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Abstract

Retinal homeostasis is maintained through a network of the nervous, circulatory, endocrine and immune systems. The
integrity of the blood-retinal barrier,immune-inflammatory responses, and metabolic changes all significantly affect
the maintenance of normal visual function. Retinal degenerative diseases, which include age-related macular degen-
eration, retinitis pigmentosa, diabetic retinopathy, and other disorders, are a group of heterogeneous and multi-etio-
logical diseases resulting in an irreversible visual impairment. Whether these disorders are inherited, acquired, or from
systemic origins, the gradual loss of the retinal pigment epithelium (RPE) and/or retinal neurons is a common feat. This
process often begins with compromised retinal integrity, followed by a disruption in the equilibrium of inflammation,
immune response, metabolism, and other aspects, resulting in retinal dyshomeostasis that affects not only disease
progression but also the effect of therapeutic intervention. Therefore, a comprehensive understanding of the retinal
homeostasis and dyshomeostasis will assist the development of treatment strategies for retinal degenerative diseases

and open new avenues for clinical translation.
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1 Introduction

Under physiological conditions, the various components
and physicochemical properties of the internal envi-
ronment in the body fluctuate within a narrow range.
This delicate control system, known as homeostasis,
is a dynamic process rather than a fixed state (Khon-
sary 2017; Rheinberger and Ernst 2020; The Wisdom
of the Body 1934). In healthy individuals, organs and sys-
tems collaborate to keep an internal balance. The greatly
interacted effectors in this system consist of central and
peripheral nervous systems, hormone axes, and the cir-
culatory, metabolic and immune systems. Dyshomeosta-
sis occurs when the system is challenged by internal or
external adverse forces, usually due to the malfunction of
one or more cell types or tissues (Fig. 1).
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Vision is the primary function of retina, largely depend-
ent on the integrity of retinal neurons. In the meanwhile,
Miiller glial cells (MGs), astrocytes, endothelial cells
(ECs), pericytes, and retinal pigment epithelium cells
(RPEs) act as supporting cells to optimize the function
of retinal neurons (Subirada et al. 2018; Sorrentino et al.
2016). Visual ability is guaranteed by metabolic networks,
immune-inflammatory responses, and the integrity of the
blood-retinal barrier (BRB). The term "retinal homeosta-
sis" refers to the state in which various mediators main-
tain the normal range.

Retinal degenerative diseases (RDDs) are a diverse
set of multi-etiological illnesses that may cause a pro-
gressive vision loss, including the age-related macu-
lar degeneration (AMD), retinitis pigmentosa (RP),
diabetic retinopathy (DR), glaucoma, and many oth-
ers (Shaw et al. 2017; Narayan et al. 2016; Herndndez
et al. 2016). RDDs are the primary cause of blindness,
affecting more than 300 million people globally, and
resulting in a considerable decrease in quality of life
and a substantial increase of socioeconomic burden
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Fig. 1 Schematic overview of homeostasis and dyshomeostasis

(Schwartz et al. 2014). All these diseases have diverse
etiologies and could be hereditary, acquired, or sys-
temic. However, all these degenerative retinal illnesses
feature a gradual loss of RPEs and/or retinal neurons.
The process often starts with compromised retinal
integrity, followed by a disturbance in the inflamma-
tory and immune response systems, activation and
infiltration of inflammatory cells, and eventual death
of RPE and/or photoreceptor cells, resulting in the
development of retinal disorders (Iwai-Takekoshi et al.
2016). RDDs have comparable pathophysiological
microenvironment, including reactive gliosis, immune
abnormalities and metabolic disorders.

Long-term dyshomeostasis may compromise retinal
health, resulting in vision-threatening diseases. It pro-
motes the onset and development of retinal illnesses
such as AMD, DR, and RP, posing additional hazards
to vision. In this study, we present evidence for dys-
homeostasis in various retinal disorders and propose
therapeutic strategies based on retinal homeostasis.

Stimulation imbalance

2 Retinal homeostasis in the conventional sense
Homeostasis exists when the biological system’s inter-
nal chemical and physical circumstances are stable. The
homeostasis theory was initially proposed by the French
physiologist Claude Bernard in 1865, and the term was
first used by Walter Bradford Cannon in 1926. Brad-
ford coined the term homeostasis from ancient Greek
phrases. Homeostasis is essential for the survival of
organisms. It is usually regarded as resistance to adverse
changes in the external environment. In addition, home-
ostasis is a self-regulating mechanism that controls
the essential internal factors for living. In other words,
homeostasis is a process that can preserve the stability
of the internal environment regardless of changes in the
external environment. The human body maintains home-
ostasis by regulating many factors, such as body tempera-
ture, blood pH, blood glucose levels, fluid balance, and
sodium, potassium, and calcium ion concentrations.
However, the homeostasis of tissue remains undefined.
The primary function of the retina, which is part of the
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central nervous system (CNS), is to capture incoming
light and transmit the signal to brain for vision forma-
tion. Retinal neurons are the primary cells responsible
for vision generation and processing. RPEs, MGs, micro-
glia, retinal vascular endothelial cells, and pericytes are
synergistic cells that support and enhance the function-
ing of retinal neurons (Subirada et al. 2018; Sorrentino
et al. 2016). Although the eye is a relatively independ-
ent organ in the body, which is protected by BRB and
immune suppressive microenvironment, the retinal
homeostasis is inseparable from the systemic homeosta-
sis of the whole body. We propose that retina homeosta-
sis comprises intact spatial organization of retinal cells,
proper immune-inflammatory responses, and balanced
metabolism.

2.1 The homeostasis in the blood-retinal barrier

The BRB is an integral part of retinal anatomy, which
consists of retinal blood vessels and RPE (Cunha-Vaz and
Maurice 1967; Cunha-Vaz 1979). The vascular endothe-
lium and RPE have a well-developed junctional complex
composed of adhesive and tight junctions, thereby highly
controlling solute and fluid permeability (Runkle and
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Antonetti 2011). The permeability of the BRB is divided
into inward and outward BRB (Fig. 2) (Campbell and
Humphries 2012). Outer blood-retina barrier (0BRB) is
the barrier through which compounds enter the retina,
while inner blood-retina barrier (iBRB) is the barrier
through which substances in the retina reach the capil-
lary lumen or choroidal tissue. In most cases, the inner
permeability is much lower than the outer permeability,
which is necessary for maintaining retinal homeostasis.
The existence of the BRB protects the neuronal retina
from circulation, and the content of the extracellular fluid
is tightly held. Once this barrier is breached, cytokines
and leukocytes will infiltrate into retina, resulting in the
pathological changes seen in many retinal disorders.
Understanding the formation and maintenance of the
BRB is vital to develop treatments to restore damaged
BRB or transmit target therapeutic drugs through the
barrier when necessary.

Due to its unique physiological structure, BRB has
important clinical significance. oBRB is established when
monolayer RPEs contact the porous choroidal capillary
layer and Bruch’s membrane (BM) (Fig. 2C). RPE is firmly
interconnected with adjacent cells to prevent fluid from
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Fig. 2 The structure of the blood-retinal barrier (BRB). A Schematic representation of the whole retina. B The iBRB comprises vascular endothelial
cells, pericytes, glial cells and neurons. C The oBRB is formed by interactions of the choroid, Bruch’s membrane, and retinal pigment epithelium
(RPE). oBRB, outer blood retinal barrier; iBRB, inner blood retinal barrier; NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL,
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the choroid from spreading to the retina (Shechter et al.
2013). At the initial stage of development, RPE cell junc-
tions are leaky, but RPE gradually form tight cell junc-
tions (Rizzolo 1997). GTP enzyme Rapl regulates the
formation and maintenance of RPE cell connection; it is
a vital regulator of RPE cell junctions and is necessary to
maintain barrier function (Wittchen and Hartnett 2011).
RPEs produce a variety of immunomodulatory media-
tors, including proinflammatory and inhibitory factors
(Fields et al. 2020). The resident RPEs on the inner sur-
face of the BRB have unique ability to transform T cells
into regulatory T (Treg) cells and inhibit the activa-
tion of bystander CD4" T cells (Horie et al. 2010; Sug-
ita et al. 2011; Sugita et al. 2009). Therefore, the balance
between activated CD4% T cells and resident RPEs in the
retina maintains retinal homeostasis. These properties
of the oBRB are analogous to those of the endothelium
of the blood-brain barrier (BBB), resulting in signifi-
cant transendothelial electrical resistance (TEER) and
restricted paracellular permeability (Butt et al. 1990). The
resistor of BRB is unknown. However, it may be compa-
rable to that of BBB (Butt et al. 1990). These traits make
oBRB the dominant immune surveillance site in the
retina.

The iBRB comprises complicated tight cell junctions
of retinal capillary endothelial cells (Fig. 2B). Retinal
astrocytes, MGs, and pericytes may affect intercellular
junction development and maturation and are also impli-
cated in the proper function of iBRB (Cunha-Vaz 1997;
Small et al. 1993). Retinal glial cells include astrocytes,
microglia and MGs which serve as a crucial connection
between retinal neurons and blood vessels. They are
essential for maintaining the stability of retinal homeo-
stasis and preventing and repairing retinal injury. Astro-
cytes extend their terminals to the retinal blood vessel
wall and wrap around the vessel wall to affect the bar-
rier function (Cunha-Vaz 1997; Small et al. 1993). They
can also partially improve the properties of BRB through
increasing the expression of tight junction proteins. MGs
expand the terminal feet and cover the retinal blood ves-
sels, demonstrating a solid spatial connection between
MGs and blood vessels (Small et al. 1993), which may
stimulate vascular endothelial cells to establish barrier
properties (Tout et al. 1993). In addition, MGs-derived
factors can also regulate endothelial cell function (Abu-
kawa et al. 2009). Pericytes have contractile proteins,
especially smooth muscle actin, desmin and non-muscle
myosin (Bandopadhyay et al. 2001; Allt and Lawrenson
2001; Tomasek et al. 2006). Pericytes and smooth muscle
cells modulate capillary diameter by myogenic contrac-
tion and relaxation, hence cooperatively regulating blood
flow (Yamanishi et al. 2006; Peppiatt et al. 2006). In con-
clusion, the tight junction of endothelial cells in iBRB can
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be formed by cell-cell interactions involving MGs, peri-
cytes, astrocytes, and endothelial cells (Kim et al. 2009).
The BRB is compromised in a variety of retinal disorders,
including AMD, DR, retinal vein occlusion and other
inflammatory illnesses.

2.2 Immune homeostasis in the retina

The retina has traditionally been recognized as an immu-
nologically privileged tissue, with its BRB and immuno-
suppressive microenvironment shielding it from internal
and external injury (Fig. 3) (Avichezer et al. 2003). The
mechanisms that maintain retinal immune privilege
involve two sets of defense systems. The BRB provides
the first physical protective barrier for the retina (Sou-
brane and Coscas 2013). When the barrier is broken,
retinal cells suppress the local inflammatory response
by secreting anti-inflammatory factors, initiating a sec-
ond defense mechanism. At the same time, the systemic
immune system is also subjected to subretinal exposure
to antigens, which induces antigen-specific tolerance or
inhibitory immune responses (Streilein 1995; Ferguson
and Griffith 1997). Immunity and defense systems col-
laborate to preserve retinal homeostasis. In supporting
this balance, innate immune cells such as neutrophils,
monocytes-macrophages and microglia are crucial to the
health and diseases of the retina (Riera Romo et al. 2016).
These cells and immunosuppressive molecules in the
retina actively control the inflammation, minimize subse-
quent tissue damage to ensure retinal homeostasis (Riera
Romo et al. 2016).

Retinal immune privilege emerges as an active pro-
cess, and the systemic inflammatory response is largely
limited in retina. To eliminate threats from patho-
genic microorganisms and minimize tissue damage at
the same time, the body needs to properly regulate the
immune responses (Murakami et al. 2020). The retinal
homeostasis is related with antigen tolerances, selected
entry of immune cells, and in situ modulation of immu-
nosuppressive cells. This balance is disrupted when
uncontrolled inflammation causes cellular injury and
the organism is unable to create a stable and appropri-
ate immune response to threats (Taylor and Kaplan
2010; Streilein 2003; Benhar et al. 2012). In other words,
through inhibiting the related inflammation, the retinal
degeneration may be postponed and the retinal integrity
can be preserved (Yao et al. 2018). A number of soluble
and cell-bound inhibitors contribute to retinal immune
privilege, including the transforming growth factor-p
(TGE-B) (Taylor and Ng 2018), retinoic acid (RA) (Zhou
et al. 2011) and various immunosuppressive factors (Tay-
lor 2016), as well as the constitutive expression of Fas
ligand (Griffith et al. 1995), galectin (Toscano et al. 2006),
and membrane glycoprotein CD200 receptor 1 (Zamiri
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Fig. 3 Retinal immune defense system. In normal immunological conditions, multiple mechanisms contributed to retinal immune defense system.
(1) The first physical barrier includes iBRB and oBRB, which blocks the entry of circulating immune cells inside the retina and prevents antigens from
escaping the retina. (2) The retinal microenvironment is established by the anti-inflammatory factors and trophic factors secreted by numerous
retinal cells, the balance of protective and destructive cytokines, and the induction of regulatory T (Treg) cell responses. (3) The interaction of the
neuron-immune system controls the activation of retinal microglia and the complement system. MGs and astrocytes also play an essential role in

the regulation of the retinal neuron-immune system

et al. 2005). Meanwhile, the Treg cells naturally contained
in retina actively induce suppression of the systemic
immune response. However, hyalocytes scattered on
the surface of the vitreous have considerable scavenging
activity, which may capture antigens on the retinal cell
surface and transport antigen presentation to the spleen
through blood, eliciting Treg cell responses (Sakamoto
and Ishibashi 2011).

As the first physical barrier to keep the independ-
ence of ocular immune system, BRB can prevent retinal
antigens from being accessed by the systemic immune
system, and blood-borne infections from invading the
retina (Fig. 3) (Cunningham et al. 2013). When BRB
is intact, the interaction of the neuron-immune sys-
tem controls the activation of retinal microglia and
the complement system. In the normal retina, micro-
glia located in the plexiform layer exhibit complex
branching processes responsible for retinal immune

surveillance (Karlstetter et al. 2015). The activation of
microglia or macrophages is modulated by CX3CL1,
CD200, CD47 and endocannabinoid pathway in the
retina. The activation of T cells is inhibited by throm-
bin-sensitive protein-1 (TSP-1), TGF-f, CTLA4 and
CTLA2, (Horie et al. 2010; Sugita et al. 2009; Sugita
et al. 2008; Zamiri et al. 2005; Mochizuki et al. 2013;
Kawazoe et al. 2012) while inhibition of complement
activation is achieved by the expression of several com-
plement regulatory factors (such as CFH, CD46, CD55,
and CD59). When BRB is destroyed, the balance of
neuron-immune system interaction is broken, result-
ing in retinal dysfunctions. This CNS neuron-immune
system interaction has been extensively studied and is
critical for maintaining CNS homeostasis (Veiga-Fer-
nandes and Artis 2018). Studies have shown that reti-
nal neurons can also express a variety of complement
inhibitors, including Cl-inhibitor (Serpingl), H factor
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(CFH) and CD59 which can strictly control the activa-
tion of complement (Liu et al. 2020). However, once the
BRB is disrupted, the disorders in the retinal immune-
inflammatory response will cause retinal dyshomeosta-
sis. Retinal neurons and RPEs can reduce the damage
caused by immune-inflammatory imbalance through
programmed death or conversion of infiltrated immune
cells through Fas/FasL, TRAIL/TRAIL-rs or CTLA-2a/
PDL-1 pathway. To sum up, microglia are crucial in the
neuron-immune system of the retina and play a role in
homeostasis, damage healing, and the development of
disease (Chen and Xu 2015; Langmann 2007).

Importantly, the retinal MGs and astrocytes also play
an essential role in the regulation of the retinal neuron-
immune system (Fig. 3). By releasing trophic factors,
circulating glutamate neurotransmitter, and regulating
extracellular ion homeostasis, (Reichenbach and Bring-
mann 2013) MGs across the whole retina (Goldman
2014; Vecino et al. 2016) support the function and
metabolism of retinal neurons while retinal astrocytes
(Ferndndez-Sanchez et al. 2015a; Ramirez et al. 1998)
confined to the inner axon layer are involved in regu-
lating retinal water homeostasis and neurotransmitter
recycling (BRINGMANN, A., et al. 2006; Nagelhus and
Ottersen 2013; Papadopoulos and Verkman 2012). In
summary, retinal neuron-immune system interaction is
important when evaluating the retina’s immune-inflam-
matory homeostasis.

2.3 Metabolic homeostasis in the retina

The retina has various adaptive properties allowing it
to regulate energy production and anabolic activities in
response to specific demands. It consists of two circu-
latory systems (retinal capillaries and choroidal arter-
ies) and exhibits the same hypermetabolism features as
the brain (Zhu et al. 2012; Daruich et al. 2018; Country
2017). Energy metabolism is required to maintain resting
photoreceptor membrane potential, replace photorecep-
tor outer segments (OSs), and combat retinal oxidative
stress (Viegas and Neuhauss 2021; Ozawa 2020; Okawa
et al. 2008). The homeostasis of energy metabolism is
crucial for maintaining normal retinal function through
necessitating several compounds’ effective metabolism,
including glucose, lipids, and amino acids (Fig. 4). When
the retinal metabolism is out of balance, it destroys the
local energy supply and redox balance, leading to the risk
of death of excitotoxic cells in retinal and onset of various
retinal diseases, including AMD, DR, inherited retinal
degenerations (IRDs) and macular telangiectasia. Under-
standing the metabolic homeostasis in the retina is cru-
cial for identifying the pathology and finding therapeutic
targets for retinal diseases.
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2.3.1 Glucose metabolism in the retina

Major glucose metabolic pathways include glycolysis and
mitochondrial oxidative phosphorylation. Under aerobic
circumstances, glycolysis is suppressed in normal mam-
malian cells (Pasteur effect). However, Warburg found
that the glycolysis activity of liver cancer cells is more
active than that of normal liver cells. Therefore, he pro-
posed that malignant tumor cells also undergo glycolysis
in the presence of adequate oxygen. This aerobic glyco-
lysis is characterized by a high glucose absorption rate,
active glycolysis, and a high metabolite lactic acid level,
known as the Warburg effect (Hurley 2017). In recent
years, people have confirmed the existence of the War-
burg effect in almost all tumors, and the Warburg effect
has been widely recognized as a typical sign of tumors.
Intriguingly, glucose metabolism in vertebrate retinas
feature aerobic glycolysis (Warburg effect), similar to
cancer cells. Rod and cone photoreceptor cells metabo-
lize glucose, which allows only a tiny portion of glu-
cose-derived pyruvate to enter mitochondria. Instead of
entirely oxidizing glucose into carbon dioxide in mito-
chondria, the retina turns 80—-96% of glucose into lactic
acid under aerobic circumstances, and subsequently lac-
tic acid is delivered to RPEs to provide energy (Viegas and
Neuhauss 2021; Grenell et al. 2019; Kanow 2017). There
is a growing consensus that retinal and RPE cells perform
biological functions and survive as a whole. If the RPEs
are deprived of lactic acid, for instance, they begin to uti-
lize glucose as an energy source instead of transporting it
to cone and rod cells, which lead to interrupted glucose
transfer and the death of cone and rod cells (Hurley 2017;
Kanow 2017).

2.3.2 Lipids metabolism in the retina

The important role of lipids in retinal health and disease.
Lipids are general terms for fats (triglyceride, fatty acids,
phospholipids, sterols, and their derivatives). The retina
generally obtains essential lipids through endogenous
biosynthesis and systemic circulation. Lipids (phospho-
lipids) in the retina are early discovered in the disc of the
outer segment of rod cells (Molday and Molday 1987;
Boesze-Battaglia and Albert 1992). The human neural
retina is mainly composed of phospholipids (PL), free
cholesterol, and a low proportion of cholesteryl esters
(CE). The RPE and choroid were composed of 58% PL,
4% triglyceride (TG), 19% CE, 15% free cholesterol and
4% free fatty acids (FAs). Different phospholipids have
different FA groups, and the retina has a unique FA
structure. The retina has the highest content of long-
chain polyunsaturated fatty acids (LCPUFAs), including
docosahexaenoic acid (DHA), stearic acid (SA) and pal-
mitic acid (FA) (Acar et al. 2012; Fliesler and Anderson
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1983; Bretillon et al. 2008). Lipids in retinal cells func-
tion as substrates for metabolism and components of cell
membrane and nerve structure. Firstly, lipids engage in
synthesizing liposoluble pigments required for photore-
ceptor cells. Secondly, lipids emerge in retinal nerve fib-
ers and synaptic connections (Prakash et al. 2017). Their
physiological function is not only to provide energy for
oxidation, but also to constitute the main components
of biofilms (Prakash et al. 2017). Among them, free fatty
acids and cholesterol circulate through the retina and
choroid blood vessels, and reach the retina through pino-
cytosis (Delaey and Voorde 2000). The main function of
triglycerides (TG) is energy supply. High levels of lipids in
nerve tissue are the main components of biofilm, such as
cell membrane, endoplasmic reticulum membrane, mito-
chondrial membrane, and nuclear membrane (Meer et al.
2008). For example, the cell membranes of rods and cones
are lipid bilayers. DHA accounts for about 50% of the FAs
in photoreceptors, and the outer segment (OS) mem-
brane discs of photoreceptor cells are mainly composed

of high levels of LCPUFAs, especially DHA (Gorusupudi
et al. 2016; Andrews and Cohen 1983). Large amounts
of DHA are beneficial tcell membranes’ fluidity, allow-
ing efficient conformational changes of rhodopsin and its
associated G protein during phototransduction (Jastrzeb-
ska et al. 2011; Fahy et al. 2005). The saturated fatty acids
are beneficial to the toughness of cell membranes. Mean-
while, cholesterol plays a vital role in the formation and
support of cell membranes, including those of the pho-
toreceptors and RPE (Albert and Boeszebattaglia 2005).
Retinal lipid metabolism is an essential component of
retinal cells. It is involved in the growth, development
and maintenance of retinal cell function. The mainte-
nance of retinal lipid homeostasis is an important feature
of retinal cells, which can be achieved by regulating the
synthesis, breakdown and transport of retinal lipids. The
input of retinal lipids comes mainly from lipids in the
blood, including TGs, cholesterol, PLs, and other lipids.
Lipids in the blood are taken up by retinal cells and are
converted into lipids within retinal cells, such as TGs,
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cholesterol, PLs, and other lipids. In addition, retinal cells
can also take up precursors of lipids, such as acylcholine
and sodium cholate, from the blood and convert them
into lipids within retinal cells. The homeostasis of reti-
nal lipid metabolism is also fine-tuned by several mech-
anisms regulating retinal lipid transport and clearance
between retinal cells and blood circulation.

This section uses retinal cholesterol as an example to
elucidate the metabolic cycle of retinal lipids (Fig. 5). The
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retina generally has an enormous lipid demand which
requires either cholesterol synthesis (auto-synthesis)
or importing cholesterol from external sources (such
as lipoproteins) (Fliesler and Bretillon 2010). Since FAs
such as cholesterol and TGs are insoluble in water (Fahy
et al. 2005), they rely on carrier lipoprotein to transport
between the bloodstream and tissue cells (Hegele 2009).
Studies have shown that exogenous cholesterol can pass
through the oBRB, with the help of ApoE/A-I, ABCA1/

Cholesterol metabolism in the retina
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Fig.5 Cholesterol metabolism in the retina. The transmembrane uptake of retinal cholesterol is mediated by receptors such as lipoprotein (LDL-R),
ApoE/A-l, ABCA1/G1 and SR-B |-l in the BMs of the RPE. Lipid transport in the retina involves HDL-like particles that are rich in ApoE or ApoA-l.
Exogenous cholesterol can be transported as HDL-like particles by the ABCA1/G1 transporter expressed in RPEs. Lipoprotein particles bound

to receptors such as SR-BI, SR-BII, CD-36, or LDL-R are oxidized and cleared in photoreceptors. Esterified cholesterol lipoprotein particles can be
released into the BMs via ApoB and microsomal TG transporters produced by the RPEs to be maintained and cleared in the choroidal circulation.
Lipoprotein particles of unesterified cholesterol are matured in the IPM and retaken for recycling with the help of LCAT, PLTP, and CETP. HDL,
high-density lipoprotein; LDL, low-density lipoprotein; TG, triglyceride; LCAT, lecithin cholesterol acyltransferase; PLTP, phospholipid transfer protein;

CETP, cholesteryl ester transfer protein; BM, basement membrane
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G1 and SR-B I-1I receptors on the basement membranes
(BMs) of the RPE (Tserentsoodol et al. 2006a; Tserent-
soodol et al. 2006b; Ananth et al. 2014), or penetrate the
neuro-retinal cells through lipoproteins (especially LDL)
(Fliesler and Bretillon 2010; Tserentsoodol et al. 2006a;
Tserentsoodol et al. 2006b; Elner 2002; Leeuwen et al.
2018). The transport process of lipoprotein-carrying cho-
lesterol into RPEs requires the coordination of specific
lipoprotein receptors LDL-R and SR-B I-II and CD-36 on
the RPE BMs (Fliesler and Bretillon 2010; Tserentsoodol
et al. 2006a, 2006b; Duncan et al. 2002). However, the
permeability of iBRB for circulating lipoproteins is still
unclear. Except for exogenous source, retinal cholesterol
can also be biosynthesized by retinas in vivo (Fliesler and
Anderson 1983). However, it remains unclear which type
of retinal cells are responsible for cholesterol biosynthe-
sis (Fliesler and Bretillon 2010). MGs contain ApoE and
ABCA1/G1 transporters (Amaratunga et al. 1996), indi-
cating that they may play a role in the lipoprotein trans-
port of neuroretina. Moreover, ApoE can be secreted by
RPEs, which can also synthesize ApoA-I (Tserentsoodol
et al. 2006a, b). In rodent models, it has been demon-
strated that retinal biosynthesis accounts for the bulk of
total cholesterol (Lin et al. 2016).

Lipid transport in the retina involves high-density
lipoprotein (HDL)-like particles rich in ApoE or ApoA-
I (Tserentsoodol et al. 2006a, b). Exogenous cholesterol
can be exported to the subretinal space in the form of
HDL-like particles by ABCA1/G1 transporter expressed
in RPEs (Ananth et al. 2014). Then lipoprotein binds to
receptors such as SR-BI, SR-B II, CD-36 or LDL-R into
photoreceptors, which are converted into oxysterols cata-
lyzed by cholesterol oxidases CYP46A1, CYP27A1 and
CYP11A1 (Pikuleva and Curcio 2014), and are cleared by
lipoprotein particles in the retina (Fourgeux et al. 2009).
Furthermore, esterified cholesterol-rich lipids can be
released to the BMs through apolipoprotein b (ApoB)
and the microsomal TG transporter generated by RPEs,
as well as maintained and cleared in the choroidal blood
circulation via the choroidal capillary endothelium (Cur-
cio et al. 2011, 2010; Curcio 2018a, b). The difference is
that lipoprotein particles carrying unesterified choles-
terol are mature in the photoreceptor matrix (IPM) with
the help of lecithin-cholesterol acyltransferase (LCAT),
phospholipid transfer protein (PLTP), and cholesterol
ester transfer protein (CETP), and then reuptake by the
photoreceptors via the scavenger receptor (Leeuwen
et al. 2018). The metabolic process of lipids mentioned
above can maintain metabolic homeostasis in the retina.

2.3.3 Other metabolism in the retina
In healthy and diseased retinas, the metabolic distur-
bance of iron and calcium ions has been reported (Shinde
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et al. 2016; Song and Dunaief 2013), indicating that ion
metabolic homeostasis also plays an essential role in the
integrity of retinal function and structure. However, due
to space limitation, it will not be discussed in this review.

3 The dyshomeostasis in the retinal diseases

The common pathological basis of RDDs is the injury
and death of RPEs and/or retinal neurons, which leads
to the loss of visual function and the disorders of light
signal transduction. The pathology and repair of RDDs
involve complex cellular and molecular mechanisms. The
disruption of the visual pathway with retinal cell death is
the core of retinal disorders. The molecular mechanism
of retinal cell injury in diverse diseases is vital to visual
research. The survival and function of retinal neurons are
highly dependent on the homeostasis of the microenvi-
ronment composed of RPEs, glial cells and retinal vas-
culature. It is anticipated that uncovering the interaction
and response mechanism of retinal cells and microenvi-
ronment homeostasis would provide new ways for the
early diagnosis and treatment of RDDs. In the context of
diseases, these regulatory mechanisms are controlled by
genetic and/or environmental stimuli, and chronic innate
immune responses that regulate or contribute to a variety
of retinal dyshomeostasis, resulting in the onset of retinal
degenerative diseases, retinal vascular diseases, and reti-
nal fibrosis.

3.1 The dyshomeostasis in retinal degenerative diseases
(RDDs)

RDDs are a group of heterogeneous diseases character-
ized by progressive degeneration or death of retinal neu-
rons. RDDs are the leading cause of blindness while there
is no effective cure strategy. Currently, the main challenge
is to clarify the biological mechanism of retinal degenera-
tion. RDDs can be caused by protein defects involved in
light transduction, synaptic transmission, RPE integrity
or function, intracellular transport and ciliary function
or accumulation of retinoid toxicity. These defects can
lead to retinal dyshomeostasis, resulting in destructive
changes in retinal function and structure.

3.1.1 The dyshomeostasis in age-related macular
degeneration (AMD)

AMD is a multifactorial disease involving a complex
interplay between aging, environmental risk factors and
genetic susceptibility, characterized by the dysfunction
and injury of the RPE (Flaxman et al. 2017). According to
different fundus presentations, it can be divided into dry
and wet AMD (Ferris et al. 2013). Dry AMD is character-
ized by a slow decline in visual acuity, drusen of various
sizes in the posterior pole, hyperplasia of pigment epi-
thelium in the macular region, and geographic atrophy
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(GA) (Bressler et al. 1994; Bird et al. 1995; Age-Related
Macular Degeneration 2002). Wet AMD, also known as
neovascular AMD, is characterized by rapid vision loss,
neovascularization in the macular region, or hemor-
rhage and exudation in the lesion area, and the forma-
tion of gray-white scar lesions in the later stage (Tan and
Sadda 2017). Although numerous factors and processes
leading to RPE dysfunction and degeneration have been
identified, the pathogenesis is not fully understood. The
current study suggests that AMD involves a series of
retinal dyshomeostasis, including the imbalance of oxida-
tive stress, the changes in protein homeostasis, the dys-
function of inflammation and immune system, and the
defects in lipid and glucose metabolism. This dyshomeo-
stasis form an internal vicious feedback loop that leads
to RPE dysfunction, resulting in misfolded protein for-
mation and abnormal lipid accumulation that gradually
develops drusen. However, the exact interaction between
the pathophysiological events leading to drusen forma-
tion and the associated degenerative processes remains
to be elucidated. The above reactions run through the
progression of AMD. Multi-pathway dyshomeostasis is
an essential factor in the pathophysiology of AMD, and
the following pathways do not occur separately in the
process of AMD, but rather interact with one another.

The pathogenesis of AMD can be divided into genetic
and non-genetic related factors. In recent years, genetic
factors of AMD have been gradually discovered. The
Y402H allele (CFHY*?t) of complement factor H (CFH)
is the first gene mutation proved to be directly related
to the occurrence of AMD (Toomey et al. 2018a). The
CFHY*?H mutation impairs the regulatory function of
CFH to inhibit the activation of C3b by complement
component 3 (Cc3) and degrade C3b, which leads to the
overactivation of complement system and an increased
risk of AMD (Goverdhan, et al. 2008). In addition, Cc3
is the convergence of all complement pathways, and the
mutation R102G of the C3 gene is also involved in the
process of AMD from the early stage to the late stage
(Despriet et al. 2009). The C3a can enhance the expres-
sion of vascular endothelial growth factor (VEGF) and
promote the formation of choroidal neovascularization
(CNV) (Nozaki et al. 2006).

Non-genetic factors are the main factors involved in
the pathogenesis of AMD, including functional or struc-
tural imbalances in lipid metabolism, inflammation and
immune responses, neovascularization, RPE senescence,
oxidative stress, hemodynamics, autophagy and circa-
dian rhythm. Studies have found that high levels of high-
density lipoprotein and cholesterol are associated with
higher risk of AMD (Hwang et al. 2022). Lipid perox-
ides also exist in lipofuscin, drusen and BMs in patients
with AMD (Kaemmerer et al. 2007; Kopitz et al. 2004), in
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which the accumulation of lipid peroxidation end prod-
ucts (LPEP) disrupts protein stability, leading to apopto-
sis of photoreceptors and RPEs. Vitreous drusen contain
a variety of pro-inflammatory factors, which indicates
that local inflammatory response is a predictor of the
early onset AMD (Abdelsalam et al. 1999; Anderson
et al. 2002; Lookeren Campagne et al. 2014). Studies have
found that C-reactive protein (CRP) levels are higher in
AMD patients (Seddon 2004). CRP can recruit CFH to
eliminate necrotic tissue and prevent the release of pro-
inflammatory cytokines. When CFH mutation Y402H
binds to CRP, which shows lower binding ability, com-
plements are activated and inflammation was induced
(Lauer et al. 2011). While most complement proteins
cannot penetrate through the BMs, C5a passes through
the BMs to cause the destruction of BRB, leading to
inflammation and neovascularization (Clark et al. 2017).
In addition, the oxidative damage of RPE induced by the
emergence of a significant number of reactive oxygen
species (ROS) causes AMD’s dyshomeostasis. The retina
is one of the tissues with the highest oxygen consump-
tion in the human body (Eshaq et al. 2014), and intense
oxygen metabolism will promote ROS in the retina. Lipo-
fuscin is regarded as the primary ROS source (Boulton
et al. 2004; Rézanowska et al. 1995). Lipofuscin accumu-
lates in RPEs with age, which enhances oxidative stress
in the retina. Studies have shown that excessive lipofus-
cin is associated with AMD (Wihlmark et al. 1997). With
aging, human retinal pigment epithelial cells (HRPECs)
become senescent, and the activity of lysosomal enzymes
gradually decreases. This diminishes the capacity to clear
degenerative cells and protein aggregations dependent on
autophagy, and increases the accumulation of lipofuscin,
which ultimately leads to AMD.

The existence of BRB plays a vital role in maintain-
ing retinal homeostasis. To prevent potentially harmful
blood components such as killer lymphocytes, immune
complexes, and complements to the retina, retinal neu-
rons/glial cells are segregated from blood microcircu-
lation and choroidal tissue fluid (Katamay et al. 2013;
Cunha-Vaz 1976). BRB injury is an important condition
for the migration of immune components into the retina
and their involvement in the development of retinal dis-
orders (Crane and Liversidge 2008; Kerr et al. 2008). The
destruction of oBRB can be directly related to wet AMD
(Shao et al. 2016).

3.1.2 The dyshomeostasis in inherited retinal degenerative
diseases (IRDs)

Inherited retinal diseases (IRDs) are relatively rare blind-

ness caused by gene mutation (Schneider et al. 2022),

including RP, Leber hereditary optic neuropathy (LHON),

choroideremia, Leber congenital amaurosis (LCA),
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Stargardt’s disease (STGD) and X-linked retinoschisis
(XLRS) (Gordon et al. 2019). Although there is no viable
therapeutic strategy to delay the progression of most
IRDs, the pathogenesis of IRDs has been investigated fur-
ther with the advancement of molecular biology. IRDs are
a group of visual diseases with genetic and phenotypic
heterogeneity, which mainly affect the function of pho-
toreceptor cells. A variety of biochemical processes and
genetic mechanisms affect photoreceptor cells in IRD
patients and are involved in light transduction pathways,
protein transport, ciliary connection, lipid metabolism,
retinal development and synaptic function. Furthermore,
mitochondrial failure, RPE dysfunction, and BRB disrup-
tion may all play a role in causing IRDs. Although much
progress has been made in understanding the effects of
photoreceptors and RPE in different retinal pathologies,
the exact mechanism leading to the degeneration and
death of retinal neurons remains unclear. At present,
different mechanisms of cell death have been proposed,
including apoptosis, necrosis, pyroptosis, autophagy,
excessive calpain activation, and PARP-1-dependent cell
death (parthanatos) (Peng et al. 2020). With the advent of
next-generation sequencing technology, significant pro-
gress has been made in identifying IRDs’ genetic defects.

Take retinitis pigmentosa (RP) as an example, studies
have shown that RP is a genetic disease associated with
more than 80 disease-causing genes. Genetic or de novo
mutation is the primary driver of RP, followed by chronic
immune-inflammation and metabolic disorders that
result in retinal dyshomeostasis (Newton and Megaw
2020a). It was shown that humoral immunity and cel-
lular immunity are abnormal in RP patients (Yamamoto
et al. 1992). The vitreous cavity of RP patients contains
activated T cells, B cells, and macrophages, and the RPEs
express HLA-DR antigen. Meanwhile, it was discovered
that RP patients show autoimmune phenomena (Brink-
man et al. 1980; Chant et al. 1985), but there was insuffi-
cient evidence whether immunity played pathogenic role.
Regarding biochemistry, it was reported that RP individu-
als had an aberrant lipid metabolism, and lipofuscin par-
ticles accumulated in the retina (Newsome et al. 1988).
The metabolism of enzymes and other trace elements like
zinc and copper was also abnormal (Atmaca et al. 1989).
To sum up, the RP is a disease with multifaceted etiology,
probably resulted from retinal dyshomeostasis.

Gene mutations and susceptibility factors determine
the pathogenesis of different IRDs, but the dominat-
ing cause of vision loss is the damage of photoreceptor
(Botto et al. 2022). Here, we only discuss the dyshomeo-
stasis of photoreceptor degeneration, in order to arouse
the macroscopic thinking of researchers on the dyshome-
ostasis of IRDs. As the most common IRD, RP is charac-
terized by rhodopsin overexpression, underexpression, or
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structural abnormalities caused by gene mutations which
lead to the progressive degeneration of early rod cells.
Rod cell degeneration results in the release of inflamma-
tory molecules (including free radicals), which will lead
to retinal dyshomeostasis and ultimately affect the sur-
vival of cone cells (Kunte et al. 2012; Campochiaro and
Mir 2018).

In terms of immune-inflammation, genetic factors
include the expression levels of genes that promote or
inhibit inflammation. The equilibrium between inflam-
matory and anti-inflammatory genes of the retina is
vital for homeostasis (Lively and Schlichter 2018). Dur-
ing the progression of RP, multiple inflammation-related
genes are activated while the counteracting genes are
silenced and hence the immune balance is destroyed. A
considerable number of inflammatory genes are related
to the programmed cell death. The most common pat-
tern of rod cell death in RP is orderly apoptosis, followed
by necrosis, necroptosis, pyroptosis, and parthanatosis
(Olivares-Gonzalez et al. 2021). In the process of rod cell
loss, inflammatory factors and free radicals are released,
which threaten the survival of cone cells. The activation
of the NLRP3 inflammasome involves the overexpres-
sion of NLRP3, ASC, and caspasel, followed by secre-
tion of large amounts of inflammatory cytokines such
as IL-1beta and IL-18, which in turn leads to pyroptosis
(Haines et al. 2005). Retinal microglia usually involve
in stabilizing inflammation and suppressing immune
responses. In RP, microglia are activated and mono-
cytes are recruited, after that T cells and dendritic cells
respond to monocyte chemoattractant protein 1 (MCP-
1) and lead to retinal injury. Microglia in these locations
have an amoeboid appearance and secrete cytokines that
initiate various inflammatory pathways. The IL-6, IL-1a,
IL-1B and TNF-a lead to the further deterioration of RP.
Complement-related factors such as C3, C9, CFH, and
CFI can also aggravate retinal inflammation (Jong et al.
2021). Non-genetic factors, including intense sunlight
exposure, smoking, aging, body fat rate, alcohol, diabetes
and trama, will also accelerate retinal dyshomeostasis.

Recent studies revealed that retinal metabolic dysfunc-
tion is one of the main causes of IRDs. Metabolic changes
caused by gene mutations or deletions have been widely
reported (Genc et al. 2020a; Genc et al. 2020b; Conley
et al. 2014; Ding 2004; Stuck et al. 2016, 2014; Murenu
et al. 2021; Sinha, et al. 2021; Kelley et al. 2017). Reti-
nal photoreceptors require more energy than any other
type of cell (Hurley 2021), confirmed by the extremely
high glucose and oxygen consumption in the retina
(Damsgaard and Country 2022; Chertov et al. 2011).
Metabolic dyshomeostasis is gradually discovered as a
common event in IRDs (Sinha, et al. 2021; Kaplan et al.
2021; Joyal et al. 2016; Punzo et al. 2012; Griciuc et al.
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2014; Du et al. 2015). The diseased retina may modify
its metabolic pathways in the early stages to respond to
changes in the microenvironment and maintain homeo-
stasis. But when the condition worsens, metabolic issues
ultimately result in retinal degeneration (Sinha, et al.
2021). Whether metabolic homeostasis fluctuate within
indicated range determines the progression and stages of
disease.

In addition, cystoid macular edema (CMO) occurs in
many cases of RP, and the increased permeability of the
inner retina implies that the iBRB has ruptured (Vinores
et al. 1995). The tight junction proteins between reti-
nal endothelial cells are essential for the maintenance
of iBRB. Therefore, the degradation of tight junction
proteins leads to the formation of CMO in RP patients.
However, not all retinal degenerative models exhibit BRB
abnormalities, and the underlying mechanism needs
to be further explored (Falasconi 2019; Campbell et al.
2006).

3.1.3 Theretinal dyshomeostasis in pathological myopia
Pathological myopia (PM) is the leading cause of low
vision and blindness worldwide (Wong et al. 2014; Ohno-
Matsui et al. 2016). Pathological myopia is character-
ized by various degenerative fundus lesions, including
tessellated fundus, diffuse/patchy chorioretinal atrophy,
macular atrophy, lacquering cracks, choroidal neovascu-
larization (CNV) and Fuchs spots (Ohno-Matsui et al.
2016). The pathogenesis of PM is very complicated. The
development of axial myopia into high myopia, which is
the pathological foundation of PM, depends on poste-
rior scleral extension and thinning. In vivo studies have
shown that oxidative stress initiated neuroretinal degen-
eration in PM (Francisco et al. 2015; Ham et al. 1984).
However, there are few studies on the pathophysiological
mechanism of myopic retinopathy.

Various animal models of myopia have been estab-
lished over the last few decades, providing great support
for investigating myopia pathogenesis. However, there
are currently no animal models that can adequately imi-
tate human PM retinopathy. And numerous pathological
changes in human retinal tissues are difficult to replicate,
which greatly limits the study of the pathogenesis of PM.

3.2 The dyshomeostasis in retinal vascular diseases

The retinal blood vessel system is similar to those of
other body parts, and its main function is to maintain
the metabolism of supporting tissues. Unlike blood ves-
sels in other tissues, the particular location of retinal
blood vessel system determines that it must ensure the
transparency of the retina to the greatest extent to facili-
tate vison. This requirement is mainly guaranteed by the
BRB composed by retinal vasculature. Retinal vascular
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diseases affect visual function in different ways, but
they are all associated with restricted blood circulation,
characterized by changes in blood flow, vascular struc-
ture, or blood consistency. From the standpoint of this
physiological function, retinal vascular diseases can be
roughly divided into two categories: the first is that dis-
eased retinal vessels cannot ensure the effective metabo-
lism of retinal tissue (Chen et al. 2022); the second is that
abnormal BRB causes retinal edema or blood component
exudation, which affects the transparency and imaging
function of the retina (Hayreh 2010). Common retinal
vascular diseases include DR, wet AMD, hypertensive
retinopathy, retinal vein occlusion, central retinal artery
occlusion and ocular ischemic syndrome. This section
will focus on the dyshomeostasis of DR and wet AMD.

3.2.1 The dyshomeostasis in diabetic retinopathy (DR)
DR features leakage, occlusion and proliferative micro-
vascularization in retina (Shukla and Tripathy 2022).
Clinically, the disease is divided into two distinct phases
based on the existence of retinal neovascularization: non-
proliferative diabetic retinopathy (NPDR) and prolifera-
tive diabetic retinopathy (PDR) (Wang and Lo 2018). In
the non-proliferative phase, the diseased retina shows
changes in retinal blood flow and vascular permeability,
thickening of the BMs, loss of pericytes and formation of
acellular capillaries, followed by microaneurysms, venous
beading, and intraretinal microvascular abnormalities
(Roy and Kim 2021). Due to the destruction of the BRB,
plasma components leak into the retinal tissue, resulting
in retinal edema and ischemia(Romero-Aroca et al. 2016;
Kang and Yang 2020). When edema occurs in the macu-
lar area, it causes central vision damage. As the ischemia
persists, the main fundus changes of PDR is neovascu-
larization, which are primarily manifested by the prolif-
eration of neovascularization or proliferative membrane
along the retinal surface (Silva, et al. 2013). When the
neovessels break, retinal and vitreous hemorrhage fol-
lows, and the contraction of the proliferative membrane
leads to tractional retinal detachment (Kang and Yang
2020). The progression of DR is a complex process involv-
ing multiple molecular and biochemical pathways, and
the interaction of these systems results in dyshomeosta-
sis of retinal blood vessels and their microenvironment.
The metabolic disorder of diabetes is the main cause of
DR. Elevated blood glucose triggers a cascade of compli-
cated pathophysiological changes. Continuous hypergly-
cemia can damage the BRB in the early stage, followed by
increased permeability, microvascular leakage, late reti-
nal neovascularization, fiber proliferation, and ultimately
structure changes (Curtis et al. 2009). The disruption
of the BRB causes an increase in vascular permeability,
which results in the exudation of fluid in the macular



Zhang and Jin Current Medicine (2023) 2:4

region and the formation of diabetic macular edema
(DME), which is the leading cause of visual impairment
in diabetes patients (Kang and Yang 2020). As the disease
worsens, vasoconstriction and capillary occlusion lead
to capillary damage and retinal ischemia. Severe hypoxia
prompts neovascularization, vitreous hemorrhage (VH)
and retinal detachment. Retinal ischemia leads to a
non-perfusion state which upregulates the expression
of vascular endothelial growth factor (VEGF), the most
crucial cytokine causing PDR. Pathological factors such
as inflammation and oxidative stress also stimulate the
expression of VEGF through transcriptional regulation.
The upregulated VEGF drives the pericyte apoptosis and
act as a strong pro-angiogenic factor, partly by regulating
the expression of angiopoietin-1 (Angl) and angiopoi-
etin-2 (Ang2) (Maisonpierre et al. 1997). Angl activates
Tie-2 pathway to maintain vascular stability while its
competitive antagonist Ang2 interferes with the Angl/
Tie-2 axis and results in exudation in DR (Stewart et al.
2016). In short, VEGF-induced vascular leakage and
neovascularization are vital compensatory responses to
hypoxia in the diabetic retina that contributes to diabetic
retinopathy (Ferrara and Davis-Smyth 1997).
Neurotrophic factors and inflammatory mediators in
the retina maintain a physiologically dynamic balance,
but diabetes disturbs this balance. Glial cells are activated
by changes in biological pathways such as polyols, pro-
tein kinase C (PKC), advanced glycation end products
and renin-angiotensin system, and hence release vari-
ous of inflammatory factors and growth factors, causing
chronic inflammatory reactions in retinal endothelial and
nerve cells (Hove et al. 2020; Rodriguez et al. 2019; Riib-
sam et al. 2018). Leukocyte integrins (CD11la, CD11b,
and CD18) are up-regulated in hyperglycemia, which
enriches leukocyte adhesion molecules (intercellular cell
adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), platelet endothelial cell adhe-
sion molecule-1 (PECAM-1), E-selectin, and P-selectin),
cytoskeleton protein PDZ and LIM domain protein 1
(Wan et al. 2021). In addition, the interaction between
abnormal leukocytes and endothelial cells potentially
results in retinal vascular injury in an inflammatory
environment (Cheung et al. 2010). The levels of inflam-
matory factors IL-1pB, IL-6, IL-8 and TNF-« in aqueous
humor and vitreous cavity of DR patients are increased
(Feng et al. 2018), and the presence of these factors is
closely related to the severity of diabetes (Simé-Servat
et al. 2012; Vujosevic et al. 2015; Kinuthia et al. 2020).
Furthermore, it is shown that the expression of inflam-
matory factors increases with VEGF in the vitreous
cavity of PDR patients, as does the expression of the
soluble receptor sIL-2R2 (Doganay et al. 2002). Inflam-
matory bodies containing the (NLRP3) is also activated
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(Loukovaara et al. 2017). At the same time, the occur-
rence and development of diabetes are also accompanied
by increased expression of some chemokines (such as
monocyte chemotactic protein-1, macrophage inflamma-
tory protein-la, macrophage inflammatory protein-1f).
The increased expression of monocyte chemotactic pro-
tein 1 (MCP-1) can cause retinal vascular leakage (Spen-
cer et al. 2020; Taghavi et al. 2019). Retinal glial cells
that maintain retinal structure and homeostasis are also
affected by hyperglycemia. Hyperglycemia can activate
microglia to secrete inflammatory mediators (TNEF-q,
IL-6, VEGF, MCP-1) (Altmann and Schmidt 2018). MGs
and astrocytes are also involved in the development of
inflammatory responses (Wang and Lo 2018). In conclu-
sion, long-term hyperglycemia can lead to increased lev-
els of retinal cytokines such as inflammatory factors and
chemokines, followed by endothelial and glial cells dys-
function, finally causing retinal microvascular damage
and nerve degeneration, and accelerating the progress of
DR.

Hyperglycemia in diabetes disrupts the intracellular
antioxidant system. ROS is a group of oxygen-free radi-
cals generated from the highly reactive mitochondrial
electron transport chain (Poprac et al. 2017). ROS is a key
player in oxidative stress which stimulates cell metabo-
lism, proliferation, differentiation, and immune regula-
tion, as well as vascular remodeling (Sies et al. 2017).
The etiology of many illnesses attribute to excessive ROS
production and imbalance of the antioxidant defense sys-
tem. Oxidative stress has been confirmed to be one of
the important factors in the pathogenesis of DR. Oxida-
tive stress can lead to nerve, vascular, and tissue damage
through pyroptosis, apoptosis, autophagy, inflammation
as well as mitochondrial dysfunction. The retina is sus-
ceptible to ROS due to high energy demands and light
exposure (Boulton et al. 2001). In diabetes, abundant
glucose is catabolized by glycolysis, which increases the
electron transport chain load and the formation of oxi-
dants in mitochondria, leading to an excessive produc-
tion of ROS (Brownlee 2005) and a series of retinal cell
dysfunction by inducing retinal oxidative stress and
mitochondrial impairments. Metabolic disorders caused
by diabetes are the fundaments of DR. Multiple path-
ways are involved, including the activation of protein
kinase C (PKC), polyol pathway and hexosamine path-
way; intracellular formation of advanced glycation end
products (AGEs) and abnormal increase of angiotensin II
(Ang IT) (Kowluru and Chan 2007; Hammes 2018). These
metabolic abnormalities affect the production of retinal
ROS. Meanwhile, the excessive production of ROS fur-
ther increases the disorder of these metabolic pathways,
which can also be related to each other through ROS or
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other intermediate components (Kang and Yang 2020;
Pal et al. 2020).

Autophagy is a process by which eukaryotic cells
degrade cytoplasmic proteins and defective organelles via
lysosomes under the control of autophagy-related genes.
Autophagy is capable of reacting to cytotoxic stimuli,
preventing cell damage, and promoting cell survival in
the absence of nourishment. Autophagy includes basal
autophagy under physiological conditions and induced
autophagy under stress conditions. The former is a self-
defense system of cells, which is beneficial to cell growth
and development, shields cells from metabolic stress and
oxidative damage, and plays a crucial role in maintaining
cellular homeostasis and the synthesis, degradation, and
recycling of cell products. However, excessive autophagy
may lead to metabolic stress, degradation of cell com-
ponents, and even cell death. Therefore, an efficient
autophagy system is essential for maintaining homeosta-
sis in the intracellular environment.

Studies have shown that Autophagy is involved in
a variety of physiological and pathological processes,
including cellular responses, aging, immunity, tumo-
rigenesis, and neurodegenerative disorders (Duraes et al.
2015; Levine and Klionsky 2004; Shintani and Klion-
sky 2004). There is evidence that autophagy is associ-
ated with neurodegeneration, inflammation, oxidative
stress, and apoptosis in human diabetic retina. Previous
studies have shown that inhibition of autophagy pro-
motes microvascular circulation disorders. It is found
that high glucose inhibits the autophagy function of
mouse retinal MGs, resulting in VEGF overexpression
which may promote retinal neovascularization (Lopes
de Faria et al. 2016). However, other studies showed that
high glucose could activate the expression of autophagy-
related genes in retinal vascular endothelial cells, thereby
inhibiting the release of VEGF and ultimately inhibiting
retinal neovascularization (Mao et al. 2017). In contrast,
in vitro experiments have shown that high glucose can
lead to an abnormal increase of autophagy in endothe-
lial cells, and the increased autophagy flux will damage
vascular endothelial cells and induce apoptosis of vascu-
lar endothelial cells (Du et al. 2017). The above conclu-
sions propose that autophagy has a dual effect on the
retina. Moderate autophagy can maintain the stability
of the intracellular environment. Excessive or weakened
autophagy caused by a high glucose environment will
promote the occurrence of diabetic retinal microvascu-
lar disease. Autophagy is closely related to diabetic neu-
rodegeneration (Simé and Herndndez 2014). Autophagy
dysfunction occurs before retinal vascular injury and
apoptosis in diabetic mouse models. The activation of
autophagy accelerates the death of mouse retinal cells,
thereby causing a thinner outer nuclear layer (ONL) (Ren
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et al. 2018). High glucose may trigger autophagy in rat
retinal MGs, but lysosomal failure causes autophagy sub-
strates to accumulate in the cytoplasm, resulting in exces-
sive VEGF release and a higher apoptosis rate (Lopes
de Faria et al. 2016). When human MGs were exposed
to glycated low-density lipoprotein cholesterol (HOG-
LDL), it was found that HOG-LDL showed obvious toxic
effects, inducing autophagy and significantly reducing
cell viability, leading to increased apoptosis and glial
cell activation. Moreover, in the STZ-induced diabetic
mouse model, it is found that intracellular autophagy
activity is significantly increased, suggested by increased
LC3 immunostaining in the outer plexiform layer (OPL),
and up-regulated expression of autophagy proteins Bec-
lin-1 and Atg5 (Piano et al. 2016). In conclusion, in the
case of diabetes, autophagy has a dual effect on retinal
cells. Under mild oxidative stress conditions, autophagy
plays a protective role in cells, but when oxidative stress
increases to a specific threshold, autophagy will promote
the occurrence of DR and neurodegeneration (Fu et al.
2016).

In summary, the pathogenesis of DR is complicated
and has not been fully explored. Further studies on the
pathophysiological process of DR will provide a potential
therapeutic direction for the treatment of DR.

3.2.2 The dyshomeostasis in wet AMD

Choroidal neovascularization (CNV) distinguishes wet
AMD from dry AMD. CNV penetrates the BMs and pro-
liferates between the BM and RPE or in the subretinal
space (Green and Enger 1993). CNV in wet AMD may be
a secondary response to other pathogenic abnormalities
in the early stage. The stress or injury of RPE and corre-
sponding immune responses can promote the produc-
tion of angiogenic factors, thereby driving the occurrence
of CNV (Ambati and Fowler 2012). Moreover, degen-
erative changes in choroidal vessels are another possible
cause of pathological angiogenesis. Vascular loss and/
or decreased perfusion in the choroidal capillary layer
precede pathological angiogenesis and are often accom-
panied by macrophage aggregation and early indicators
of angiogenesis, including endothelial and pericellu-
lar activation (Kornzweig 1977; Sarks et al. 1997; Mul-
lins et al. 2011; Killingsworth 1995; McLeod and Lutty
1994). These early vascular changes may lead to choroi-
dal hypoxia and up-regulation of angiogenic factors, thus
forming pathological blood vessels. VEGF is regarded as
a key pathogenic factor of wet AMD (Lopez et al. 1996;
Kvanta et al. 1996; Frank et al. 1996; Bhutto et al. 2006;
Campa et al. 2008; Kwak et al. 2000). Oxygen levels,
insulin-like growth factor (IGF), glucose, reactive oxy-
gen intermediates and complement influence the gen-
eration and release of VEGF by RPE (Nozaki et al. 2006;
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Thurman et al. 2009; Pons and Marin-Castafio 2011;
Rohrer et al. 2009). However, RPE is not the sole source
of angiogenic factors, which may derive from immune
cells or other kinds of cells (Higgins et al. 2003; Fukuoka
et al. 2003). Furthermore, with aging, the choroidal cap-
illaries become senescent and atrophied, and the supply
of blood and oxygen to the neural retina declines, which
promotes the overexpression of VEGF and the formation
of neovascularization. The expression of anti-angiogenic
factor thrombospondin 1 (TSP1) is significantly reduced
in AMD patients, especially in choroidal capillaries in the
BMs and submacular regions. Similarly, the anti-angi-
ogenic regulator PEDF, whose expression is decreased
under disease conditions, can also lead to the formation
of CNV. The above indicates that the decreased expres-
sion and activity of anti-angiogenic factors can promote
the formation of neovascularization. Therefore, the dys-
homeostasis between angiogenic and antiangiogenic fac-
tors promotes angiogenesis during the development of
wet AMD (Hernandez-Zimbroén et al. 2018).

In addition to the angiogenic factor pathway, the
inflammatory immune response also plays a significant
role in the pathogenesis of wet AMD. Inflammation/
immune-related factors, such as IL17 receptor C, IL17-F
and IL6 are highly expressed in the eyes of AMD patients
(Nussenblatt et al. 2013; Xu 2020). The retina and cho-
roid can recruit macrophages and microglia, which are
distributed along non-immune cells (RPE and MGs) and
participate in the occurrence and development of the dis-
ease. In normal-aged RPE cells, the levels of VEGEF, IL12
and IL10 are all increased, but IL12 promotes the pro-
duction of interferon y, TNF-a and T lymphocytes, while
IL10 inhibits inflammatory mediators (Cao et al. 2011).
The expression of chemokine receptors CCR1 and CCR2
on CD147/CD16" monocytes is also considerably ele-
vated in wet AMD patients (Luo et al. 2013). In CNV, the
most important immune cells for vascular remodeling are
macrophages, which may be subdivided into classically
activated macrophages (M1) and alternatively activated
macrophages (M2). The ratio of M1/M2 macrophages
can regulate the development of CNV (Nussenblatt et al.
2013), and the increase in the number of retinal mac-
rophages is a marker of CNV (Skeie and Mullins 2009;
Grossniklaus 2000; Cherepanoft et al. 2010). Enormous
evidence from human and rodent studies has shown
that macrophages are the main infiltrating inflammatory
cells in CNV, indicating the crucial role of macrophages
in the development of wet AMD (Yang et al. 2016). The
IL-6 produced by macrophages stimulates angiogen-
esis of CNV by activating IL-6 receptor (IL-6R)-positive
macrophages (Droho et al. 2021). In AMD mouse models
with CCR2 or its homologous ligand (CCL2) gene defi-
ciency (Ambati et al. 2003), macrophage mobilization
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is impaired and choroidal neovascularization develops,
suggesting that macrophages also defend retina from
CNV (Ambati et al. 2003; Molday et al. 2000). Therefore,
the role of macrophages in the occurrence or develop-
ment of CNV still warrants further study.

Microglia are another type of immune cells that involve
in the pathogenesis of CN'V. Normal retinal microglia are
distributed evenly in the inner plexiform layer (IPL) and
outer plexiform layer (OPL) (Santos et al. 2008; Provis
et al. 1996). When organism experience aging or disor-
ders, the distribution of retinal microglia is disrupted.
In the aging retina, an increasing number of activated
microglia migrate into the subretinal space (Xu et al
2008, 2009). Previous studies present that microglia
accumulate in the subretinal space of Cx3crl-deficient
mice and exacerbate neovasculature in laser-induced
CNV models (Combadiére et al. 2007). In AMD-related
genetically modified mouse models, the absence of
chemokines CX3CR1 and CCL2 leads to the accumula-
tion and activation of microglia in the subretinal space,
which is associated with drusen, RPE degeneration, pho-
toreceptor atrophy and CNV (Combadiére et al. 2007;
Tuo et al. 2007). Moreover, the expression of RPE65 and
tight junction proteins (ZO-1 and claudin-1) decreased
after cultured RPE cells were exposed to activated micro-
glia, suggesting an impairment of RPE cells caused by
microglia (Ma et al. 2009). In contrast, the expression of
chemokines (CCL2, CCL5, SDF-1) and adhesion mol-
ecules (VCAM-1, ICAM-1) were increased, and the
supernatant of RPE culture could induce the migration of
microglia (Ma et al. 2009). In vivo, the activation of trans-
planted microglia in the subretinal space is also related
to the displacement of endogenous microglia from the
inner retina to the outer retina. This progressive accu-
mulation of subretinal microglia may gradually destroy
the immune-privileged environment of the outer retina,
evoke the chronic neuroinflammatory process associated
with the pathogenesis of AMD, and promote the forma-
tion of CNV, leading to retinal dyshomeostasis.

There is also a link between the activation of the com-
plement system and the pathogenesis of wet AMD. The
complement system is part of the innate immune sys-
tem. Its principal function is to identify and remove for-
eign pathogens, apoptotic cells and cell debris. The initial
pathways of complement activation include the classical
complement, alternative and lectin pathway, which all
revolve around the cleavage of complement component 3
(C3) (Kato et al. 2020). Complement protein and its acti-
vated products exist in retinal drusen of AMD patients.
Genetic analysis in a large population has shown that
several variants of complement proteins are also associ-
ated with an increased risk of AMD (Toomey et al. 2018b;
Strittmatter et al. 2016). Early histological studies have
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found that the complement component Clq in the clas-
sical pathway exists in the choroidal neovascularization
membrane (CNVM) of wet AMD patients (Baudouin
et al. 1992). Nevertheless, the classical complement path-
way currently seems to have no prominent role in the
pathogenesis of wet AMD (Rohrer et al. 2007). The C3
component in the alternative pathway may play a criti-
cal role in the pathogenesis of wet AMD. The C3 protein
and its activation products C3c and C3d are deposited in
CNV tissue samples (Baudouin et al. 1992; Lommatzsch
et al. 2007; Lommatzsch et al. 2008). In experimental
mouse models of wet AMD, local C3a levels also increase
during laser-induced CNV (Nozaki et al. 2006). Moreo-
ver, the C3 knockout (C37/7) mice can tolerate CNV
formation after laser irradiation (Bora et al. 2005). The
formation of CNV requires VEGF to stimulate choroi-
dal endothelial cells. The C3a increases VEGF secretion
of RPEs in vitro and prompts VEGF secretion of mouse
choroid when administered intravenously (Nozaki et al.
2006). However, no C3a receptor is found in human cho-
roidal tissues, suggesting that C3a may recruit monocytes
to the choroid via ICAM-1 production (Skeie et al. 2010).
Furthermore, complement systems such as C5 and CFH,
as well as their related intermediate cascades, can con-
tribute to and influence the incidence and progression of
wet AMD via inflammatory immunity, upregulation of
VEGEF expression and oxidative stress. The regulation of
the inflammation-related complement system effectively
induces RPE to secrete angiogenic VEGE, and its active
complement factors C3a and C5a can also recruit leuko-
cytes to the choroid (Nozaki et al. 2006).

The RPEs can regulate the retinal immune-inflamma-
tory microenvironment in various ways, thus regulating
the neovascularization of AMD (Golestaneh et al. 2018).
Autophagy dysfunction of RPEs is involved in the patho-
genesis of wet AMD. Oxidative stress is also considered
an important pathogenesis of wet AMD, which may
be achieved by stimulating RPEs to produce VEGF and
inducing an inflammatory microenvironment (Abokyi
et al. 2020; Kim et al. 2021). In addition, lipid abnormali-
ties and exosomes may also participate in the occurrence
and development of wet AMD (Tong et al. 2016; Kishan
et al. 2011). The incidence of wet AMD is influenced by
various risk factors that trigger neovascularization.

4 The implications of retinal homeostasis
for treatment

Homeostasis is required for integrative physiology in cells
and the whole body. Enormous parameters are involved
in the maintenance of homeostasis. Various mechanisms
control the stability of these parameters, and there are
complicated relationships among them. The mainte-
nance of homeostasis depends on tissue function, cellular
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regulatory mechanisms and the stability of blood circula-
tion. Nevertheless, the capacity to preserve homeostasis
is limited, and irreversible lesions or injuries will result
in dyshomeostasis. Many cellular and molecular path-
ways are involved in the onset and progression of RDDs,
which may result in various dyshomeostasis. Through an
in-depth study of retinal homeostasis, the relationship
between RDDs and metabolic, neural, immune, inflam-
matory regulatory pathways and the pathogenesis of
RDDs could be revealed, laying the foundation for the
retinal homeostasis-oriented treatments to RDDs. Single
or multiple molecules or drugs, as well as gene and cell
therapies may maintain retinal homeostasis by affecting
the interaction of mediators and diverse cellular activi-
ties. This section will focus on new strategies for treating
dyshomeostasis in retinal degenerative and retinal vascu-
lar diseases.

4.1 Progress in new therapies for retinal degenerative
diseases

The previous sections have shown that retinal degen-
erative diseases are associated with multiple path-
ways, including cellular metabolism, oxidative stress,
autophagy and inflammatory responses, imbalance of
which leads to the loss of neurons and supporting cells
(including RPEs and glial cells) in retinal degeneration.
Therefore, strategies targeting retinal neurons warrant
more investigation. Although gene and stem cell ther-
apy are transforming from preclinical testing to clinical
treatment in some retinal degenerative diseases, chal-
lenges still exist, which we have reviewed and discussed
in our previous works (Zhang et al. 2021; Jin et al. 2019).
Therefore, we will focus on the development of drugs for
retinal degenerative diseases in this section. Currently,
the main research on medicines for retinal degenerative
diseases are of neurotrophic and anti-inflammatory basis.
Although current drugs are not able to restore the lost
RPE and photoreceptor cells, most drugs can effectively
improve the retinal microenvironment and maintain its
homeostasis, thereby restoring and delaying the func-
tional damage of RPEs and photoreceptor cells.

Oxidative stress is involved in the neurodegenerative
process of almost all retinal degenerative diseases, and
antioxidants are considered to have a certain effect on the
treatment of retinal degenerative diseases. The applica-
tion of antioxidants has been shown to preserve residual
vision in different retinal degeneration models (Cuenca
et al. 2014). Among them, natural antioxidant com-
pounds such as saffron and tauroursodeoxycholic acid
(TUDCA) can delay the progression of retinal degenera-
tion in animal models, suggesting potential value in the
clinical application (Ferndndez-Sinchez et al. 2015b).
Moreover, a number of substances, including vitamin A
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(VA), lutein and docosahexaenoic acid (DHA) and lycium
barbarum polysaccharide (LBP), Ginkgo biloba extract
(GBE) and astragaloside IV, have been found to have
antioxidant effects in animal models of photoreceptor
degeneration or damage. Some of these substances have
shown promising preliminary results in clinical trials
(Zhang et al. 2022; Wang et al. 2022; Li et al. 2022; New-
ton and Megaw 2020b). However, there is some contro-
versy regarding the effectiveness of dietary antioxidant
supplements for slowing down photoreceptor degenera-
tion. There is some evidence that the VA-related supple-
ments may not be suitable for all types of RP, which may
be due to different gene mutations with distinct impacts
on the pathways of VA involvement. In STGD patients
who carried the ABCA4 mutation, excessive VA sup-
plementation promotes the accumulation of A2E which
results in RPE cytotoxicity and accelerated RPE cell
death. In ABCA4 knockout mice, a high dose of VA leads
to lipofuscin accumulation and deposition in the RPE,
followed by massive accumulation of all-trans retinoic
acid and disruption of visual cycle homeostasis. However,
the recently reported chemically modified VA, ALK-001
(C20-D3-VA), can safely delay the progression of STGD
while maintains normal visual circulation homeostasis in
clinical phase II trials (Holz et al. 2018). In RP patients
with the LRAT mutation, the retina is incapable of con-
verting all-trans retinol to all-trans retinaldehyde, result-
ing in the low storage of all-trans-retinol in RPEs, which
directly leads to the failure of 11-cis-retinol recycling
and the destruction of visual cycle metabolic homeosta-
sis (Perusek and Maeda 2013). The consumption of VA
derivatives has been found to enhance retinal content in
individuals with LRAT mutation, compensate for the vis-
ual cycle metabolic dyshomeostasis induced by the loss of
LRAT function, and postpone photoreceptor cell degen-
eration (QLT091001, ClinicalTrials). Similar evidence
suggests that VA improves retinal function in Rho'"M
but not Rho™*5 mutant retinal degenerative mice (Li
et al. 1998). Overall, there is still a risk for VA intake in
individuals with retinal degeneration, and more solid
evidence is required to offer reliable support. In addi-
tion, dietary supplementation with lipid compounds (w-3
long-chain polyunsaturated fatty acids, docosahexaenoic
acid or eicosapentaenoic acid) are being evaluated in
multiple clinical trials for the treatment of RP and AMD
due to their antioxidant and anti-inflammatory properties
(ClinicalTrials.gov) (Maneu et al. 2022). Supplementation
of DHA (a type of w-3 fatty acids) can slow the progres-
sion of visual loss in RP patients (Hoffman et al. 2015),
and its combination with VA can also improve the sur-
vival rate of photoreceptors in RP patients (Berson 2004).
The Age-Related Eye Disease Study (AREDS, AREDS?2)
is a landmark clinical study conducted by National Eye
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Institute (NEI) for over two decades. ARED reveals that a
specific combination of antioxidants (vitamin C, vitamin
E, B-carotene) and zinc could help reduce the risk of dis-
ease progression in patients with moderate to advanced
dry AMD (Kassoff et al. 1417). The AREDS2 study tested
several formulation, such as the addition of omega-3 fatty
acids, and the substitution of -carotene with lutein and
zeaxanthin and/or reduced zinc (Lawrenson and Evans
2015; Lutein + Zeaxanthin and Omega-3 Fatty Acids
for Age-Related Macular Degeneration 2013), which can
reduce the proportion of moderate dry AMD progres-
sion to late atrophic and wet AMD. Moreover, lutein
and zeaxanthin have higher benefits than [-carotene
and are safer for selected patients. Antioxidant supple-
ments and ROS scavengers have been proposed as poten-
tial treatments for various AMD. Supplementation with
antioxidants and micronutrients (lutein, zeaxanthin,
and polyunsaturated fatty acids) can effectively reduce
the development of advanced AMD (Bonds et al. 2014).
However, the results of the AREDS trial were based on
some relatively well-nourished Americans and may not
be generalizable to other populations (Mukhtar and
Ambati 2019). Although there is growing evidence that
antioxidant treatment has a favorable impact on retinal
degeneration, there are still significant variations in the
molecules, dosages, and outcomes of antioxidant therapy
(Maneu et al. 2022). Therefore, more studies are required
to provide authoritative guidance for clinical treatment.
Various immune inflammatory reactions have been
gradually discovered in the pathological process of reti-
nal degenerative diseases (Zhao et al. 2015; Kohno et al.
2014). It is a new research hotspot to uncover related
inflammatory factors in all stages of retinal degenerative
diseases. The strategies to treat RP based on the anti-
inflammatory response are independent of its genetic
background. Anti-inflammatory therapy does not target
molecular mechanism of photoreceptor cell degenera-
tion, but instead seeks to block the signaling pathways
that promote photoreceptor degeneration and improve
the retinal microenvironment in order to block or slow
down the degenerative process in photoreceptors. Inhi-
bition of microglial activation, blockage of chemokine
receptors and reduction or suppression of inflammatory
mediators are potential therapies for RP. Anti-inflam-
matory drugs, for example, steroidal anti-inflammatory
drugs (SAIDs) and non-steroidal anti-inflammatory
drugs (NSAIDs), are often used to relieve pain, photo-
phobia, and edema in ophthalmology. In recent years,
studies have found that anti-inflammatory drugs also
play a role in the treatment of retinal degenerative
diseases. Targeted therapy of rd10 mice with SAIDs
dexamethasone decreased the expression of pro-inflam-
matory chemokines, reduced the activation of microglia,
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inhibited the inflammatory response, and protected the
visual function mediated by photoreceptors (Guadagni
et al. 2019). The dendrimer-fluocinolone acetate (D-FA)
injected into the vitreous cavity of RCS rats also signifi-
cantly decreased the activation of microglia and reduced
retinal neuroinflammation reaction (lezzi et al. 2012).
Currently, the usage of NSAIDs for non-vascular retinal
degenerative diseases has not been reported. In addition
to classic anti-inflammatory drugs, tetracycline deriva-
tive minocycline also inhibited the activation of retinal
microglia in rd10 mice, thereby improving the retinal
structure and function, and prolonging the survival of
photoreceptor cells (Scholz et al. 2015). Minocycline, a
tetracycline derivative, is currently being tested in clinical
trials to verify the efficacy and safety of the treatment for
RP (NCT04068207, ClinicalTrials).

Polyphenolic monomers and their derivatives with
anti-inflammatory and anti-oxidative properties have
been extensively studied in preclinical studies and might
be employed as prospective drugs to prevent and delay
RP (Mandal et al. 2009; Hu et al. 2015). In the Rho"?3H
transgenic pig (Scott et al. 2015), polyphenolic mono-
mers significantly retained the retinal morphology and
revived the localization of rhodopsin. In animal models,
it alleviates photoreceptor loss of RP by blocking micro-
glial major proinflammatory cytokines through the vitre-
ous binding protein receptor antagonist cRGD and the
TNEF-a receptor antagonist (Zhao et al. 2015; Batiha et al.
2020; Martinez-Fernindez de la Camara, et al. 2015).
MGs can also act as target cells for polyphenolic mono-
mers. In the mouse model of photooxidative damage,
inhibition of the ERK1/2 signaling pathway in MGs could
protect retinal function (Zeng et al. 2022). In summary,
various strategies against the inflammatory immune
response of retinal degenerative diseases delay the pro-
gression of retinopathy. However, the specific mecha-
nisms, efficacy and safety of these drugs are yet to be
evaluated.

Due to the heterogeneity of retinal degenerative dis-
eases, current drugs can only delay the course of the
disease within a certain range. Neuroprotective drugs
are widely used in nervous system diseases. Clinically,
newly developed neuroprotective preparations for reti-
nal degenerative diseases (Dias et al. 2018) include cili-
ary neurotrophic factor (CNTF), Glial cell line-Derived
Neurotrophic Factor (GDNF) and basic fibroblast growth
factor (bFGF). GDNF alleviated the death of rod photo-
receptors in a model of retinal degeneration (Rio et al.
2011). However, the injection of bFGF in the RP rat
model showed that a single injection could only delay
the degeneration of photoreceptors in a short period
(Faktorovich et al. 1990). This may be due to the short
half-life of neurotrophic factor, which is challenging to
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maintain its effectiveness in treatment while frequent
injections also increase the risk of injury. Therefore,
various novel technologies have been developed for the
long-term delivery of neurotrophic factors, such as nan-
oparticles, viral transduction, and capsule cells that can
produce neurotrophic factors. Transplantation of bFGF-
producing capsule cells into the vitreous cavity of retinal
degeneration rats showed delayed degeneration of pho-
toreceptor cells (Uteza et al. 1999). Similarly, in some RP
animal models, CNTF could slow down the degradation
of photoreceptors (Maeda et al. 2006; Liang et al. 2001).
The implantation of an encapsulated cell device (NT-501)
that continuously secrete human CNTF in the intraocu-
lar ciliary margin of RP patients showed good tolerance,
with no obvious immune response and adverse reactions
(Kauper et al. 2012). However, there was no significant
change in visual acuity, visual field or electroretinogram
(ERG) responses in RP patients (Birch et al. 2013). There-
fore, it is necessary to explore the efficacy of different
doses of CNTE, and to follow up large samples for a long
time. Additionally, nerve growth factor (NGF) (Falsini
et al. 2016; Rocco et al. 2015), rod-derived cone viability
factor (RACVF) (Ait-Ali et al. 2015), brain-derived neu-
rotrophic factor (BDNF) (Chen et al. 2012) and pigment
epithelium-derived factor (PEDF) (Michelis et al. 2021)
may also delay retinal degeneration through retinal neu-
ron protection.

This part summarizes the roles and mechanisms of var-
ious drugs targeting different pathways in the treatment
of retinal degenerative diseases. Future prospective stud-
ies with large populations are needed to confirm these
effects in clinical applications.

4.2 Progress of new therapies for retinal vascular diseases
There are several types of retinal vascular disorders with
various clinical manifestations, but they are often charac-
terized by the abnormalities of retinal blood vessels. This
section will focus on the research progress in treating DR
and wet AMD.

Blood glucose control is the primary goal of the treat-
ment of DR. Early detection and laser photocoagula-
tion are the main strategies to improve the prognosis.
Diabetes can not only affect retinal vascular endothelial
cells, but also activate and damage retinal glial cells. The
VEGEF signaling pathway is a key factor in the pathogen-
esis of DR, and its content in the retina is closely related
to hypoxia and neovascularization. Anti-VEGF drugs
could improve the severity of DR, which is the first-line
drug for DR treatment and the standard drug for DME
(Chatziralli 2021). In the DR treatment, commonly clini-
cally used anti-VEGF drugs include ranibizumab, bevaci-
zumab, ranibizumab, aflibercept and conbercept (Wang
and Lo 2018). However, repeated intravitreal injections
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of anti-VEGF drugs may lead to retinal neurodegenera-
tion, choroidal capillary atrophy, macular scar formation
and even seriously affect the recovery of vision (Doguizi
and Ozdek 2014). In recent years, some new targets have
been gradually discovered because anti-VEGF drugs are
not effective for all DR patients. Therefore, a new type of
intravitreal implant (Ozurdex) came into being, which
was effective for macular edema (Corcéstegui et al. 2017).
However, how to prolong the half-life of drugs, reduce
the number of injections and reduce the economic bur-
den of patients is yet to be explored.

A variety of inflammatory factors are involved in the
pathogenesis of DR. Intravitreal corticosteroid injection
can be used to treat refractory DME and patients who
are unresponsive to anti-VEGF therapy (Wang and Lo
2018; Lattanzio et al. 2017). Moreover, long-term con-
tinuous anti-VEGF drug treatment will increase the risk
of thrombosis-related diseases (Avery and Gordon 2016).
Therefore, the latest guidelines recommend intravitreal
hormone therapy as a first-line treatment for DR patients
at high risk of cardiovascular events (Schmidt-Erfurth
et al. 2017). Since long-term use of intraocular steroids
can lead to adverse effects such as ocular hypertension
and cataract. Corticosteroids are generally considered
second-line options for patients who do not respond to
other treatments.

Antioxidants as oxidative stress inhibitors play a role
in the prevention and protection of DR. The NADPH
oxidase is the main enzyme source of ROS which is
directly related to the pathological retinal neovasculari-
zation promoted by hyperglycemia (Stitt 2010; Sahajpal
et al. 2018). The development of specific NADPH oxi-
dase inhibitors, such as diphenyleneiodonium and apoc-
ynin, may improve DR treatment (Peng et al. 2019). The
mitochondria of pericytes under high glucose conditions
can produce excessive ROS and increase the activity of
Caspase-3, suggesting the role of oxidative stress in the
process of pericyte apoptosis. The antioxidant ascorbic
acid can reduce the apoptosis of microvascular retinal
pericytes induced by high glucose. Ascorbic acid and
a-tocopherol treatment can inhibit the apoptosis of reti-
nal pericytes in diabetic rats (May 2016). Alpha-lipoic
acid (a-la) was also a potent antioxidant to reduce the
level of 4-HNE that recognizes ROS-modified proteins
and increases GPx levels in the retina of diabetic mice
and retinal cells treated with high glucose (Rochette et al.
2015). It was firstly found that treatment targeted the glial
cells can improve vascular injury in diabetic animal mod-
els. Neurovascular protective agents (erythropoietin) and
DPP-4 inhibitors can reduce injury and neurodegenera-
tion. Recent studies have shown that a variety of natural
antioxidants (such as resveratrol, crocin and tea polyphe-
nols) are beneficial to DR patients and have become the
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first choice for preventing and delaying DR (Sepahi et al.
2018). Although the pathogenesis of DR is still unclear,
the protection of retinal neurovascular unit, anti-inflam-
matory and anti-oxidation are still important parts in the
treatment of DR. Anti-inflammatory drugs aiming at dif-
ferent targets complement each other in efficacy and are
expected to benefit more DR patients.

Wet AMD is also called exudative or neovascular
AMD, and the main pathological feature is the abnor-
mal proliferation of CNV passing through the RPE layer.
Because the CNV is fragile, it is easy to rupture and
leak, which can lead to retinal detachment and macular
edema, causing severe and permanent visual impairment
(Chakravarthy et al. 2021; Zheng et al. 2020). The treat-
ment of wet AMD has shifted from laser photocoagula-
tion to drug therapy, especially anti-VEGF therapy. The
anti-VEGF drugs have become the first-line drugs for
treating both occult CNV and typical CNV. At present,
ranibizumab, aflibercept and bevacizumab have been
approved for the treatment of wet AMD by intravitreal
injection. In China, ranibizumab and conbercept which
China developed independently, are mainly used. Due to
the different mechanisms of different anti-VEGF drugs,
patients often need regular and repeated treatment (Ishi-
kawa et al. 2015). In addition, individual differences have
different response effects to diseases, which increases
the risk of serious complications after intravitreal injec-
tion (Miller et al. 2013; Molins et al. 2018; Chen et al.
2010). Among wet AMD patients, patients who received
more anti-VEGF injections had a significantly higher risk
of developing ischemic retinopathy than patients who
received fewer injections (Chen et al. 2019). A better
solution to improve the long-term prognosis of wet AMD
is to use the same or different anti-angiogenic targets, the
use of combination therapy to enhance the consolida-
tion of anti-VEGF function, change the mode of admin-
istration to achieve more lasting efficacy, and even more
simplified mode of administration to reduce the risk of
treatment. A variety of new drugs have quietly entered
the stage of clinical trials (Yonekawa and Kim 2015;
Tolentino et al. 2015; Mabry et al. 2010). Abicipar pegol
(MP0112), an anti-VEGF drug currently in clinical trials,
is an ankyrin repeat protein DARPin (designed ankyrin
repeat proteins) that mimics the antibody against VEGE-
A by genetic engineering (NCT01086761, ClinicalTri-
als) (Bahadorani and Singer 2017; Al-Zamil and Yassin
2017). Compared with antibody drugs, DARPins protein
has the characteristics of small molecular weight, low
immunogenicity, high affinity, strong stability and long
half-life (Binz et al. 2004), and it has a good prospect in
the treatment of wet AMD. Abicipar has stronger VEGF
inhibition ability and longer drug maintenance time than
other anti-VEGF drugs (Souied et al. 2014), which can
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reduce the injection frequency. To further confirm the
efficacy and safety of abicipar pegol in patients with wet
AMD, two independent phases III studies are ongoing
(NCT02462486 and NCT02462928, ClinicalTrials). The
single-chain antibody fragment VEGF inhibitor Broluci-
zumab (RTH 258) is a humanized monoclonal antibody
fragment with a small molecular weight (26 kDa), strong
penetration, and can bind to all active forms of VEGF-A
(Holz et al. 2016). RTH 258 inhibits the activation of the
VEGF receptor by preventing ligand-receptor interac-
tion, thereby inhibiting the VEGF conduction pathway,
inhibiting the growth of neovascularization, alleviating
retinal edema, and improving the vision of patients. RTH
258 has great advantages in drug concentration and dos-
age. And it is the latest long-acting VEGF inhibitor (Holz
et al. 2016; Dugel et al. 2017). A phase III clinical trial is
currently underway (Dugel et al. 2017) to compare the
efficacy and safety of intravitreal injection of RTH258 or
aflibercept in the treatment of wet AMD (NCT02307682
and NCT02434328, ClinicalTrials). To maintain effective
drug concentration for a long time, avoid complications
and risks of long-term repeated injection, the sustained-
release preparations made from biodegradable biomo-
lecular materials are introduced (Medina et al. 2007). At
present, there are a variety of sustained-release devices
that can achieve intravitreal injection of VEGF inhibitors
(Tolentino et al. 2015; Saati et al. 2010; Lai and Landa
2015).

The experimental and clinical results of different anti-
VEGF drugs show that they have reached an important
milestone in the treatment of wet AMD, which is cur-
rently the most important method of inhibiting CNV
(McGimpsey and Chakravarthy 2010). Some therapeutic
drugs targeting multiple links in the signal transduction
process of neovascularization, including VEGF receptor
tyrosinase inhibitors (Nagai et al. 2006; Jaffe et al. 2017;
Jaffe et al. 2016), vascular disrupting agents (VDAs)
(Ibrahim et al. 2013), siRNA (Rittenhouse et al. 2014),
angiopoietin-2 inhibitors (Nagai et al. 2006), complement
factor [362,363,364] and immunosuppressants (Park et al.
2017; Caballero et al. 2009), can provide multi-target,
multi-level and other combinational therapies to reduce
the burden of treatment.

5 Summary and future direction

Vision formation depends on the precise structure and
function of the retina. Any pressure or injury may dam-
age the retinal structure, resulting in visual impairment,
vision loss and blindness. Some genetic, metabolic and
environmental factors can change retinal homeostasis,
and these factors can initiate various cascades of inflam-
mation and apoptosis. Dyshomeostasis could damage
retinal health, leading to a damaged vision. Long-term
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dyshomeostasis may promote the occurrence and devel-
opment of retinal diseases such as AMD, DR and RP. In
this article, we present evidence for dyshomeostasis in
various retinal diseases and propose therapeutic strate-
gies based on retinal homeostasis.

In conclusion, maintaining homeostasis is essential to
protect the retina against various injuries. Uninhibited
risk factors result in tissue damage, and when the retina
is unable to generate an effective defensive response to
threats, the “destructive” factors produced by the retina
and the system break retinal homeostasis. By elucidating
dynamic processes such as the pathogenesis of degenera-
tive retinopathy and changes in the microenvironment,
we address dyshomeostasis-related factors of disease
occurrence for homeostasis-oriented treatment strate-
gies, which may promote our ability to manage retina
disease.

Acknowledgements

This work was partly supported by the National Natural Science Foundation
of China (82125007, 82201205), Beijing Municipal Natural Science Foundation
(Z200014) and The Youth Beijing Scholars Program. We thank Drs. Kangxin Jin
and Jia-Yi Jiang for the critical review. The figures were generated by Figdraw.

Authors’ contributions

This review article was led and overseen by Z-B.J,, who provided guidance and
supervision throughout the process. C-J.Z. was responsible for planning and
drafting the manuscript, based on the literature review and analysis. Z-B.J. also
reviewed and enhanced the manuscript, ensuring its quality and accuracy. The
author(s) read and approved the final manuscript.

Declarations

Competing interests

Author Z-B J is a member of the Editorial Board for Current Medicine. The
paper was handled by the other Editor and has undergone rigrous peer
review process. Author Z-B J was not involved in the journal's review of, or
decisions related to, this manuscript.

Received: 27 December 2022 Accepted: 13 April 2023
Published online: 06 May 2023

References

Abdelsalam A, del Priore L, Zarbin MA. Drusen in age-related macular degen-
eration. Surv Ophthalmol. 1999;44:1-29.

Abokyi S, To C-H, Lam TT, Tse DY. Central Role of Oxidative Stress in Age-
Related Macular Degeneration: Evidence from a Review of the
Molecular Mechanisms and Animal Models. Oxid Med Cell Longev.
2020;2020:1-19.

Abukawa H, et al. Modulation of retinal capillary endothelial cells by Mller
glial cell-derived factors. Mol vis. 2009;15:451-7.

Acar N, et al. Lipid composition of the human eye: are red blood cells a good
mirror of retinal and optic nerve fatty acids? PLoS One. 2012;7: €35102.

Ait-Ali N, et al. Rod-derived cone viability factor promotes cone survival by
stimulating aerobic glycolysis. Cell. 2015;161:817-32.

Albert A, Boeszebattaglia K. The role of cholesterol in rod outer segment
membranes. Prog Lipid Res. 2005;44:99-124.

Allt G, Lawrenson JG. Pericytes: cell biology and pathology. Cells Tissues
Organs. 2001;169:1-11.



Zhang and Jin Current Medicine (2023) 2:4

Altmann C, Schmidt M. The role of microglia in diabetic retinopathy: inflam-
mation, microvasculature defects and neurodegeneration. Int J Mol Sci.
2018;19:110.

Al-Zamil W, Yassin S. Recent developments in age-related macular degenera-
tion: a review. Clin Interv Aging. 2017;12:1313-30.

Amaratunga A, et al. Apolipoprotein E is synthesized in the retina by Muller
glial cells, secreted into the vitreous, and rapidly transported into the
optic nerve by retinal ganglion cells. J Biol Chem. 1996;271:5628-32.

Ambati J, et al. An animal model of age-related macular degeneration in
senescent Ccl-2- or Ccr-2-deficient mice. Nat Med. 2003;9:1390-7.

Ambati J, Fowler BJ. Mechanisms of age-related macular degeneration. Neu-
ron. 2012;75:26-39.

Ananth S, et al. Regulation of the cholesterol efflux transporters ABCA1
and ABCGT in retina in hemochromatosis and by the endogenous
siderophore 2,5-dihydroxybenzoic acid. Biochim Biophys Acta (BBA).
2014;1842:603-12.

Anderson DH, Mullins RF, Hageman GS, Johnson LV. A role for local inflam-
mation in the formation of drusen in the aging eye. Am J Ophthalmol.
2002;134:411-31.

Andrews LD, Cohen Al. Freeze-fracture studies of photoreceptor membranes:
new observations bearing upon the distribution of cholesterol. J Cell
Biol. 1983,97:749-55.

Atmaca LS, Arcasoy A, Cavdar AO, Ozmert E. Levels of zinc in plasma, eryth-
rocytes, and hair, and levels of serum copper in patients with retinitis
pigmentosa in Turkey. Br J Ophthalmol. 1989;73:29-31.

Avery RL, Gordon GM. Systemic safety of prolonged monthly anti-vascular
endothelial growth factor therapy for diabetic macular edema. JAMA
Ophthalmol. 2016;134:21.

Avichezer D, et al. An immunologically privileged retinal antigen elicits
tolerance: major role for central selection mechanisms. J Exp Med.
2003;198:1665-76.

Bahadorani S, Singer M. Recent advances in the management and under-
standing of macular degeneration. F1000Res. 2017;6:519.

Bandopadhyay R, et al. Contractile proteins in pericytes at the blood-brain and
blood-retinal barriers. J Neurocytol. 2001;30:35-44.

Batiha GE-S, et al. The pharmacological activity, biochemical properties, and
pharmacokinetics of the major natural polyphenolic flavonoid: querce-
tin. Foods. 2020;9:374.

Baudouin C, et al. Immunohistological study of subretinal membranes in age-
related macular degeneration. Jpn J Ophthalmol. 1992;36:443-51.

Benhar |, London A, Schwartz M. The privileged immunity of immune privi-
leged organs: the case of the eye. Front Immunol. 2012;3:296.

Berson EL. Further evaluation of docosahexaenoic acid in patients with
retinitispigmentosa receiving vitamin a treatment. Arch Ophthalmol.
2004;122:1306.

Bhutto IA, et al. Pigment epithelium-derived factor (PEDF) and vascular
endothelial growth factor (VEGF) in aged human choroid and eyes with
age-related macular degeneration. Exp Eye Res. 2006;82:99-110.

Binz HK, et al. High-affinity binders selected from designed ankyrin repeat
protein libraries. Nat Biotechnol. 2004,22:575-82.

Birch DG, Weleber RG, Duncan JL, Jaffe GJ, Tao W. Randomized trial of ciliary
neurotrophic factor delivered by encapsulated cell intraocular implants
for retinitis pigmentosa. Am J Ophthalmol. 2013;156:283-292.e1.

Bird AC, et al. An international classification and grading system for age-
related maculopathy and age-related macular degeneration. Surv
Ophthalmol. 1995;39:367-74.

Boesze-Battaglia K, Albert AD. Phospholipid distribution among bovine rod
outer segment plasma membrane and disk membranes. Exp Eye Res.
1992;54:821-3.

Bonds DE, et al. Effect of long-chain w-3 fatty acids and lutein + zeaxan-
thin supplements on cardiovascular outcomes. JAMA Intern Med.
2014;174:763.

Bora PS, et al. Role of complement and complement membrane attack
complex in laser-induced choroidal neovascularization. J Immunol.
2005;174:491-7.

Botto C, et al. Early and late stage gene therapy interventions for inherited
retinal degenerations. Prog Retin Eye Res. 2022;86:100975.

Boulton M, Rézanowska M, Rézanowski B. Retinal photodamage. J Photochem
Photobiol B. 2001;64:144-61.

Boulton M, Rézanowska M, Rézanowski B, Wess T. The photoreactivity of ocular
lipofuscin. Photochem Photobiol Sci. 2004;3:759-64.

Page 21 of 27

Bressler NM, Silva JC, Bressler SB, Fine SL, Green WR. Clinicopathologic cor-
relation of drusen and retinal pigment epithelial abnormalities in age-
related macular degeneration. Retina. 1994;14:130-42.

Bretillon L, et al. Lipid and fatty acid profile of the retina, retinal pigment epi-
thelium/choroid, and the lacrimal gland, and associations with adipose
tissue fatty acids in human subjects. Exp Eye Res. 2008;87:521-8.

Bringmann A, et al. Miller cells in the healthy and diseased retina. Prog Retin
Eye Res. 2006;25:397-424.

Brinkman CJ, Pinckers AJ, Broekhuyse RM. Immune reactivity to different
retinal antigens in patients suffering from retinitis pigmentosa. Invest
Ophthalmol Vis Sci. 1980;19:743-50.

Brownlee M. The pathobiology of diabetic complications. Diabetes.
2005;54:1615-25.

Butt AM, Jones HC, Abbott NJ. Electrical resistance across the blood-brain
barrier in anaesthetized rats: a developmental study. J Physiol.
1990;429:47-62.

Caballero S, et al. Anti-sphingosine-1-phosphate monoclonal antibodies
inhibit angiogenesis and sub-retinal fibrosis in a murine model of laser-
induced choroidal neovascularization. Exp Eye Res. 2009,88:367-77.

Campa G, et al. Effects of an Anti-VEGF-A monoclonal antibody on laser-
induced choroidal neovascularization in mice: optimizing methods to
quantify vascular changes. Invest Opthalmol Vis Sci. 2008;49:1178.

Campbell M, et al. Aberrant retinal tight junction and adherens junction
protein expression in an animal model of autosomal recessive Retinitis
pigmentosa: The Rho(—/—) mouse. Exp Eye Res. 2006,83:484-92.

Campbell M, Humphries P. The blood-retina barrier: tight junctions and barrier
modulation. Adv Exp Med Biol. 2012;763:70-84.

Campochiaro PA, Mir TA. The mechanism of cone cell death in retinitis pig-
mentosa. Prog Retin Eye Res. 2018;62:24-37.

Cao X, et al. Macrophage polarization in the maculae of age-related macular
degeneration: a pilot study. Pathol Int. 2011;61:528-35.

Chakravarthy U, et al. Impact of macular fluid volume fluctuations on
visual acuity during anti-VEGF therapy in eyes with nAMD. Eye.
2021,35:2983-90.

Chant SM, Heckenlively J, Meyers-Elliott RH. Autoimmunity in hereditary retinal
degeneration. |. Basic studies. Br J Ophthalmol. 1985;69:19-24.

Chatziralli I. Ranibizumab for the treatment of diabetic retinopathy. Expert
Opin Biol Ther. 2021;21:991-7.

Chen Y-Y, et al. Repeated intravitreal injections of antivascular endothelial
growth factor in patients with neovascular age-related macular
degeneration may increase the risk of ischemic optic neuropathy. BMC
Ophthalmol. 2019;19:268.

ChenY, et al. Metabolism dysregulation in retinal diseases and related thera-
pies. Antioxidants (Basel). 2022;11:942.

Chen M, Xu H. Parainflammation, chronic inflammation, and age-related
macular degeneration. J Leukoc Biol. 2015;98:713-25.

Chen R, Yin X-B, Peng C-X, Li G-L. Effect of brain-derived neurotrophic fac-
tor on c-jun expression in the rd mouse retina. Int J Ophthalmol.
2012;5:266-71.

Chen, E. et al. Use of nepafenac (Nevanac&reg;) in combination with intravit-
real anti-VEGF agents in the treatment of recalcitrant exudative macular
degeneration requiring monthly injections. Clin Ophthalmol 2010;1249.
https://doi.org/10.2147/OPTH.S14092.

Cherepanoff S, McMenamin P, Gillies MC, Kettle E, Sarks SH. Bruch’s membrane
and choroidal macrophages in early and advanced age-related macular
degeneration. Br J Ophthalmol. 2010,94:918-25.

Chertov AQ, et al. Roles of glucose in photoreceptor survival. J Biol Chem.
2011;286:34700-11.

Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet. 2010;376:124-36.

Clark SJ, McHarg S, Tilakaratna V, Brace N, Bishop PN. Bruch's membrane
compartmentalizes complement regulation in the eye with implica-
tions for therapeutic design in age-related macular degeneration. Front
Immunol. 2017;8:1778.

Combadiere C, et al. CX3CR1-dependent subretinal microglia cell accumula-
tion is associated with cardinal features of age-related macular degen-
eration. J Clin Investig. 2007;117:2920-8.

Conley SM, et al. Insights into the mechanisms of macular degenera-
tion associated with the R172W mutation in RDS. Hum Mol Genet.
2014,23:3102-14.

Corcostegui B, et al. Update on diagnosis and treatment of diabetic retin-
opathy: a consensus guideline of the working group of ocular health


https://doi.org/10.2147/OPTH.S14092

Zhang and Jin Current Medicine (2023) 2:4

(Spanish Society of Diabetes and Spanish Vitreous and Retina Society). J
Ophthalmol. 2017;2017:1-10.

Country MW. Retinal metabolism: a comparative look at energetics in the
retina. Brain Res. 2017;1672:50-7.

Crane 1J, Liversidge J. Mechanisms of leukocyte migration across the blood—
retina barrier. Semin Immunopathol. 2008;30:165-77.

Cuenca N, et al. Cellular responses following retinal injuries and therapeu-
tic approaches for neurodegenerative diseases. Prog Retin Eye Res.
2014;43:17-75.

Cunha-Vaz JG. The blood-retinal barriers. Doc Ophthalmol. 1976;41:287-327.

Cunha-Vaz J. The blood-ocular barriers. Surv Ophthalmol. 1979;23:279-96.

Cunha-Vaz JG. The blood-ocular barriers: past, present, and future. Doc
Ophthalmol. 1997;93:149-57.

Cunha-Vaz JG, Maurice DM. The active transport of fluorescein by the retinal
vessels and the retina. J Physiol. 1967;191:467-86.

Cunningham MA, et al. Proliferative vitreoretinopathy may be a risk fac-
tor in combined macular hole retinal detachment cases. Retina.
2013;33:579-85.

Curcio CA. Soft Drusen in age-related macular degeneration: biology
and targeting via the oil spill strategies. Invest Opthalmol Vis Sci.
2018;59:AMD160.

Curcio CA. Antecedents of soft drusen, the specific deposits of age-related
macular degeneration, in the biology of human macula. Invest
Opthalmol Vis Sci. 2018;59:AMD182.

Curcio CA, Johnson M, Huang J-D, Rudolf M. Apolipoprotein B-containing
lipoproteins in retinal aging and age-related macular degeneration. J
Lipid Res. 2010;51:451-67.

Curcio CA, Johnson M, Rudolf M, Huang J-D. The oil spill in ageing Bruch
membrane. Br J Ophthalmol. 2011;95:1638-45.

Curtis TM, Gardiner TA, Stitt AW. Microvascular lesions of diabetic
retinopathy: clues towards understanding pathogenesis? Eye.
2009;23:1496-508.

Damsgaard C, Country MW. The opto-respiratory compromise: balancing
oxygen supply and light transmittance in the retina. Physiology.
2022;37:101-13.

Daruich A, et al. Mechanisms of macular edema: Beyond the surface. Prog
Retin Eye Res. 2018;63:20-68.

de Jong S, et al. Implications of genetic variation in the complement
system in age-related macular degeneration. Prog Retin Eye Res.
2021,;84:100952.

del Rio P, et al. GDNF-induced osteopontin from Muller glial cells promotes
photoreceptor survival in the Pde6brd1 mouse model of retinal
degeneration. Glia. 2011;59:821-32.

Delaey C, van de Voorde J. Regulatory mechanisms in the retinal and choroidal
circulation. Ophthalmic Res. 2000;32:249-56.

Despriet DDG, et al. Complement component C3 and risk of age-related
macular degeneration. Ophthalmology. 2009;116:474-480.e2.

Dias MF, et al. Molecular genetics and emerging therapies for retinitis pig-
mentosa: Basic research and clinical perspectives. Prog Retin Eye Res.
2018;63:107-31.

Ding X-Q. The R172W mutation in peripherin/rds causes a cone-rod dystrophy
in transgenic mice. Hum Mol Genet. 2004;13:2075-87.

Doganay S, et al. Comparison of serum NO, TNF-q, IL-1(3, sIL-2R, IL-6 and IL-8
levels with grades of retinopathy in patients with diabetes mellitus. Eye.
2002;16:163-70.

Doguizi S, Ozdek S. Pigment Epithelial tears associated with anti-VEGF therapy.
Retina. 2014,34:1156-62.

Droho S, Cuda CM, Perlman H, Lavine JA. Macrophage-derived interleu-
kin-6 is necessary and sufficient for choroidal angiogenesis. Sci Rep.
2021;11:18084.

Du J-H, et al. Role of autophagy in angiogenesis induced by a high-glucose
condition in RF/6A cells. Ophthalmologica. 2017;237:85-95.

Du J, Linton JD, Hurley JB. Probing metabolism in the intact retina using stable
isotope tracers. Methods Enzymol. 2015;561:149-70.

Dugel PU, et al. Brolucizumab versus aflibercept in participants with neovascu-
lar age-related macular degeneration: a randomized trial. Ophthalmol-
ogy. 2017;124:1296-304.

Duncan KG, Bailey KR, Kane JP, Schwartz DM. Human retinal pigment epithelial
cells express scavenger receptors Bl and BIl. Biochem Biophys Res Com-
mun. 2002;292:1017-22.

Page 22 of 27

Duraes FV, Niven J, Dubrot J, Hugues S, Gannagé M. Macroautophagy in
endogenous processing of self- and pathogen-derived antigens for
MHC class Il presentation. Front Immunol. 2015;6:459.

Elner VM. Retinal pigment epithelial acid lipase activity and lipoprotein recep-
tors: effects of dietary omega-3 fatty acids. Trans Am Ophthalmol Soc.
2002;100:301-38.

Eshag RS, Wright WS, Harris NR. Oxygen delivery, consumption, and conver-
sion to reactive oxygen species in experimental models of diabetic
retinopathy. Redox Biol. 2014;2:661-6.

Fahy E, et al. A comprehensive classification system for lipids. J Lipid Res.
2005;46:839-61.

Faktorovich EG, Steinberg RH, Yasumura D, Matthes MT, LaVail MM. Photore-
ceptor degeneration in inherited retinal dystrophy delayed by basic
fibroblast growth factor. Nature. 1990;347:83-6.

Falasconi A, et al. Retinal phenotype in the rd9 mutant mouse, a model of
X-linked RP. Front Neurosci. 2019;13:991.

Falsini B, et al. NGF eye-drops topical administration in patients with retinitis
pigmentosa, a pilot study. J Transl Med. 2016;14:8.

Feng S, et al. Levels of inflammatory cytokines IL-1 B3, IL-6, IL-8, IL-17A, and TNF-
ain aqueous humour of patients with diabetic retinopathy. J Diabetes
Res. 2018;2018:1-6.

Ferguson TA, Griffith TS. A vision of cell death: insights into immune privilege.
Immunol Rev. 1997;156:167-84.

Ferndndez-Sanchez L, et al. Natural compounds from saffron and bear
bile prevent vision loss and retinal degeneration. Molecules.
2015b;20:13875-93.

Ferndndez-Sanchez L, Lax P, Campello L, Pinilla I, Cuenca N. Astrocytes and
muller cell alterations during retinal degeneration in a transgenic rat
model of retinitis pigmentosa. Front Cell Neurosci. 2015a;9:484.

Ferrara N, Davis-Smyth T. The biology of vascular endothelial growth factor.
Endocr Rev. 1997;18:4-25.

Ferris FL, et al. Clinical classification of age-related macular degeneration.
Ophthalmology. 2013;120:844-51.

Fields MA, del Priore LV, Adelman RA, Rizzolo LJ. Interactions of the choroid,
Bruch's membrane, retinal pigment epithelium, and neurosensory
retina collaborate to form the outer blood-retinal-barrier. Prog Retin Eye
Res. 2020;76:100803.

Flaxman SR, et al. Global causes of blindness and distance vision impairment
1990-2020: a systematic review and meta-analysis. Lancet Glob Health.
2017;5:21221-34.

Fliesler SJ, Anderson RE. Chemistry and metabolism of lipids in the vertebrate
retina. Prog Lipid Res. 1983;22:79-131.

Fliesler SJ, Bretillon L. The ins and outs of cholesterol in the vertebrate retina. J
Lipid Res. 2010;51:3399-413.

Fourgeux C, et al. Primary open-angle glaucoma: association with choles-
terol 24S-Hydroxylase (CYP46A1) gene polymorphism and plasma
24-hydroxycholesterol levels. Invest Opthalmol Vis Sci. 2009;50:5712.

Francisco B-M, Salvador M, Amparo N. Oxidative stress in myopia. Oxid Med
Cell Longev. 2015;2015:1-12.

Frank RN, Amin RH, Eliott D, Puklin JE, Abrams GW. Basic fibroblast growth
factor and vascular endothelial growth factor are present in
epiretinal and choroidal neovascular membranes. Am J Ophthalmol.
1996;122:393-403.

Fu D, et al. Survival or death: a dual role for autophagy in stress-induced peri-
cyte loss in diabetic retinopathy. Diabetologia. 2016;59:2251-61.

Fukuoka Y, Strainic M, Medof ME. Differential cytokine expression of human
retinal pigment epithelial cells in response to stimulation by C5a. Clin
Exp Immunol. 2003;131:248-53.

Genc AM, et al. Retbindin: a riboflavin binding protein, is critical for photore-
ceptor homeostasis and survival in models of retinal degeneration. Int J
Mol Sci. 2020a;21:8083.

Genc AM, et al. Elimination of a retinal riboflavin binding protein exacerbates
degeneration in a model of cone-rod dystrophy. Invest Opthalmol Vis
Sci. 2020b;61:17.

Goldman D. Miller glial cell reprogramming and retina regeneration. Nat Rev
Neurosci. 2014;15:431-42.

Golestaneh N, Chu Y, Xiao Y-Y, Stoleru GL, Theos AC. Dysfunctional autophagy
in RPE, a contributing factor in age-related macular degeneration. Cell
Death Dis. 2018;8:e2537-e2537.

Gordon K, del Medico A, Sander I, Kumar A, Hamad B. Gene therapies in oph-
thalmic disease. Nat Rev Drug Discov. 2019;18:415-6.



Zhang and Jin Current Medicine (2023) 2:4

Gorusupudi A, Liu A, Hageman GS, Bernstein PS. Associations of human retinal
very long-chain polyunsaturated fatty acids with dietary lipid biomark-
ers. J Lipid Res. 2016;57:499-508.

Gottlieb JL. Age-related macular degeneration. JAMA. 2002;288(18):2233-6.

Goverdhan SV, et al. An analysis of the CFH Y402H genotype in AMD patients
and controls from the UK, and response to PDT treatment. Eye (Lond).
2008;22:849-54.

Green WR, Enger C. Age-related macular degeneration histopathologic stud-
ies. Ophthalmology. 1993;100:1519-35.

Grenell A, et al. Loss of MPC1 reprograms retinal metabolism to impair visual
function. Proc Natl Acad Sci U S A. 2019;116:3530-5.

Griciuc A, et al. Proteomic survey reveals altered energetic patterns and meta-
bolic failure prior to retinal degeneration. J Neurosci. 2014;34:2797-812.

Griffith TS, Brunner T, Fletcher SM, Green DR, Ferguson TA. Fas ligand-
induced apoptosis as a mechanism of immune privilege. Science.
1995;1979(270):1189-92.

Grossniklaus HE. Correlation of histologic 2-dimensional reconstruction and
confocal scanning laser microscopic imaging of choroidal neovascu-
larization in eyes with age-related maculopathy. Arch Ophthalmol.
2000;118:625.

GuadagniV, et al. Rescuing cones and daylight vision in retinitis pigmentosa
mice. FASEB J. 2019;33:10177-92.

Haines JL, et al. Complement factor H variant increases the risk of age-related
macular degeneration. Science. 2005;1979(308):419-21.

Ham WT, et al. Basic mechanisms underlying the production of photochemical
lesions in the mammalian retina. Curr Eye Res. 1984;3:165-74.

Hammes H-P. Diabetic retinopathy: hyperglycaemia, oxidative stress and
beyond. Diabetologia. 2018;61:29-38.

Hayreh SS. Physiological anatomy of the retinal vasculature. encyclopedia of
the eye. Elsevier, 2010:431-438. https://doi.org/10.1016/B978-0-12-
374203-2.00171-8.

Hegele RA. Plasma lipoproteins: genetic influences and clinical implications.
Nat Rev Genet. 2009;10:109-21.

Herndndez C, et al. Topical administration of GLP-1 receptor agonists pre-
vents retinal neurodegeneration in experimental diabetes. Diabetes.
2016;65:172-87.

Herndndez-Zimbrén LF, et al. Age-related macular degeneration: new para-
digms for treatment and management of AMD. Oxid Med Cell Longev.
2018;2018:1-14.

Higgins GT, Wang JH, Dockery P, Cleary PE, Redmond HP. Induction of angio-
genic cytokine expression in cultured RPE by ingestion of oxidized
photoreceptor outer segments. Invest Opthalmol Vis Sci. 2003;44:1775.

Hoffman DR, et al. Docosahexaenoic acid slows visual field progression in
X-linked retinitis pigmentosa: ancillary outcomes of the DHAX trial.
Invest Opthalmol Vis Sci. 2015;56:6646.

Holz FG, et al. Single-chain antibody fragment VEGF inhibitor RTH258 for
neovascular age-related macular degeneration. Ophthalmology.
2016;123:1080-9.

Holz FG, et al. Efficacy and safety of lampalizumab for geographic atrophy due
to age-related macular degeneration. JAMA Ophthalmol. 2018;136:666.

Horie S, Sugita S, Futagami Y, Yamada Y, Mochizuki M. Human retinal pigment
epithelium-induced CD4+CD25+ regulatory T cells suppress activation
of intraocular effector T cells. Clin Immunol. 2010;136:83-95.

Hu S, et al. Clinical development of curcumin in neurodegenerative disease.
Expert Rev Neurother. 2015;15:629-37.

Hurley JB. Warburg's vision. Elife. 2017;6:29217.

Hurley JB. Retina metabolism and metabolism in the pigmented epithelium: a
busy intersection. Annu Rev Vis Sci. 2021,7:665-92.

Hwang S, et al. Lipid profile and future risk of exudative age-related macular
degeneration development: a nationwide cohort study from South
Korea. Sci Rep. 2022;12:18777.

Ibrahim MA, et al. Vascular disrupting agent for neovascular age related macu-
lar degeneration: a pilot study of the safety and efficacy of intravenous
combretastatin a-4 phosphate. BMC Pharmacol Toxicol. 2013;14:7.

lezzi R, et al. Dendrimer-based targeted intravitreal therapy for sustained
attenuation of neuroinflammation in retinal degeneration. Biomaterials.
2012;33:979-88.

Ishikawa M, Jin D, Sawada Y, Abe S, Yoshitomi T. Future therapies of wet age-
related macular degeneration. J Ophthalmol. 2015;2015:1-10.

Page 23 of 27

Iwai-Takekoshi L, et al. Retinal pigment epithelial integrity is compro-
mised in the developing albino mouse retina. J Comp Neurol.
2016;524:3696-716.

Jaffe GJ, et al. A phase 1 study of intravitreous E10030 in combination with
ranibizumab in neovascular age-related macular degeneration. Oph-
thalmology. 2016;123:78-85.

Jaffe GJ, et al. Dual antagonism of PDGF and VEGF in neovascular age-related
macular degeneration. Ophthalmology. 2017;124:224-34.

Jastrzebska B, Debinski A, Filipek S, Palczewski K. Role of membrane integrity
on G protein-coupled receptors: Rhodopsin stability and function. Prog
Lipid Res. 2011;50:267-77.

Jin Z-B, et al. Stemming retinal regeneration with pluripotent stem cells. Prog
Retin Eye Res. 2019,69:38-56.

Joyal J-S, et al. Retinal lipid and glucose metabolism dictates angiogenesis
through the lipid sensor Ffar1. Nat Med. 2016;22:439-45.

Kaemmerer E, Schutt F, Krohne TU, Holz FG, Kopitz J. Effects of lipid peroxida-
tion-related protein modifications on RPE lysosomal functions and POS
phagocytosis. Invest Opthalmol Vis Sci. 2007;48:1342.

Kang Q, Yang C. Oxidative stress and diabetic retinopathy: Molecular mecha-
nisms, pathogenetic role and therapeutic implications. Redox Biol.
2020;37:101799.

Kanow MA, et al. Biochemical adaptations of the retina and retinal pigment
epithelium support a metabolic ecosystem in the vertebrate eye. Elife.
2017,6:€28899.

Kaplan H, Wang W, Piri N, Dean D. Metabolic rescue of cone photoreceptors in
retinitis pigmentosa. Taiwan J Ophthalmol. 2021;11:331.

Karlstetter M, et al. Retinal microglia: Just bystander or target for therapy? Prog
Retin Eye Res. 2015;45:30-57.

Kassoff A, K. J. B. J. et al. A randomized, placebo-controlled, clinical trial of high-
dose supplementation with vitamins C and E, beta carotene, and zinc
for age-related macular degeneration and vision loss. Arch Ophthalmol.
2001;119:1417.

Katamay R & Nussenblatt RB. Blood-retinal barrier,immune privilege, and
autoimmunity. Retina.Elsevier. 2013:579-589. https://doi.org/10.1016/
B978-1-4557-0737-9.00027-8.

Kato'Y, et al. Complement activation products and cytokines in pachychoroid
neovasculopathy and neovascular age-related macular degeneration.
Invest Opthalmol Vis Sci. 2020;61:39.

Kauper K, et al. Two-year intraocular delivery of ciliary neurotrophic factor by
encapsulated cell technology implants in patients with chronic retinal
degenerative diseases. Invest Opthalmol Vis Sci. 2012;53:7484.

Kawazoe Y, et al. Retinoic acid from retinal pigment epithelium induces T
regulatory cells. Exp Eye Res. 2012;94:32-40.

Kelley RA, et al. Ablation of the riboflavin-binding protein retbindin reduces
flavin levels and leads to progressive and dose-dependent degenera-
tion of rods and cones. J Biol Chem. 2017;292:21023-34.

Kerr EC, Copland DA, Dick AD, Nicholson LB. The dynamics of leukocyte
infiltration in experimental autoimmune uveoretinitis. Prog Retin Eye
Res. 2008;27:527-35.

Khonsary SA. Guyton and Hall: Textbook of medical physiology. Surgical
Neurology International. Preprint. 20178 https://doi.org/10.4103/sni.
sni_327_17

Killingsworth MC. Angiogenesis in early choroidal neovascularization sec-
ondary to age-related macular degeneration. Graefes Arch Clin Exp
Ophthalmol. 1995;233:313-23.

Kim S-Y, et al. Evolution of oxidative stress, inflammation and neovasculariza-
tion in the choroid and retina in a subretinal lipid induced age-related
macular degeneration model. Exp Eye Res. 2021;203:108391.

Kim JH, Kim JH, Yu YS, Kim DH, Kim K-W. Recruitment of pericytes and astro-
cytes is closely related to the formation of tight junction in developing
retinal vessels. J Neurosci Res. 2009;87:653-9.

Kinuthia UM, Wolf A, Langmann T. Microglia and inflammatory responses in
diabetic retinopathy. Front Immunol. 2020;11:564077.

Kishan AU, Modjtahedi BS, Martins EN, Modjtahedi SP, Morse LS. Lipids and
age-related macular degeneration. Surv Ophthalmol. 2011;56:195-213.

Kohno H, Maeda T, Perusek L, Pearlman E, Maeda A. CCL3 production by
microglial cells modulates disease severity in murine models of retinal
degeneration. J Immunol. 2014;192:3816-27.

Kopitz J, Holz FG, Kaemmerer E, Schutt F. Lipids and lipid peroxidation
products in the pathogenesis of age-related macular degeneration.
Biochimie. 2004,86:825-31.


https://doi.org/10.1016/B978-0-12-374203-2.00171-8
https://doi.org/10.1016/B978-0-12-374203-2.00171-8
https://doi.org/10.1016/B978-1-4557-0737-9.00027-8
https://doi.org/10.1016/B978-1-4557-0737-9.00027-8
https://doi.org/10.4103/sni.sni_327_17
https://doi.org/10.4103/sni.sni_327_17

Zhang and Jin Current Medicine (2023) 2:4

Kornzweig AL. Changes in the choriocapillaris associated with senile macular
degeneration. Ann Ophthalmol. 1977,9(753-6):759-62.

Kowluru RA, Chan P-S. Oxidative stress and diabetic retinopathy. Exp Diabetes
Res. 2007,2007:1-12.

Kunte MM, et al. ER stress is involved in T17M rhodopsin-induced retinal
degeneration. Invest Opthalmol Vis Sci. 2012;53:3792.

Kvanta A, Algvere PV, Berglin L, Seregard S. Subfoveal fibrovascular mem-
branes in age-related macular degeneration express vascular endothe-
lial growth factor. Invest Ophthalmol Vis Sci. 1996;37:1929-34.

Kwak N, Okamoto N, Wood JM, Campochiaro PA. VEGF is major stimulator
in model of choroidal neovascularization. Invest Ophthalmol Vis Sci.
2000;41:3158-64.

LangmannT. Microglia activation in retinal degeneration. J Leukoc Biol.
2007;81:1345-51.

Lai K, Landa G. Current choice of treatments for neovascular AMD. Expert Rev
Clin Pharmacol. 2015;8:135-40.

Lattanzio R, Cicinelli MV, Bandello F. Intravitreal steroids in diabetic macular
edema. 2017:78-90. https://doi.org/10.1159/000459691.

Lauer N, et al. Complement regulation at necrotic cell lesions is impaired by
the age-related macular degeneration-associated factor-H His “°% risk
variant. J Immunol. 2011;187:4374-83.

Lawrenson JG, Evans JR. Omega 3 fatty acids for preventing or slowing the
progression of age-related macular degeneration. Cochrane Database
Syst Rev. 2015. https://doi.org/10.1002/14651858.CD010015.pub3.

Levine B, Klionsky DJ. Development by self-digestion. Dev Cell. 2004,6:463-77.

LiT, et al. Effect of vitamin A supplementation on rhodopsin mutants threo-
nine-17 — methionine and proline-347 — serine in transgenic mice
and in cell cultures. Proc Natl Acad Sci. 1998;95:11933-8.

Li M, et al. Astragaloside a protects against photoreceptor degeneration
in part through suppressing oxidative stress and DNA damage-
induced necroptosis and inflammation in the retina. J Inflamm Res.
2022;15:2995-3020.

Liang FQ et al. Long-term protection of retinal structure but not function
using RAAV.CNTF in animal models of retinitis pigmentosa. Mol Ther.
2001;4:461-72.

Lin JB, et al. Cholesterol in mouse retina originates primarily from in situ de
novo biosynthesis. J Lipid Res. 2016;57:258-64.

Liu J, et al. Single-cell RNA sequencing study of retinal immune regula-
tors identified CD47 and CD59a expression in photoreceptors—
Implications in subretinal immune regulation. J Neurosci Res.
2020;98:1498-513.

Lively S, Schlichter LC. Microglia responses to pro-inflammatory stimuli (LPS,
IFNy+TNFa) and reprogramming by resolving cytokines (IL-4, IL-10).
Front Cell Neurosci. 2018;12:215.

Lommatzsch A, et al. Are low inflammatory reactions involved in exudative
age-related macular degeneration? Graefes Arch Clin Exp Ophthalmol.
2008;246:803-10.

Lommatzsch A, Hermans P, Weber B, Pauleikhoff D. Complement factor H vari-
ant Y402H and basal laminar deposits in exudative age-related macular
degeneration. Graefes Arch Clin Exp Ophthalmol. 2007,245:1713-6.

Lopes de Faria JM, et al. Defective autophagy in diabetic retinopathy. Invest
Opthalmol Vis Sci. 2016;57:4356.

Lopez PF, Sippy BD, Lambert HM, Thach AB, Hinton DR. Transdifferentiated reti-
nal pigment epithelial cells are immunoreactive for vascular endothelial
growth factor in surgically excised age-related macular degeneration-
related choroidal neovascular membranes. Invest Ophthalmol Vis Sci.
1996;37:855-68.

Loukovaara S, et al. NLRP3 inflammasome activation is associated with prolif-
erative diabetic retinopathy. Acta Ophthalmol. 2017;95:803-8.

Luo W, Xie F, Zhang Z, Sun D. Vascular adhesion protein 1 in the eye. J Ophthal-
mol. 2013;2013:1-8.

Ma W, Zhao L, Fontainhas AM, Fariss RN, Wong WT. Microglia in the mouse
retina alter the structure and function of retinal pigmented epithe-
lial cells: a potential cellular interaction relevant to AMD. PLoS ONE.
2009;4:€7945.

Mabry R, et al. A dual-targeting PDGFRR/VEGF-A molecule assembled from
stable antibody fragments demonstrates anti-angiogenic activity
in vitro and in vivo. Mabs. 2010;2:20-34.

Maeda A, Maeda T, Palczewski K. Improvement in rod and cone function in
mouse model of Fundus albipunctatus after pharmacologic treatment
with 9-cis-retinal. Invest Ophthalmol Vis Sci. 2006;47:4540.

Page 24 of 27

Maisonpierre PC, et al. Angiopoietin-2, a natural antagonist for Tie2 that dis-
rupts in vivo Angiogenesis. Science. 1997;1979(277):55-60.

Mandal MNA, et al. Curcumin protects retinal cells from light-and oxidant
stress-induced cell death. Free Radic Biol Med. 2009;46:672-9.

Maneu V, Lax P, Cuenca N. Current and future therapeutic strategies for the
treatment of retinal neurodegenerative diseases. Neural Regen Res.
2022;17:103.

Mao X-B, You Z-P, Wu C, Huang J. Potential suppression of the high glucose
and insulin-induced retinal neovascularization by Sirtuin 3 in the
human retinal endothelial cells. Biochem Biophys Res Commun.
2017:482:341-5.

Martinez-Fernandez de la Camara C, et al. Adalimumab reduces photore-
ceptor cell death in a mouse model of retinal degeneration. Sci Rep.
2015;5:11764.

May JM. Ascorbic acid repletion: A possible therapy for diabetic macular
edema? Free Radic Biol Med. 2016,94:47-54.

McGimpsey SJ, Chakravarthy U. VEGF-targeted therapy and beyond: pharma-
cotherapy and emerging treatments in agerelated macular degenera-
tion. Expert Rev Clin Pharmacol. 2010;3:243-52.

McLeod DS, Lutty GA. High-resolution histologic analysis of the human choroi-
dal vasculature. Invest Ophthalmol Vis Sci. 1994,35:3799-811.

Medina C, Santos-Martinez MJ, Radomski A, Corrigan Ol, Radomski MW.
Nanoparticles: pharmacological and toxicological significance. Br J
Pharmacol. 2007;150:552-8.

Michelis G, et al. Pigment epithelium-derived factor (PEDF) and derived
peptides promote survival and differentiation of photoreceptors
and induce neurite-outgrowth in amacrine neurons. J Neurochem.
2021;159:840-56.

Miller JW, le Couter J, Strauss EC, Ferrara N. Vascular endothelial growth factor
A'in intraocular vascular disease. Ophthalmology. 2013;120:106-14.

Mochizuki M, Sugita S, Kamoi K. Immunological homeostasis of the eye. Prog
Retin Eye Res. 2013;33:10-27.

Molday RS, Molday LL. Differences in the protein composition of bovine
retinal rod outer segment disk and plasma membranes isolated
by a ricin-gold-dextran density perturbation method. J Cell Biol.
1987;105:2589-601.

Molday LL, Rabin AR, Molday RS. ABCR expression in foveal cone photo-
receptors and its role in Stargardt macular dystrophy. Nat Genet.
2000;25:257-8.

Molins B, Romero-Vazquez S, Fuentes-Prior P, Adan A, Dick AD. C-reactive
protein as a therapeutic target in age-related macular degeneration.
Front Immunol. 2018;9:808.

Mukhtar S, Ambati BK. The value of nutritional supplements in treating Age-
Related Macular Degeneration: a review of the literature. Int Ophthal-
mol. 2019;39:2975-83.

Mullins RF, Johnson MN, Faidley EA, Skeie JM, Huang J. Choriocapillaris vascular
dropout related to density of drusen in human eyes with early age-
related macular degeneration. Invest Opthalmol Vis Sci. 2011;52:1606.

Murakami', Ishikawa K, Nakao S, Sonoda K-H. Innate immune response in
retinal homeostasis and inflammatory disorders. Prog Retin Eye Res.
2020;74:100778.

Murenu E, et al. Metabolic analysis of vitreous/lens and retina in wild type and
retinal degeneration mice. Int J Mol Sci. 2021;22:2345.

Nagai N, et al. Angiotensin Il type 1 receptor-mediated inflammation is
required for choroidal neovascularization. Arterioscler Thromb Vasc Biol.
2006;26:2252-9.

Nagelhus EA, Ottersen OP. Physiological Roles of Aquaporin-4 in Brain. Physiol
Rev.2013;93:1543-62.

Narayan DS, Wood JPM, Chidlow G, Casson RJ. A review of the mechanisms
of cone degeneration in retinitis pigmentosa. Acta Ophthalmol.
2016,94:748-54.

Newsome DA, Anderson RE, May JG, McKay TA, Maude M. Clinical and serum
lipid findings in a large family with autosomal dominant retinitis pig-
mentosa. Ophthalmology. 1988;95:1691-5.

Newton F, Megaw R. Mechanisms of photoreceptor death in retinitis pigmen-
tosa. Genes (Basel). 2020b;11:1120.

Nozaki M, et al. Drusen complement components C3a and C5a promote cho-
roidal neovascularization. Proc Natl Acad Sci. 2006;103:2328-33.
Nussenblatt RB, Liu B, Wei L, Sen HN. The immunological basis of degenerative

diseases of the eye. Int Rev Immunol. 2013;32:97-112.


https://doi.org/10.1159/000459691
https://doi.org/10.1002/14651858.CD010015.pub3

Zhang and Jin Current Medicine (2023) 2:4

Ohno-Matsui K, Lai TYY, Lai C-C, Cheung CMG. Updates of pathologic myopia.
Prog Retin Eye Res. 2016;52:156-87.

Okawa H, Sampath AP, Laughlin SB, Fain GL. ATP consumption by mammalian
rod photoreceptors in darkness and in light. Curr Biol. 2008;18:1917-21.

Olivares-Gonzalez L, Velasco S, Campillo |, Rodrigo R. Retinal inflammation, cell
death and inherited retinal dystrophies. Int J Mol Sci. 2021;22:2096.

Ozawa Y. Oxidative stress in the light-exposed retina and its implication in age-
related macular degeneration. Redox Biol. 2020;37:101779.

Pal S, Rao GN, Pal A. High glucose-induced ROS accumulation is a critical
regulator of ERK1/2-Akt-tuberin-mTOR signalling in RGC-5 cells. Life Sci.
2020;256:117914.

Papadopoulos MC, Verkman A. Aquaporin 4 and neuromyelitis optica. Lancet
Neurol. 2012;11:535-44.

Park TK, et al. Adeno-associated viral vector-mediated mtor inhibition by short
hairpin rna suppresses laser-induced choroidal neovascularization. Mol
Ther Nucleic Acids. 2017;8:26-35.

Peng J-J, et al. Involvement of regulated necrosis in blinding diseases: Focus
on necroptosis and ferroptosis. Exp Eye Res. 2020;191: 107922.

Peng J-J, Xiong S-Q, Ding L-X, Peng J, Xia X-B. Diabetic retinopathy: focus on
NADPH oxidase and its potential as therapeutic target. Eur J Pharmacol.
2019;853:381-7.

Peppiatt CM, Howarth C, Mobbs P, Attwell D. Bidirectional control of CNS capil-
lary diameter by pericytes. Nature. 2006;443:700-4.

Perusek L, Maeda T. Vitamin A derivatives as treatment options for retinal
degenerative diseases. Nutrients. 2013;5:2646-66.

Piano |, et al. Involvement of autophagic pathway in the progression of retinal
degeneration in a mouse model of diabetes. Front Cell Neurosci.
2016;10:42.

Pikuleva IA, Curcio CA. Cholesterol in the retina: the best is yet to come. Prog
Retin Eye Res. 2014;41:64-89.

Pons M, Marin-Castafio ME. Cigarette smoke-related hydroquinone dysregu-
lates MCP-1, VEGF and PEDF expression in retinal pigment epithelium
in Vitro and in Vivo. PLoS One. 2011,6:e16722.

Poprac P, et al. Targeting free radicals in oxidative stress-related human dis-
eases. Trends Pharmacol Sci. 2017;38:592-607.

Prakash G, Agrawal R, Natung T. Role of lipids in retinal vascular and macular
disorders. Indian J Clin Biochem. 2017,32:3-8.

Provis JM, Diaz CM, Penfold PL. Microglia in human retina: a heterogene-
ous population with distinct ontogenies. Perspect Dev Neurobiol.
1996;3:213-22.

Punzo C, Xiong W, Cepko CL. Loss of daylight vision in retinal degeneration:
are oxidative stress and metabolic dysregulation to blame? J Biol Chem.
2012;287:1642-8.

Ramirez JM, Trivifo A, Ramirez Al, Salazar JJ. Organization and function of
astrocytes in human retina. In: Understanding glial cells. Springer US,
1998;47-62. https://doi.org/10.1007/978-1-4615-5737-1_3.

Reichenbach A, Bringmann A. New functions of Mdller cells. Glia.
2013;61:651-78.

Ren X, et al. Up-regulation thioredoxin inhibits advanced glycation end
products-induced neurodegeneration. Cell Physiol Biochem.
2018;50:1673-86.

Rheinberger HJ, Mayr, Ernst: The growth of biological thought: diversity,
Evolution, and Inheritance. 2020;1-2 https://doi.org/10.1007/978-3-
476-05728-0_15436-1.

Riera Romo M, Pérez-Martinez D, Castillo Ferrer C. Innate immunity in verte-
brates: an overview. Immunology. 2016;148:125-39.

Rittenhouse KD, et al. RTP801 Gene expression is differentially upregulated in
retinopathy and is silenced by PF-04523655, a 19-Mer siRNA directed
against RTP801. Invest Ophthalmol Vis Sci. 2014;55:1232.

Rizzolo LJ. Polarity and the development of the outer blood-retinal barrier.
Histol Histopathol. 1997;12:1057-67.

Rocco ML, Balzamino BO, Petrocchi Passeri P, Micera A, Aloe L. Effect of purified
murine ngf on isolated photoreceptors of a rodent developing retinitis
pigmentosa. PLoS One. 2015;10:e0124810.

Rochette L, Ghibu S, Muresan A, Vergely C. Alpha-lipoic acid: molecular
mechanisms and therapeutic potential in diabetes. Can J Physiol Phar-
macol. 2015;93:1021-7.

Rodriguez ML, Pérez S, Mena-Moll S, Desco MC, Ortega AL. Oxidative stress
and microvascular alterations in diabetic retinopathy: future therapies.
Oxid Med Cell Longev. 2019,2019:1-18.

Page 25 of 27

Rohrer B, et al. A Targeted inhibitor of the alternative complement pathway
reduces angiogenesis in a mouse model of age-related macular degen-
eration. Invest Opthalmol Vis Sci. 2009;50:3056.

Rohrer B, Guo Y, Kunchithapautham K, Gilkeson GS. Eliminating complement
factor d reduces photoreceptor susceptibility to light-induced damage.
Invest Opthalmol Vis Sci. 2007;48:5282.

Romero-Aroca P, et al. Diabetic macular edema pathophysiology: vasogenic
versus inflammatory. J Diabetes Res. 2016;2016:1-17.

Roy S, Kim D. Retinal capillary basement membrane thickening: role
in the pathogenesis of diabetic retinopathy. Prog Retin Eye Res.
2021;82:100903.

Rézanowska M, et al. Blue light-induced reactivity of retinal age pigment. J Biol
Chem. 1995;270:18825-30.

Ribsam A, Parikh S, Fort P. Role of inflammation in diabetic retinopathy. Int J
Mol Sci. 2018;19:942.

Runkle EA, Antonetti DA. The blood-retinal barrier: structure and functional
significance. Methods Mol Biol. 2011;133-148. https://doi.org/10.1007/
978-1-60761-938-3_5.

Saati S, et al. Mini drug pump for ophthalmic use. Curr Eye Res.
2010;35:192-201.

Sahajpal NS, Goel RK, Chaubey A, Aurora R, Jain SK. Pathological perturba-
tions in diabetic retinopathy: hyperglycemia, AGEs, oxidative stress and
inflammatory pathways. Curr Protein Pept Sci. 2018;20:92-110.

Sakamoto T, Ishibashi T. Hyalocytes: essential cells of the vitreous cavity in
vitreoretinal pathophysiology? Retina. 2011;31:222-8.

Santos AM, et al. Embryonic and postnatal development of microglial cells in
the mouse retina. J Comp Neurol. 2008;506:224-39.

Sarks JP, Sarks SH, Killingsworth MC. Morphology of early choroidal neovascu-
larisation in age-related macular degeneration: Correlation with activity.
Eye. 1997;11:515-22.

Schmidt-Erfurth U, et al. Guidelines for the management of diabetic macular
edema by the european society of retina specialists (EURETINA). Oph-
thalmologica. 2017,237:185-222.

Schneider N, et al. Inherited retinal diseases: Linking genes, disease-causing
variants, and relevant therapeutic modalities. Prog Retin Eye Res.
2022;89:101029.

Scholz R, et al. Minocycline counter-regulates pro-inflammatory microglia
responses in the retina and protects from degeneration. J Neuroinflam-
mation. 2015;12:209.

Schwartz SD, Pan CK, Klimanskaya |, Lanza R. Retinal degeneration. In: Princi-
ples of tissue engineering . Elsevier, 2014; 427-1440 https://doi.org/10.
1016/B978-0-12-398358-9.00068-9.

Scott PA, Kaplan HJ, McCall MA. Prenatal exposure to curcumin protects
rod photoreceptors in a transgenic pro23his swine model of retinitis
pigmentosa. Transl Vis Sci Technol. 2015;4:5.

Seddon JM. Association between C-reactive protein and age-related macular
degeneration. JAMA. 2004;291:704.

Sepahi S, et al. Effects of crocin on diabetic maculopathy: a placebo-controlled
randomized clinical trial. Am J Ophthalmol. 2018;190:89-98.

Shao J, Choudhary MM, Schachat AP. Neovascular age-related macular
degeneration. Dev Ophthalmol. 2016;125-136. https://doi.org/10.1159/
000438969.

Shaw PX, et al. Topical administration of a Rock/Net inhibitor promotes retinal
ganglion cell survival and axon regeneration after optic nerve injury.
Exp Eye Res. 2017;158:33-42.

Shechter R, London A, Schwartz M. Orchestrated leukocyte recruitment to
immune-privileged sites: absolute barriers versus educational gates.
Nat Rev Immunol. 2013;13:206-18.

Shinde V, Kotla P, Strang C, Gorbatyuk M. Unfolded protein response-induced
dysregulation of calcium homeostasis promotes retinal degeneration in
rat models of autosomal dominant retinitis pigmentosa. Cell Death Dis.
2016;7:€2085-e2085.

Shintani T, Klionsky DJ. Autophagy in health and disease: a double-edged
sword. Science. 2004;1979(306):990-5.

Shukla UV, Tripathy K. Diabetic retinopathy. In: StatPearls [Internet]. Treasure
Island (FL): StatPearls Publishing, 2023.

Sies H, Berndt C, Jones DP. Oxidative stress. Annu Rev Biochem.
2017;86:715-48.

Silva PAS. et al. Proliferative diabetic retinopathy. In: Retina. Elsevier. 2013,969—
1000. https://doi.org/10.1016/B978-1-4557-0737-9.00048-5.


https://doi.org/10.1007/978-1-4615-5737-1_3
https://doi.org/10.1007/978-3-476-05728-0_15436-1
https://doi.org/10.1007/978-3-476-05728-0_15436-1
https://doi.org/10.1007/978-1-60761-938-3_5
https://doi.org/10.1007/978-1-60761-938-3_5
https://doi.org/10.1016/B978-0-12-398358-9.00068-9
https://doi.org/10.1016/B978-0-12-398358-9.00068-9
https://doi.org/10.1159/000438969
https://doi.org/10.1159/000438969
https://doi.org/10.1016/B978-1-4557-0737-9.00048-5

Zhang and Jin Current Medicine (2023) 2:4

Simo R, Herndndez C. Neurodegeneration in the diabetic eye: new insights
and therapeutic perspectives. Trends Endocrinol Metab. 2014;25:23-33.

Simoé-Servat O, Herndndez C, Simd R. Usefulness of the vitreous fluid analysis
in the translational research of diabetic retinopathy. Mediators Inflamm.
2012;2012:1-11.

Sinha T, et al. Absence of retbindin blocks glycolytic flux, disrupts metabolic
homeostasis, and leads to photoreceptor degeneration. Proc Natl Acad
Sci. 2021;118:€2018956118.

Skeie JM, Mullins RF. Macrophages in neovascular age-related macular degen-
eration: friends or foes? Eye. 2009,23:747-55.

Skeie JM, Fingert JH, Russell SR, Stone EM, Mullins RF. Complement compo-
nent C5a activates ICAM-1 expression on human choroidal endothelial
cells. Invest Opthalmol Vis Sci. 2010;51:5336.

Small RK, Watkins BA, Munro PM, Liu D. Functional properties of retinal Mul-
ler cells following transplantation to the anterior eye chamber. Glia.
1993;7:158-69.

Song D, Dunaief JL. Retinal iron homeostasis in health and disease. Front
Aging Neurosci. 2013;5:24.

Sorrentino FS, Allkabes M, Salsini G, Bonifazzi C, Perri P. The importance of glial
cells in the homeostasis of the retinal microenvironment and their piv-
otal role in the course of diabetic retinopathy. Life Sci. 2016;162:54-9.

Soubrane G, Coscas G. Pathogenesis of serous detachment of the retina and
pigment epithelium. In: Retina. Elsevier, 2013;618-623. https://doi.org/
10.1016/B978-1-4557-0737-9.00030-8.

Souied EH, et al. Treatment of exudative age-related macular degeneration
with a designed ankyrin repeat protein that binds vascular endothelial
growth factor: a phase I/Il study. Am J Ophthalmol. 2014;158:724-732.
e2.

Spencer BG, Estevez JJ, Liu E, Craig JE, Finnie JW. Pericytes, inflammation, and
diabetic retinopathy. Inflammopharmacology. 2020;28:697-709.
Stewart EA, Saker S, Amoaku WM. Dexamethasone reverses the effects of high
glucose on human retinal endothelial cell permeability and prolifera-

tion in vitro. Exp Eye Res. 2016;151:75-81.

Stitt AW. AGEs and diabetic retinopathy. Invest Opthalmol Vis Sci. 2010;51:4867.

Streilein JW. Immunological non-responsiveness and acquisition of toler-
ance in relation to immune privilege in the eye. Eye (lond). 1995,9(Pt
2):236-40.

Streilein JW. Ocular immune privilege: therapeutic opportunities from an
experiment of nature. Nat Rev Immunol. 2003;3:879-89.

Strittmatter K, Pomeroy H, Marneros AG. Targeting platelet-derived growth
factor receptor 3+ scaffold formation inhibits choroidal neovasculariza-
tion. Am J Pathol. 2016;186:1890-9.

Stuck MW, Conley SM, Naash MI. The Y141C knockin mutation in RDS leads to
complex phenotypes in the mouse. Hum Mol Genet. 2014;23:6260-74.

Stuck MW, Conley SM, Naash MI. PRPH2/RDS and ROM-1: Historical con-
text, current views and future considerations. Prog Retin Eye Res.
2016;52:47-63.

Subirada PV, et al. A journey into the retina: Mller glia commanding survival
and death. Eur J Neurosci. 2018;47:1429-43.

Sugita S, et al. Retinal pigment epithelium-derived CTLA-2alpha induces
TGFbeta-producing T regulatory cells. J Immunol. 2008;181:7525-36.

Sugita S, et al. T-cell suppression by programmed cell death 1 ligand 1 on
retinal pigment epithelium during inflammatory conditions. Invest
Ophthalmol Vis Sci. 2009;50:2862-70.

Sugita S, et al. Suppression of interleukin-17-producing T-helper 17 cells by
retinal pigment epithelial cells. Jon J Ophthalmol. 2011,55:565-75.

Taghavi Y, Hassanshahi G, Kounis NG, Koniari I, Khorramdelazad H. Monocyte
chemoattractant protein-1 (MCP-1/CCL2) in diabetic retinopathy:
latest evidence and clinical considerations. J Cell Commun Signal.
2019;13:451-62.

Tan, C. S. & Sadda, S. R. Neovascular (Wet) age-related macular degeneration.
In: Choroidal disorders. Elsevier, 2017,89-116. https://doi.org/10.1016/
B978-0-12-805313-3.00007-7.

Taylor AW. Ocular immune privilege and transplantation. Front Immunol.
2016;7:37.

Taylor AW, Kaplan HJ. Ocular immune privilege in the year 2010: ocular
immune privilege and uveitis. Ocul Immunol Inflamm. 2010;18:488-92.

Taylor AW, Ng TF. Negative regulators that mediate ocular immune privilege. J
Leukoc Biol. 2018;103:1179-87.

The Age-Related Eye Disease Study 2 (AREDS2) Research Group*. Lutein
+ Zeaxanthin and Omega-3 Fatty Acids for Age-Related Macular

Page 26 of 27

Degeneration: The Age-Related Eye Disease Study 2 (AREDS2) Rand-
omized Clinical Trial. JAMA. 2013;309(19):2005-15.

The Wisdom of the Body. Nature. 1934;133:82.

Thurman JM, et al. Oxidative stress renders retinal pigment epithelial
cells susceptible to complement-mediated injury. J Biol Chem.
2009;284:16939-47.

Tolentino MJ, Dennrick A, John E, Tolentino MS. Drugs in phase Il clinical trials
for the treatment of age-related macular degeneration. Expert Opin
Investig Drugs. 2015;24:183-99.

Tomasek JJ, et al. Deletion of smooth muscle alpha-actin alters blood-retina
barrier permeability and retinal function. Invest Ophthalmol Vis Sci.
2006;47:2693-700.

Tong Y, Zhou Y-L, Wang Y-X, Zhao P-Q, Wang Z-Y. Retinal pigment epithelium
cell-derived exosomes: Possible relevance to CNV in wet-age related
macular degeneration. Med Hypotheses. 2016,97:98-101.

Toomey CB, Johnson LV, Bowes Rickman C. Complement factor H in AMD:
Bridging genetic associations and pathobiology. Prog Retin Eye Res.
2018;62:38-57.

Toscano MA, et al. Galectin-1 suppresses Autoimmune retinal disease by
promoting concomitant Th2- and T regulatory-mediated anti-inflam-
matory responses. J Immunol. 2006;176:6323-32.

Tout S, Chan-Ling T, Hollander H, Stone J. The role of Mller cells in the for-
mation of the blood-retinal barrier. Neuroscience. 1993;55:291-301.

Tserentsoodol N, et al. Uptake of cholesterol by the retina occurs primarily
via a low density lipoprotein receptor-mediated process. Mol Vis.
2006a;12:1306-18.

Tserentsoodol N, et al. Intraretinal lipid transport is dependent on high
density lipoprotein-like particles and class B scavenger receptors. Mol
Vis. 2006b;12:1319-33.

Tuo J, et al. Murine Ccl2/Cx3cr1 deficiency results in retinal lesions mimick-
ing human age-related macular degeneration. Invest Opthalmol Vis
Sci. 2007,48:3827.

Uteza V, et al. Intravitreous transplantation of encapsulated fibroblasts
secreting the human fibroblast growth factor 2 delays photoreceptor
cell degeneration in Royal College of Surgeons rats. Proc Natl Acad
Sci. 1999,96:3126-31.

van Hove |, et al. Single-cell transcriptome analysis of the Akimba mouse
retina reveals cell-type-specific insights into the pathobiology of
diabetic retinopathy. Diabetologia. 2020;63:2235-48.

van Leeuwen EM, et al. A new perspective on lipid research in age-related
macular degeneration. Prog Retin Eye Res. 2018,;67:56-86.

van Lookeren Campagne M, LeCouter J, Yaspan BL, Ye W. Mechanisms of
age-related macular degeneration and therapeutic opportunities. J
Pathol. 2014;232:151-64.

van Meer G, Voelker DR, Feigenson GW. Membrane lipids: where they are
and how they behave. Nat Rev Mol Cell Biol. 2008;9:112-24.

Vecino E, Rodriguez FD, Ruzafa N, Pereiro X, Sharma SC. Glia-neuron interac-
tions in the mammalian retina. Prog Retin Eye Res. 2016;51:1-40.

Veiga-Fernandes H, Artis D. Neuronal-immune system cross-talk in homeo-
stasis. Science. 2018;1979(359):1465-6.

Viegas FO, Neuhauss SCF. A metabolic landscape for maintaining retina
integrity and function. Front Mol Neurosci. 2021;14:656000.

Vinores SA, et al. Blood-retinal barrier breakdown in retinitis pigmentosa:
light and electron microscopic immunolocalization. Histol Histo-
pathol. 1995;10:913-23.

Vujosevic S, et al. Aqueous humor biomarkers of muller cell activation in
diabetic eyes. Invest Opthalmol Vis Sci. 2015;56:3913.

Wan W, et al. Protective Role of microRNA-200a in diabetic retinopathy
through downregulation of PDLIM1. J Inflamm Res. 2021;14:2411-24.

Wang W, Lo A. Diabetic retinopathy: pathophysiology and treatments. Int J
Mol Sci. 2018;19:1816.

Wang K, ChenY, Zhu X, Zou W, Zhou F. Ginkgo biloba extract attenuates
light-induced photoreceptor degeneration by modulating CAV-1—
redoxosome signaling. Antioxidants. 2022;11:1268.

Wihlmark U, Wrigstad A, Roberg K, Nilsson SEG, Brunk UT. lipofuscin
accumulation in cultured retinal pigment epithelial cells causes
enhanced sensitivity to blue light irradiation. Free Radic Biol Med.
1997;22:1229-34.

Wittchen ES, Hartnett ME. The small GTPase Rap1 is a novel regulator of RPE
cell barrier function. Invest Ophthalmol Vis Sci. 2011;52:7455-63.


https://doi.org/10.1016/B978-1-4557-0737-9.00030-8
https://doi.org/10.1016/B978-1-4557-0737-9.00030-8
https://doi.org/10.1016/B978-0-12-805313-3.00007-7
https://doi.org/10.1016/B978-0-12-805313-3.00007-7

Zhang and Jin Current Medicine (2023) 2:4

Wong TY, Ferreira A, Hughes R, Carter G, Mitchell P. Epidemiology and dis-
ease burden of pathologic myopia and myopic choroidal neovascu-
larization: an evidence-based systematic review. Am J Ophthalmol.
2014;157:9-25.e12.

XuY, et al. Melatonin attenuates choroidal neovascularization by regulat-
ing macrophage/microglia polarization via inhibition of RhoA/ROCK
signaling pathway. J Pineal Res. 2020;69:12660.

Xu H, Chen M, Manivannan A, Lois N, Forrester JV. Age-dependent accu-
mulation of lipofuscin in perivascular and subretinal microglia in
experimental mice. Aging Cell. 2008;7:58-68.

Xu H, Chen M, Forrester JV. Para-inflammation in the aging retina. Prog Retin
Eye Res. 2009;28:348-68.

Yamamoto JH, et al. Cellular immune responses to retinal antigens in retini-
tis pigmentosa. Graefes Arch Clin Exp Ophthalmol. 1992;230:119-23.

Yamanishi S, Katsumura K, Kobayashi T, Puro DG. Extracellular lactate as a
dynamic vasoactive signal in the rat retinal microvasculature. Am J
Physiol Heart Circ Physiol. 2006;,290:H925-34.

Yang 'Y, et al. Macrophage polarization in experimental and clinical choroidal
neovascularization. Sci Rep. 2016;6:30933.

Yao J, et al. Inhibiting autophagy reduces retinal degeneration caused by
protein misfolding. Autophagy. 2018;14:1226-38.

Yonekawa Y, Kim IK. Clinical characteristics and current treatment of age-
related macular degeneration. Cold Spring Harb Perspect Med.
2015;5:a017178-a017178.

Zamiri P, Masli S, Kitaichi N, Taylor AW, Streilein JW. Thrombospondin plays a
vital role in the immune privilege of the eye. Invest Ophthalmol Vis Sci.
2005;46:908-19.

Zeng S, et al. Inhibiting the activation of MAPK (ERK1/2) in stressed Muller cells
prevents photoreceptor degeneration. Theranostics. 2022;12:6705-22.

Zhang H-J, et al. Lutein delays photoreceptor degeneration in a mouse model
of retinitis pigmentosa. Neural Regen Res. 2022;17:1596.

Zhang C-J, MaYY, Jin Z-B. The road to restore vision with photoreceptor regen-
eration. Exp Eye Res. 2021;202:108283.

Zhao L, et al. Microglial phagocytosis of living photoreceptors contributes to
inherited retinal degeneration. EMBO Mol Med. 2015;7:1179-97.

ZhengY, et al. MicroRNA-126 suppresses the proliferation and migration of
endothelial cells in experimental diabetic retinopathy by targeting
polo-like kinase 4. Int J Mol Med. 2020;47:151-60.

Zhou R, Horai R, Mattapallil MJ, Caspi RR. A new look at immune privilege of
the eye: dual role for the vision-related molecule retinoic acid. J Immu-
nol. 2011,187:4170-7.

Zhu J, Zhang E, Del Rio-Tsonis K. Eye anatomy. In: eL.S. Wiley. 2012. https://doi.
0rg/10.1002/9780470015902.a0000108.pub2.

Page 27 of 27


https://doi.org/10.1002/9780470015902.a0000108.pub2
https://doi.org/10.1002/9780470015902.a0000108.pub2

	Homeostasis and dyshomeostasis of the retina
	Abstract 
	1 Introduction
	2 Retinal homeostasis in the conventional sense
	2.1 The homeostasis in the blood-retinal barrier
	2.2 Immune homeostasis in the retina
	2.3 Metabolic homeostasis in the retina
	2.3.1 Glucose metabolism in the retina
	2.3.2 Lipids metabolism in the retina
	2.3.3 Other metabolism in the retina


	3 The dyshomeostasis in the retinal diseases
	3.1 The dyshomeostasis in retinal degenerative diseases (RDDs)
	3.1.1 The dyshomeostasis in age-related macular degeneration (AMD)
	3.1.2 The dyshomeostasis in inherited retinal degenerative diseases (IRDs)
	3.1.3 The retinal dyshomeostasis in pathological myopia

	3.2 The dyshomeostasis in retinal vascular diseases
	3.2.1 The dyshomeostasis in diabetic retinopathy (DR)
	3.2.2 The dyshomeostasis in wet AMD


	4 The implications of retinal homeostasis for treatment
	4.1 Progress in new therapies for retinal degenerative diseases
	4.2 Progress of new therapies for retinal vascular diseases

	5 Summary and future direction
	Acknowledgements
	References


