Structural modelling

A novel peptide analog of compstatin is
developed that become a therapeutic for
the treatment of AMD.

166

18 Jerusalem,
Israel

in vitro
and in vivo

To analyse the
immunosuppressive property of
hESC-RPE

➢ Cell culture
➢ Immunofluorescence

Immune properties of hESC-RPE cells is
relevant and valuable for clinical
transplantation of hESC-RPE cells in

167
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➢ Co-culture of PBMCs with
RPE Cells

➢ Flow cytometry
➢ Cytokine quantification
➢ Determination of T-cell pro-

liferation and apotosis
➢ PCR
➢ Transplantation of hESC-RPE

cells into RCS rats and their
analysis in vivo

retinal degenerations caused by RPE
dysfunction

19 Switzerland in vitro
and in vivo

To investigate whether BMCs
can be induced to express RPE
cell markers in vitro and can
home to the site of RPE damage
after mobilization and express
markers of RPE lineage in vivo.

➢ Model of RPE degeneration
➢ RPE preparation
➢ Isolation of GFPþ Sca-1þ

BMCs
➢ Co-culture of GFPþ Sca-1þ

BMCs with RPE
➢ BMC mobilization
➢ FACS
➢ Immunocytochemistry

BMCs once mobilized have the ability to
respond to signals from damaged RPE,
migrate to the altered sub-retinal space,
and form a monolayer of cells that
express markers of RPE lineage.

168

20 Kentucky,
USA

in vitro
and in vivo

To gain the potentiality of RPE
cells to be regenerative
medicine by reprogramming of
differentiated somatic cells
into iPSCs

➢ Animals and cell
transplantation

➢ Primary RPE cell isolation
and iRPE stem cell
preparation

➢ Photoreceptor and RPE cell
differentiation

➢ Tumor formation in athymic
nude mice

➢ Visual OKR assessment
➢ Immunofluorescence
➢ Immunohistochemistry
➢ Real-time qPCR
➢ Affymetrix microarray
➢ Lentiviral shRNA
➢ Western blotting
➢ ChIP assay

By activate Hippo signaling pathway we
can prepare regenerative medicines
which is important in iRPESC
reprogramming.

169

21 Finland in vivo To investigate the role of NRF-2
and PGC-1a in the regulation of
RPE cell structure and function
by using global dKO mice.

➢ Genotyping of NRF-2 and
PGC-1a knockout mice

➢ Immunomapping
➢ Spectral imaging
➢ TEM analysis
➢ Vacuole area fraction
➢ Detection of lipofuscin-like

granules in the RPE cells

The study suggests that the NRF-2/PGC-
1a dKO mouse is a valuable model for
investigating the role of proteasomal and
autophagy clearance in the RPE and in
the development of dry AMD.

170
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Table 1 (continued )

S.No Country/
Region

Study Objective Method used Effects References

➢ Apoptosis assay
➢ Immunohistochemistry of ER

stress markers
➢ Flat mount and RPE size

analysis
➢ ERG recordings

22 Chinese
Mainland

in vitro To test the potentiality of
paeoniflorin to prevent H2O2-
induced oxidative stress in
ARPE-19 cells and to elucidate
the molecular pathways
involved in this protection.

➢ Cell culture and drug
preparation

➢ Cell viability assay
➢ Isolation of total RNA and RT

ePCR
➢ 4,6-diamidino-2-

phenolindole staining
➢ ROS measurement
➢ Caspase-3 activity

measurement
➢ Western blot

Paeoniflorin could protect human RPE
cells against H2O2-induced oxidative
stress.

171

23 California,
USA

in vitro
and in vivo

To understand the molecular
mechanism behind the
damages caused for RPE cells.

➢ in vitro human RPE cell
viability assay

➢ Fundus photography
➢ Retinal morphology

The study suggests a possible role for
viral dsRNA transcripts in the
development of GA and raise awareness
of potential toxicity induced by siRNA
therapeutics in the eye.

172

24 Madison,
Wisconsin

in vitro
and in vivo

To investigate the autonomous
impact of PEDF and TSP1 on
RPE cell function.

➢ Isolation and culture of RPE
cells

➢ FACS
➢ Cell proliferation studies
➢ Immunofluorescence
➢ Scratch wound assays
➢ Transwell migration assays
➢ PEDF and TSP1 re-expression

studies
➢ Cell adhesion assays
➢ Western blot
➢ Phagocytosis assays
➢ Proteasome peptidase

assays
➢ Capillary morphogenesis

assays
➢ RNA purification and real-

time qPCR analysis
➢ NO measurements

Demonstrated that PEDF and TSP1 play
key roles in RPE cell function and
subsequently in pathogenesis of AMD.
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➢ Whole mount staining
studies

➢ Assessments of ROS
25 Los Angeles,

USA
in vivo To describe the potential of a

peptide derived from aB
crystallin protein using a NaIO3

induced mouse model of GA

➢ Color fundus photography
➢ Quantification of retinal

degeneration from fundus
imaging

➢ Quantitative analysis of
fluorescence in color fundus
images

➢ Intra-vitreal
pharmacokinetics

➢ Pharmacokinetic analysis
➢ Retinal histology
➢ TUNEL staining
➢ Immunofluorescence

The study shows that crySI hold promise
as protective agents to prevent RPE
atrophy and progressive retinal
degeneration in AMD.

173

26 Durham, UK in vivo To generate a therapeutic
strategy against AMD, that
targets through systemic
administration of anti-Ab
antibodies.

➢ Animal Experiment
➢ Human Tissue Procurement
➢ Epitope Mapping
➢ hAPP Transfection
➢ Immunotherapy
➢ Histology
➢ Immunohistochemistry
➢ RPE Flat-Mount Preparations
➢ ELISA

The results support the feasibility of
immunotherapeutic strategies targeting
Ab as treatments for both early and
advanced stages of AMD, especially for
those patients in whom Ab deposition is a
feature of their disease.

174

27 Chicago,
USA

in vitro To better understand the
cellular and molecular bases
for the association between
smoking and AMD

➢ APRE-19 cell culture
➢ Viability assay
➢ Western blot
➢ LX-PCR
➢ Preparation of POS
➢ Phagocytic activity assay
➢ Cathepsin D enzyme activity

assay
➢ N-acetyl- b-glucosoamidase

enzyme activity
➢ RT-PCR
➢ Exposure to cigarette smoke

assay
➢ Immunohistochemistry
➢ Ultrastructural analysis

The cigarette smoking may be main
causative agent to genetic mutations
which contributes to the pathogenesis of
AMD in the elderly.

175

28 Newcastle,
UK

in vitro
and in vivo

To understand the pathology of
the disease and the role of
environmental, dietary, and
lifestyle factors.

➢ Human Donors
➢ iPSC Generation
➢ iPSC Characterization
➢ Karyotyping

The low- and high-risk AMD-RPE cells
respond very differently to UV exposure
and moreover this provides evidence for
UV mediated functional and cellular

176
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Table 1 (continued )

S.No Country/
Region

Study Objective Method used Effects References

➢ Generation of iPSC-RPE
➢ Western Blotting
➢ DNA extraction and

sequencing
➢ Quantitative RT-PCR
➢ RNA Sequencing
➢ Pigment bleaching
➢ Phagocytosis of rod outer

segments
➢ Immunofluorescence
➢ Trans-Epithelial Resistance
➢ TEM

improvement of AMD-associated cellular
changes in high-risk AMD-RPE cells.

29 Germany in vitro
and in vivo

To demonstrate the three-
dimensional epithelial cyst
culture of human pluripotent
stem cells leads to the
induction of polarized
neuroepithelia

➢ Maintenance of hESCs and
human iPSCs

➢ Differentiation of hESCs and
human iPSCs in the neuro-
epithelial cyst model

➢ Differentiation of RPE or
neural retina cells on trans-
well filters

➢ Transplantation
➢ Immunocytochemistry
➢ RT-PCR
➢ Electron microscopic

analyses
➢ Measurement of trans-

epithelial resistance
➢ Phagocytosis analyses using

retinal explant co-culture
model

➢ in situ hybridization on cyst
cryosections

The work highlights the cell biological
environment of pluripotent stem cells
while culturing can drastically improve
differentiation and the subsequent
efficacy of therapeutic outcomes.

177

30 New York,
USA

in vitro To compare the ability of
intraocular lenses IOLs as to
protect RPE cells from light
damage mediated by the
lipofuscin fluorophore A2E

➢ A2E accumulation in the
culture

➢ Illumination and placement
of IOL

➢ Detection of nonviable cells

A yellow-tinted IOL that simulates the
adult natural lens and protects
lipofuscin-containing RPE from blue light
damage may reduce the risk for or
progression of AMD

178

31 New York,
USA

in vitro To prepare a culture model for
AMD studies

➢ Primary fibroblast culture
➢ Feeder free and non-

integration reprogramming
method

Culture prepared by RPE derived from
patients with AMD act as a perfect model
for the future studies.
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➢ Immunofluorescence
➢ Differentiation of human

iPSCs into RPE cells
➢ TER
➢ Phagocytosis assay
➢ Flow cytometry
➢ Preparation of RPE cell-

derived ECM and nitrite-
modified ECM

➢ Cell attachment assay
➢ Measurement of mitochon-

drial function
➢ Microarray analysis

32 Florida, USA in vitro
and in vivo

To study the cellular
mechanisms linking oxidative
stress and inflammation in
AMD,

➢ Western blot
➢ RNA extraction and RT-PCR
➢ ELISA

The injured RPE cells may trigger
progression toward CNV in smoker
patients with dry AMD.

179

33 Maryland,
USA

in vivo To investigate the role of
chemokine receptor CXCR5 in
the pathogenesis of AMD.

➢ PCR genotyping
➢ Fundus examination with

the retinal-imaging
microscope

➢ Immunofluorescence stain-
ing of sections and whole-
mounts

➢ Toluidine blue, hematoxylin
and eosin staining

➢ Oil red O staining
➢ TUNEL assay
➢ TEM
➢ qPCR
➢ Western blotting
➢ ERG

CXCR5 itself may be involved in the
protection of RPE and retinal cells during
aging and its loss may lead to AMD-like
pathological changes in aged mice.

180

34 Germany in vitro To investigate the glycomic
changes associated with EMT of
RPE cells in vitro.

➢ Human Galectin-3:
expression, purification,
labelling and quality
controls

➢ Lectin blot analysis
➢ Flow cytometry
➢ Cell adhesion assay
➢ Cell spreading assay
➢ Silencing of Mgat5 expres-

sion by siRNA and Lenti-
CRISPR/Cas9

➢ Western blot

Provide the first evidence that EMT of
RPE cells in vitro confers glycomic
changes and that these changes are
associated with an increased
responsiveness to Gal-3.

181
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Table 1 (continued )

S.No Country/
Region

Study Objective Method used Effects References

➢ RNA isolation and RT-PCR
➢ Immunocytochemical Gal-3

localization
➢ Lectin histochemistry of

intact eyecups
35 Durham, UK in vivo To test the hypothesis that the

CFH H402 polymorphism
contributes to the
development of AMD

➢ ERG
➢ RPE flat mounts
➢ Electron microscopy
➢ RNA Isolation and RT-PCR of

CFH Tissues
➢ Western blots of CFH tissues
➢ Cholesterol measurement
➢ Lipoprotein fractionation

Demonstrated a functional consequence
of the Y402H polymorphism in vivo,
which promotes AMD-like pathology
development and affects lipoprotein
levels in aged mice.

182

36 New York,
USA

in vitro To determine the specific role
of RPE-autonomous dysfunction
in drusen biogenesis and ECM
alterations in maculopathies
affecting the RPEeECM
complex.

➢ Fibroblast culture
➢ Generation of hiPSCs
➢ Characterization of hiPSCs.
➢ CRISPR correction of DHRD

patient hiPSCs
➢ Screening and characteriza-

tion of CRISPR-corrected
hiPSCs

➢ hiPSC culture and differen-
tiation to RPE

➢ Electron microscopy
➢ Extracellular matrix

isolation
➢ Transepithelial resistance

measurement
➢ RPE culture treatments with

serum
➢ Western blotting
➢ Immunocytochemistry
➢ RT-PCR

Distinct complement pathway genes
were up-regulated in SFD, DHRD, and
ADRD hiPSC-RPE cultures, potentially
highlighting similar molecular change as
earlier reportings in distinct
maculopathies affecting the RPEeECM
complex.

183

37 California in vitro To develop an RPE cell culture
model that mimics drusen
formation and triggers
complement activation
associated with AMD

➢ RPE cell culture
➢ Immunohistochemistry
➢ Electron microscopy

Developed an RPE cell culture model
that mimics various aspects of AMD
pathology observed in humans.

184
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38 Durham, UK in vivo To investigate the role of
Complement factor H CFH in
the development of AMD
pathology

➢ Western blot
➢ Hemolytic Assay for the

functional measurement of
complement activity in
mouse plasma

➢ ERG
➢ Quantification of sub-RPE

deposits by electron
microscopy

➢ Analysis of RPE damage
based on flat-mount
quantification of
multinucleate cells

➢ Quantification of ONL thick-
ness and assessment of RPE
atrophy on toluidine blue
plastic sections

➢ Immunohistochemistry
➢ ELISA
➢ Peripheral blood and extra-

vascular RPE/choroid mono-
cyte analysis with flow
cytometry

➢ CFH and Lipoprotein binding
to heparin-sepharose beads

➢ Porcine RPE/BrM lipopro-
tein/CFH binding assays

➢ Aged human RPE/BrM
endogenous lipoprotein/
CFH competition assays

(i) CFH and lipoproteins compete for
binding to heparan sulfate in BrM,
leading to lipoprotein accumulation
and sub-RPE deposit formation

(ii) Detrimental complement activation
within sub RPE deposits leads to
recruitment of MNPs, RPE damage,
and visual function decline.

185

39 USA in vivo To cause mitochondrial damage
in RPE cells and test for AMD
characteristics

➢ Knockout Sod2 in mice
➢ SD-OCT
➢ ERG
➢ Immunohistochemistry
➢ RNA isolation and qPCR
➢ mtDNA copy number

analysis
➢ ATP measurement

Sod2 knockout decreased RPE function
with an increase in oxidative stress.

20

40 Taiwan
Region,
China

in vitro In ARPE-19 cell line, NaIO3 can
cause ROS production and its
effect in cell death.

➢ ARPE-19 culture
➢ Annexin V-FITC/PI assay
➢ ROS identification

NaIO3 induced cytosolic ROS production
and oxidative stress that resulted with
activating signalling pathways that

21
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624 M.D. Subramaniam et al.
caused by increased susceptibility to oxidative stress. Nrf2
pathway is a primary system employed by the RPE to
neutralize oxidative stress and maintain cellular homeo-
stasis. Nrf2 induces the expression of genes encoding ROS
neutralizing enzymes, detoxifying enzymes, molecular
chaperones, proteasome subunits, and enzymes essential
for intermediary metabolism.44 Nrf2 knockout studies in
mice reveals that Nrf2 deficiency may contribute to the
pathogenic conditions. In the absence of stressed Nrf2,
knockout mice are healthy, but under oxidative challenge
conditions they exhibit various phenotypes.45,46 Nrf2 defi-
cient mice manifest multiple age-dependent pathologies
like progressive RPE and Bruch’s membrane degeneration,
drusen deposits, lipofuscin accumulation, and decreased
electroretinography responses. Thus Nrf2 deficient mice
were characterized as a model of retinopathy.46 The studies
indicate that aging decreases the efficacy of the cytopro-
tective Nrf2 machinery, and in doing so, increases the
susceptibility of the RPE to oxidative damage.

In another study on comparing Nrf2 signaling in the RPE
of young (2 months) and old (15 months) mice under un-
stressed and stressed (sodium iodate) conditions. The aging
RPE expressed higher levels of the Nrf2 target genes NAD(P)
H:quinone oxidoreductase (NQO1), glutamate cysteine
ligase subunit M (GCLM), and heme oxygenase-1 (HO1)
compared with the RPE of younger mice under unstressed
conditions, suggesting an age related increase in basal
oxidative stress. Moreover, the RPE of older mice demon-
strated impaired induction of the protective Nrf2 pathway
following oxidative stress induced with sodium iodate. The
RPE of old mice exposed to sodium iodate also exhibited
higher levels of superoxide anion and malondialdehyde
than young mice, suggesting inadequate protection against
oxidative damage.47 The data indicates that the aging RPE
is vulnerable to oxidative damage due to impaired Nrf2
signaling, and that Nrf2 signaling is a promising target for
novel pharmacologic or genetic therapeutic strategies.

The transcriptional factor Nrf2 serves as the master
regulator of a highly conserved protective molecular
response to oxidative stress in all cell types, driving an
expression of a coordinated suite of several antioxidant
genes. Under basal conditions, Nrf2 physically interacts
with the negative regulator Keap1, which targets the Nrf2
protein for ubiquitination and proteasomal degradation
within the cytoplasm, thus, limiting its activity. However,
under conditions of oxidative stress, Keap1 undergoes a
conformational modification and releases Nrf2 for trans-
location to the nucleus where it binds to antioxidant
response elements (AREs), thus activating transcription of
its target genes, including GCLM, HO1, and NQO1.48 Nrf2
deficiency in in vivo increases susceptibility to oxidative
stress in all tissues, including RPE. For example, cigarette
smoke exposure induces more severe RPE damage in Nrf2�/
� mice when compared with wild type controls.45

Nrf2 activation of antioxidant defense system has neu-
roprotective effects on RGCs in neurodegenerative dis-
eases. There are several factors to induce Nrf2 for the RGC
protection like Sox2OT, serum protease factor (SPF), L-
carnithine, monomethyl fumarate (MMF), SNJ-1945, CDDO-
Im (2-Cyano-3,12-dioxooleana-1,9-dien-28-imidazolide),
Sulforaphane (SF), Lycium barbarum polysaccharides (LBP),
Limb remote ischemic conditioning (LRIC), MicroRNA-141,



Table 2 Studies on the effects of oxidative stress in RPE cells.

S.No Model Method Used Effect Of Oxidative Stress Reference

1 Mice � Cell proliferation assay
� Apoptosis assay
� Western blotting
� ROS assessments.

RPE cells were more migratory
under high glucose conditions.
High glucose condition increased
the level of oxidative stress and
has minimal effect on RPE cells
proliferation and apoptosis.

186

2 RPE cell lines � Cell transfection
� MTT assay
� ATP level assessment
� ROS detection
� Immunocytochemistry

Identified GAA as a potential
inhibitor of oxidative stress-
induced RPE cell death by
regulating FoxO3/SESN2 pathway

34

4 Human monocytic cell
lines, hfRPE and NaIO3
mouse models

� TUNEL staining
� Immunohistochemistry
� Western blot
� qPCR
� ELISA

TLR2 induces oxidative stress and
causes retinal degeneration.

36

5. Mice � SD-OCT
� Electroretinography
� Immunohistochemistry
� RT-PCR
� mtDNA copy number analysis
� ATP measurement
� Image quantifications

� Mitochondrial oxidative stress
� Mitochondrial damage
� RPE alterations (morphology,
function)

20

6. ARPE-19 cell line � Annexin V-FITC/PI assay
� ROS detection
� Western blot
� Oxygen consumption rate
assessment

� Mitochondrial imaging

� Sodium iodate induced
cytotoxicity.

� Mitochondrial fragmentation
� Autophagy inhibition

21

7 ARPE-19 cell line � Cell viability
� ROS measurement
� RNA isolation and microarray
� RT-qPCR
� Gene ontology
� Western blotting
� ATP assessment and proteasome
activity assay

� Imuunohistochemistry

� Storage of superoxide and
decreased ATP production

30

8 Human RPE cells from
AMD patients

� RPE cell culture
� H2O2 assessment
� mtDNA lesion and repair
measurement

� mtDNA mutations assessment
� Western blot analysis

� [mtDNA damage
� YmtDNA repair system
� mtDNA mutations were observed
in AMD patients

26

9. Human RPE cells from
AMD patients

� Electron microscopy
� Morphometry

� Y number of mitochondria
� Proliferation of peroxisomes and
lipofuscin

� Morphological alterations of RPE

28

10. Human RPE cells from
AMD patients

� DNA isolation
� LX-PCR
� qRT-PCR

� [mtDNA damage
� [mtDNA deletion

29

RPE: retinal pigment epithelium; ROS: reactive-oxygen species; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium; ATP:
adenosine triphosphate; SESN2: sestrin 2; FoxO3: Forkhead box O3 transcription factor; GAA: acetic acid; hfRPE: human fetal RPE;
NaIO3: sodium iodate; TUNEL: terminal deoxynucleotidyltransferasedUTP nick end labeling; qPCR: quantitative polymerase chain re-
action; ELISA: enzyme linked immunosorbent assay; SD-OCT: spectral-domain optical coherence tomography; RT-PCR: real-time poly-
merase chain reaction; mtDNA: mitochondrial DNA; TLR2: toll-like receptor 2; FITC: fluorescein isothiocyante; H2O2: hydrogen peroxide;
LX-PCR: long extension polymerase chain reaction.
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Hydrogen sulfide gas (H2S) donor drugs, R-a-lipoic acid (R-
LA), nipradilol, flavonoids and sulbutiamine. Induction of
Nrf2/Keap1/ARE signaling pathway is considered as one of
the main cell defense mechanisms against oxidative
stresses for neuroprotection in RGCs.49

Effects of oxidative stress in RPE

RPE undergoes oxidative stress due to external factors such
as smoking, ageing or light exposure. Various mechanisms
have been linked with RPE degeneration due to oxidative
stress but the major contribution is by autophagy, pro-
grammed cell death. Decreased autophagy causes an in-
crease in lipofuscin accumulation which induces photo-
oxidation that results in apoptosis and pyroptosis depending
upon NLRP3 (Nucleotide-binding oligomerization domain,
Leucine rich Repeat and Pyrin domain containing 3) acti-
vation and inactivation.50,51 This in turn degenerates RPE
cells and leads to AMD. Reduced autophagy also results in
protein damage and aggregation in RPE which induces
mitochondrial damage and autophagy flux through fusion of
lysosome and autophagosome into autolysosome.52 Oxida-
tive stress also lessens the affinity between compliment
factor H gene (HF1) with C3b, an activator of complement
system. The decreased affinity results in increased activa-
tion of alternative complement system leading to Drusen
formation in RPE that ends up in atropic AMD.53 Also during
oxidative stress condition, the enzyme g-secretase function
in the production of amyloid beta (Ab) and that damages
pigment epithelium derived factor (PEDF), a neurotrophic
factor produced in RPE. PEDF irregulates vascular endo-
thelial growth factor (VEGF) activity and results with the
progression of neovascular AMD.53 The involvement of bone
morphogenic protein 4 (BMP4), a protein functions in
apoptosis and senescence has probable effects in causing
neovascular AMD by increasing the expression of VEGF.53 In
Nrf2 signalling, oxidative stress induces conformational
change in Keap1 that leads to Nrf2 transition to the nu-
cleus, were it interacts with MAF proteins and binds to
antioxidant response elements (ARE) which results in anti-
oxidant stress.54 These effects of oxidative stress have
been depicted in Fig. 1.

Mitochondrial studies in retinal degeneration

In 2004, a new type of cellecell communication between
animal cells, based on the formation of thin intercellular
membrane channels, was reported.55 These highly sensitive
nanotubular structures were termed as tunnelling nano-
tubes (TNT), which connects individual cells and facilitates
selective long-range cellecell communication.56 TNTs may
offer a very specific and effective way of intercellular
communication. The proposed functions of TNTs are a
longedistance exchange of cellular compounds, ranging
from small endosomes up to large organelles, cytoplasmic
molecules, calcium signals, vesicles and thereby coordina-
tion of signalling between TNT connected cells.57 A general
and important communication route between cells are TNTs
that allow cells to functionally interact with the target cells
over long distances.58 Numerous studies have been re-
ported on TNT-like nanotubes connecting cell types
thatinclude human B cells, natural killer cells and macro-
phages, rat astrocytes, human dendritic cells and THP-1
monocytes, neonatal rat cardiomyocytes and human pro-
genitor cells, and Jurkat T-cells.55,57,59e66

A study in 2012 investigated TNTs in the human RPE cell
line ARPE-19 that investigated the formation of TNTs and
they monitored ARPE-19 cells for more than 24 h by time-
lapse DIC microscopy. Mitochondria are detected by mem-
brane nanotubes. The observations of bulges along TNTs
suggested the presence of organelles in TNTs. They,
therefore, addressed the possibility of mitochondrial
transfer within nanotubes of ARPE-19 cells. By using the
specific mitochondrial dye JC-1, they observed fluo-
rescently labeled mitochondria inside TNTs of living cells.
This suggests that ARPE-19 cells have the capacity of
organelle transfer through TNTs.59 Several mechanisms
have been proposed to explain how organelles cross the
membrane interface between TNT and connected cell,
including transient membrane fusion model, multi-vesicular
body fusion model and phagocytosis model.67 Spees
et al2016 have shown that aerobic respiration can be
rescued by the transfer of mitochondria or mtDNA from
undamaged cells, in cells with dysfunctional mitochon-
dria.68 A recent study in 2020 reported mesenchymal stem
cell (MSCs) based mitochondrial transfer to ocular cells such
as corneal endothelial cells (CES), photoreceptor cell line
and RPE cell line through F-actin based TNTs. Transferred
mitochondria from MSCs lead to an improved metabolic
function in recipient ocular cells. This study helps to
specify mitochondrial transfer treatment for ocular tissue
regeneration.69

Several studies demonstrated occurrence of mitochon-
drial transfer from MSCs to various damaged cells in in vivo
and in vitro. Mitochondrial transfer from bone marrow e
mesenchymal stem cells (BM-MSCs) to lung epithelial cells
in an airway injury model, helped to increase the ATP level
in airway epithelial cells.70 In diabetic nephropathy study,
mitochondria were transferred to damaged Renal Proximal
Tubular epithelial cells (PTECs) in vivo and in vitro and
suppressed apoptosis of PTECs.71 In an ischemia/reperfu-
sion model and an anthracycline-induced cardiomyopathy
model, BM-MSCs transferred Mt to cardiomyocytes and it
showed repressed apoptosis or degeneration of cells.72,73

In vitro mitochondrial transfer from Mesenchymal Multi-
potent Stromal Cells (MMSCs) to neurons have reported in
stroke based study and the transferred mitochondria pro-
vides better survival and function of nerve cells. This shows
the neuroprotective effect of mitochondria transfer.74 and
the beneficial effect of mitochondrial transfer from iPSC-
MSC to epithelial cells on allergic airway inflammation.75

In vivo induced pluripotent stem cells (iPSC) -MSC medi-
ated mitochondrial transfer could restore RGC function
against mitochondrial damage that induce excessive
inflammation and retinal degeneration. Healthy mitochon-
dria preserved RGC survival and restored retinal function.76

A recent study in 2020 reported Mesenchymal Stem Cell
(MSC)-based mitochondrial transfer to ocular cells such as
CES, photoreceptor cell line and RPE through F-actin-based
TNTs. Transferred mitochondria from MSCs lead to an
improved metabolic function in recipient ocular cells. This
study helped to specify mitochondrial transfer treatment
for ocular tissue regeneration.69 All these studies concluded



Figure 1 Oxidative stress (OS) effects in RPE degeneration. External factors (ageing, smoking, light) induce increased oxidative
stress (OS) that leads to decreased autophagy. The following are the possible and reported effects of OS in RPE. 1) Decreased
autophagy causes an increase in lipofusin that result in apoptosis and pyroptosis which leads to age related macular degeneration
(AMD). 2) Increase in protein degradation and aggregation leads to mitochondrial damage and autophagy flux. 3) OS lessens the
affinity between compliment factor H gene (HF1) and C3b which increases the activation on complement system (CS) that results in
Drusen formation with atropic AMD. 4) g-secretase involves in amyloid-b (Ab) formation which results in Drusen formation. 5) g-
secretase damages and inhibits pigment epithelium derived factor (PEDF) which in turn irregulates vascular endothelial growth
factor (VEGF) activity that leads to neovascular AMD. Decrease in bone morphogenic protein 4 (BMP4) increases VEGF and results in
neovascular AMD. 6) OS alters the structure of Keap1 that leads to Nrf2 transition to the nucleus, were it interacts with MAF2
proteins and binds to antioxidant response elements (ARE) which results in antioxidant stress.
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that mitochondrial transfer from MSCs increases cellular
activity and energy production in recipient cells in vivo and
in vitro and helps to regain the function of cells.

Cell death signals can be transmitted through the
aqueous pores of gap junctions to adversely affect their
neighbours,78e81 this is called ‘‘bystander effect’‘.82 This
suggests that RPE cells sustain very active intercellular
communication under physiological conditions. Electro-
physiological studies have shown that all retinal cells
communicate with their neighbours through gap
junctions.83e86 Cx43-mediated gap-junctional intercellular
communication participates in the regulation of retinal
organogenesis and regeneration.87e89
Stem cell mediated ocular cell transplantation
studies

In AMD conditions where patients loose both photore-
ceptors and RPE, both tissues should be replaced



628 M.D. Subramaniam et al.
together. Transplantation of any one tissue shows limited
effect in patients. But unfortunately, this technique gives
more-or-less negative results due to the damage of
scaffold of Muller glial cells that are responsible for or-
ganization and nourishment of the neuronal cells.90

Macular translocation surgery and RPE transplantation
surgery also provides positive effects in ocular disease
condition.91e93 These two in turn shows that healthy RPE
can support photoreceptor survival and visual function in
patients. Since allo transplantation shares genetic risks
and graft rejection issues, these surgeries have many
limitations practically. But a surprising good outcome can
be achieved from autologous transplantation of RPE-
choroid sheets.94e96 Recent studies prove that, harvest-
ing RPE from fetal or adult donor eye tissue can overcome
this situation.97

Initially, human retinal tissue and pure population of
specific retinal cell types were used to diagnose and treat
retinal diseases. But the availability of the tissue from
donor eyes or cell lines was difficult and is not useful for
genetic diagnosis of patients and cellular therapy in clinical
aspect. An alternative source of patient specific retinal cell
is the patient derived adult stem cells, which differentiated
into retinal lineage. These cells are either unipotent or
multipotent in nature. Unlike them, pluripotent stem cells
(PSCs) have the capacity of infinite self-renewal and pro-
liferate into any somatic cell type including retinal cells.
One source of PSCs is the embryonic stem cells (ESCs). ESCs
can be derived from the discarded embryos, but are not
patient specific. Recently, human ESC-derived RPE are used
in many clinical trials. In such cases the recipients are
immune-suppressed in order to avoid the risk of graft
rejection. Most recently, PSCs are generated by dediffer-
entiating patient-specific adult somatic cells into a plurip-
otent state by nuclear reprogramming. The ideology for
differentiating iPSC into retinal progeny had been laid down
by previous research on mouse and human ESCs. Still the
use of iPSCs as a source for retinal cell transplantation is
one of the most complex and challenging issue in all related
fields.98

For retinal degenerative diseases, lots of stem cell-
based cellular therapeutics have been proposed by re-
searchers. They were mainly focused on; replacing RPE to
maintain the supportive function of the RPE layer,
replacement with retinal progenitor cells (RPCs) to regen-
erate lost retinal elements and combining RPE and RPC
replacement in advanced stages where both RPE and retinal
elements are lost.97 Stem cell based-treatment for retinal
degeneration disease has changed from basic research to
preclinical and clinical trials.99 The preclinical safety in
animal models are measured by electroretinography (ERG),
where it determines the overall electrical response of the
retina, followed by clinical trials.100e102 These clinical
studies are based on autologous or allogeneic trans-
plantation of several kinds of stem cells. The common stem
cells include human embryonic stem cell derived Retinal
pigment epithelum (hESC-RPE), Induced pluripotent stem
cell derived retinal pigment epithelium (iPSC-RPE), hUTC,
human umbilical tissue-derived cells (hUTSC), bone mar-
rowederived stem cells (BMSC), Human central nervous
system Stem cell (HuCNS-SC), and adipose-derived Stromal
Cells.
hESCs are pluripotent stem cells that were first isolated
and cultured in 1998 by Thomson et al. ESCs are derived
from blastocysts and share many characteristics with
epiblast cells. They can proliferate indefinitely into any of
the cell types of all three germ layers.103 iPSCs share the
self-renewal and pluripotency characteristics of hESCs and
thus are another source for differentiated cells. It is useful
in fields like regenerative medicine, disease modeling, drug
testing, and exploring developmental biology. Theoretically
iPSCs can be directly generated from any adult somatic
tissue thus each individual could have their own iPSCs. So
patients can have a unique cell source for replacing a
degenerated or lost organ with no risk of immune
rejection.104e106

Stem cell based treatments offers a wide range of op-
tions to replace defective retina.107 Along with many pos-
itive effects created by these cells, they have some
limitations also. RPCs can differentiate and overcome the
defects in retina with very less number of limitations. This
is due to the lowest chances of immunological rejection.108

The similar curative effect can be obtained from BMSCs as
well.109 But the methodology is time consuming and not
disease specific.110,111 Q-CTS-hESC-2 cells can be incorpo-
rated in the host through a surgical procedure after its
culture and differentiation.112 These cells can proliferate
into any desired cell type,103 but it is limited to a narrow
range of application.112 In the case of iPSCs, since its pro-
duction is time consuming and expensive,113 it is reliable,
because of low immune rejection rate and wide range of
application.97,104,105 Recently, some studies use HuCNS-SC,
because of its controlled proliferation.114 Accoring to Tre-
vor et al (2019) and Stern and Temple. (2015) huCNS-SCs
show limited area of proliferation in certain clinical tri-
als.114,115 Adipose- Derived Stromal/Stem Cells are isolated
from the adipose tissue through various procedures,116 to
overcome RPE apoptosis due to oxidative stress.117 These
cells are having limitations that, after transplantation they
sometimes cannot directly reach to the specific site of
injury.117 Stem cell based treatment on RPE cells has been
represented in Fig. 2.

In 2004, the protocol development for hESC derived RPE
like cells created a great anticipation for the source of RPE
cells for the treatment of retinal degenerative diseases.118

hESC derived RPE cell transplantation to retinal degenera-
tive animal models has been manifested a great improve-
ment in vision through reduced photoreceptor
degeneration.119 Studies have been reported spontaneous
differentiation of human RPE cells from hESC118,120 and
more rapid differentiation through the combination of
retinal inducing factors (IGF1, Noggin, Dkk1, and bFGF) and
other factors (nicotinamide, Activin A, SU5402, and vaso-
active intestinal peptide [VIP]), adding at appropriate,
different times.121 To ensure the quality of stem cell
derived RPE differentiation, various standardized and well
accepted criteria have been followed such as verification of
RPE morphology, identification of RPE specific genes and
confirmation of RPE function.122e124

Currently, RPE transplantation is widely used as a
treatment for retinal degeneration. Da Cruz et al (2018)
reported transplantation of fully differentiated hESC-
derived RPE monolayer patch into severe exudative AMD
patients and reported successful delivery and survival of



Figure 2 Stem cell based therapeutic action in retinal cells. Different types of stem cells can be differentiated into any of the
retinal cells, mainly, photoreceptor cells, bipolar cells, and ganglion cells. For that, stem cells can be isolated at any stage of life
cycle. Human embryonic stem cells (hESCs) is isolated during the blastocyst stage and differentiated under various conditions in
proper medium. On the other hand, retinal progenitor cells (RPCs) are extracted during the embryonic stage. It is possible to isolate
stem cells from an adult body. For example, bone marrow stem cells (BMSCs) can be obtained from bone marrow and can be
differentiated into any retinal cell type. Similarly, human induced pluripotent stem cells (hiPSc) can be made by reprogramming
any adult somatic cells including adipose tissue. This then allowed to differentiate into any type of cells as per the requirement.
RPC is injected into the patient’s eye through intravitreal injection. But all other cell types mentioned above can be injected in the
subretinal space of the damaged area in the eye.
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the RPE patch with improved visual acuity.125 Another study
reported clinical trial of transplantation of RPE sheet cells
derived from iPSCs into a patient with wet AMD.126 Study
has been reported an injectable hiPSC-RPE cells after 3D
spheroid culture rescued the structure and function of
photoreceptors by sub-retinal transplantation.3D spheroid
culture helps to maintain hiPSC-RPE properties and func-
tion. hiPSC-RPE cells rescued and improved the reduced
outer nuclear layer ONL, photoreceptor loss, impaired
light-avoidance behavior, and ERG visual function.127

To study the interaction between RPE and Bruch’s
membrane in AMD, iPSC e derived RPE cells from patient
fibroblast and control sample was used with an altered
extracellular matrix (ECM) that models aged Bruch’s
membrane. Distinct differences were found in tran-
scriptome and physiological function in AMD and control
iPSC- derived RPE. Examination of critical difference among
the model should disclose more information about the
disease mechanism, thus, paving way for novel therapeutic
strategies.128 Photoreceptors and RPCs have been derived
from various stem cells, including embryonic or fetal retinal
progenitors, neurospheres, neural stem cells, and
iPSCs.129,130 Researchers have transplanted various types of
RPCs, originating from mouse photoreceptor precursors, rat
retinal progenitor sheets, or hESC-derived photoreceptors,
into animal models with degenerative retinal disease. They
had shown that RPCs could migrate, differentiate and ul-
timately result in anatomic and functional rescue of the
degenerating retina.132,99

Degeneration of RGCs causes various ocular diseases and
it might be the reason for irreversible vision loss. Various
studies have reported MSC-based treatment for RGC
degeneration in which mitochondrial transfer from iPSC-
MSC to rescue the degenerated RGC.76 Novel MSCs medi-
ated mitochondrial transfer effectively to protect RGC from
degradation and it enhances the viable therapeutic po-
tential for retinal degenerative diseases in future.131e134

Differentiation of RGC cells from hESCs and hiPSCs ensure
the source for cell transplantation. Many stem cells to RGC
differentiation protocols are already published and
recently in a glaucoma based study it has been reported
that RGC cell differentiation from hESCs using chemically
defined medium and transplanted to the mouse eyes
in vivo. These studies give more possibilities to cell
replacement therapies in RGC related optic neuropa-
thies.135,136 Another study has deployed spermatogonial
stem cells (SSCs) as an alternative source for ESCs to
generate RGCs. SSCs were first dedifferentiated to ES-like
cells (SSC-ECSs) and then differentiated towards retinal
lineages. Generated RGCs were eventually transplanted
into the retina by intravitreal injection to glaucoma mouse
model.137 The importance of each stem cell type with its
advantages and disadvantages has been represented in
Table 3.

Limbal Stem Cell Deficiency (LSCD) by corneal limbal cell
damage leads to depletion of corneal transparency and
vision loss. Normal corneal transplantation methods are not
appropriate for LSCD condition because the allografts lack
limbal stem cells. In 2004, Homma et al reported trans-
plantation of ES cell derived corneal epithelial cells and it
successfully reconstructed the damaged cornea.138 A
recent study have been reported corneal epithelial regen-
eration using human adipose mesenchymal stem cells
(ADSC) through mesenchymal epithelial transition.139 These
results strengthen the therapeutic application of stem cell
based treatment for corneal epithelial disorders.

The anatomy of eye makes stem cell therapy a more
promising treatment for retinal dysfunction due to its
confined small space, so that easy local delivery of cells to
the retina can be achieved with a limited number of stem



Table 3 Stem cell based treatment effects in RPE cells.

S.No Cell Type Obtained from Positive effects in RPE
cells

Limitations Study references

1 RPCs Embryonic or
fetal retinal
progenitors,
neural stem
cells, and iPSCs

Migrate and differentiate
to overcome anatomic
and functional
degeneration of the
retina.

Very less limitations, due
to minimized chances for
immunological rejection
in patients.

97,108,130

2 BMSCs Human bone
marrow

Safe, increased
functional recovery and
overcome immunologic
incompatibilities.

Process is time
consuming.
Not disease specific.

109e111

3 hESCs hESCs Can proliferate into any
of the cell types.

Limited to Wet age-
related macular
degeneration (wet-AMD).

103,112

4 iPSCs Can be
generated from
any adult
somatic cells

Pluripotency, low risk of
immune rejection and
self-renewal capacity.

Spontaneous
differentiation of the
iPSC are not amenable.
iPSCs production is
expensive and time
consuming.

97,104,105,113

5 HuCNS-SC Derived from
fetal tissues.

Less anatomical and
functional
abnormalities.
Controlled RPE
proliferation

RPE proliferation limited
to some microscopic
distance.

114,115,187

6 Adipose- Derived
Stromal/Stem Cells.

Derived from
Mesenchymal
stem cells, this
is obtained
from adipose
tissue.

Protecting RPE from
damage due to oxidative
stress.
Prevent RPE apoptosis.

Once transplanted in-
vivo, these cells can’t
home to the site of
injury.

116,117,188

RPCs: Retinal progenitor cells; BMSCs:Bone marrow stem cells; iPSCs: induced pluripotent stem cells; hESCs: human embryonic stem
cells; AMD: age related macular degeneration; HuCNS-SC: Human Central Nervous System Stem Cells; RPE: retinal pigment epithelium.
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cells. In addition, in vivo retinal imaging is easy due to
optically clear media of eye which helps to study the ef-
fects of the cell therapy noninvasively and at cellular in
detail. Finally, in immunological aspect eye allows alloge-
neic cell transplantation to be more feasible when
compared to other organs.140 MSCs are used in cell therapy
for retinal regeneration and can develop features of RPE
cells141 In animal studies of retinal degeneration MSCs were
reported to differentiate into photoreceptors, RPE, and
express neuronal markers following administration.142,143

Various studies in stem cell treatment in eye defects
could prove that there are nearly no serious side effects in
the patients after the treatment. The cell type can be
selected by considering its limitation and specifically for a
disease. This study is suggesting more preclinical and clin-
ical trials to improve this area of treatment.
Bone marrowederived stem cells

Bone marrow is an alternative source of stem cells. Human
bone marrowederived stem cells (BMSC) are clinically
suitable because of autologous transplantation, which
overcomes immunologic incompatibilities and are easy to
obtain. Early clinical investigations indicate feasibility,
safety, and enhanced functional recovery after the infusion
of autologous BMSC.109 Recently, it has been reported that
under appropriate conditions BMCs can differentiate into
not only hematopoietic cells but also epithelial cells,
endothelial cells, neural cells and astrocytes both in vitro
and in vivo. Furthermore, they have the capacity to
differentiate into myelin-forming cells and to repair
demyelinated spinal cord axons. Therefore, BMCs contain
more primitive stem cells than hippocampus-derived neural
stem cells. The injection of BMCs into the eye can probably
rescue injured retinal tissue.106,141 More recent studies
suggests that, trans-differentiation of BMCs into various
cells were due to cell fusion. The multi-potency observed in
BMSCs results from the heterogeneous make-up of the iso-
lated cells.140

Bone marrow contains the highest concentration of
adult stem cells. There are two groups of BMSCs; MSCs
and hematopoietic stem cells. MSCs are easily harvested
and expanded in tissue culture. These cells are mainly
isolated from bone marrow aspirate. On the other hand
hematopoietic stem cells are found in higher concentra-
tion in bone marrow. They can differentiate into all the
blood cell lineages and are used in bone marrow
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transplantation.144 Hematopoietic stem cells are capable
of self-renewal and reconstitute the bone marrow
compartment of the recipient hence they are extensively
used in clinical practice to treat hematologic disorders.
Since these cells are also present in other tissues, they
play a role beyond renewing blood cells.140 Some of the
Figure 3 Summary figure depicting significant studies carried o
stress in RPE cells that leads to degeneration. Major mechanistic
plement system, lipofuscin formation, protein aggregation, mitocho
such as human embryonic stem cells (hESCs), bone marrow stem
retinal progenitor cells (RPCs), mesenchymal stem cells (MSCs) w
factors. The differentiated cells were injected in the eye either as
are transferred from functional cell to damaged cells through tunn
nication. The beneficial effects of mitochondrial transfer were inc
triphosphate (ATP) levels.
bone marrow cells have the ability to home into the
damaged retina and become incorporated after intra-
vitreal delivery. So, administration of the cells to the
target tissue is easy. Unlike vitrectomy surgery for
administration of cells that requires hospital admission
and significant recovery time from surgery, intravitreal
ut in the article. (A) The detrimental effects cause oxidative
features involved in oxidative stress are Nrf2 signalling, com-
ndrial damage and dysfunction. (B) Various types of stem cells
cells (BMSCs), human induced pluripotent stem cells (hiPSCs),
ere used to differentiate into RPE cells using transcriptional
intraretinal or as subretinal injections. (C) Mitochondrial cells
elling nanotubes (TNTs) that functions as cell-to-cell commu-
reased mitochondrial function, cellular activity and adenosine
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injection of cells into sub-retinal space can be performed
in the clinic, with minimal recovery time.140,145

Among various progenitor cells within bone marrow,
hMSCs are precursors of adipocytes, chondrocytes, and os-
teoblasts within bone marrow stroma. They are also
capable of differentiating into non mesodermal tissues,
including neurons and astrocytes. hMSCs are used in treat-
ing retinal degenerative diseases through various steps like,
stem cell isolation and culture, obtaining cell lines, testing
in animal subjects, sub-retinal injection of hMSCs, hMSC
labeling, in vivo migration assay and in vitro migration
assay.146 Recently the study by Alessia et al, 2012 shows
that, the depletion of RGCs in eye during glaucoma can be
protected by using BM-MSCs in a rat model of glaucoma.147

Even though adult stem cells are a major source of cells for
tissue regeneration, age-related alterations in their
numbers and function may occur. An age-related change in
human BM-MSCs is a consequence for cell therapies.148

There are various kinds of BMSCs, whose potency to cure
retinal dysfunction are explored through different phases
of clinical trials.111 Based on the previous studies and
available reports, hESC-RPE and iPSC-RPE replacement
therapy are the more promising.97

Conclusion

Oxidative stress has a vital role in developing various retinal
diseases and degeneration of RPE and other ocular cells.
Excessive ROS production leads to severe functional and
morphological changes in ocular cells. Studies on the role of
retinal degeneration prove to be an essential biomarker in
novel therapeutics for various diseases.149 Several thera-
peutic strategies are applying in ocular diseases research.
Cell based therapies for the replacement of defective RPE
and other ocular cells are rapidly growing research area.
Stem cell based RPE and photoreceptors have reversed the
vision loss in preclinical model of human regenerative dis-
ease. Stem cell-based therapies are potential alternative
approach in the treatment of retinal degenerative diseases.
Studies in these new emerging areas can offer most effec-
tive treatment and better understanding of degenerative
diseased conditions. The overall concept of the paper has
been represented in Fig. 3.

Future directions

Based on the studies discussed on the effects of oxidative
stress in ocular cell degeneration, it is known that oxidative
stress plays a pivotal role in degeneration of ocular cells
including, RGC, RPE and so on. The increased exposure to
oxidative stressors due to ageing causes an excess produc-
tion of ROS that leads to retinal diseases. Though there is
no treatment, number of nutritional supplements are rec-
ommended to prevent the vision loss and impairment.
Recently, advanced stem cell research has been concen-
trated as a potential target in treating retinal dysfunctions.
Studies have shown promising results on transplanting re-
generated retinal cells from various stem cells into the eye.
Hence, in future, stem cell research studies may be focused
on addressing the genetic susceptibility that might be
useful to investigate the pathophysiology of ocular cell
degeneration and more studies are warranted in the area of
stem cell based treatments.
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