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Abstract: The photoreceptor cells of the retina, encompassing rods and cones, are pivotal in the transduction of
light signals into chemical ones, thereby initiating the visual process. This review explores the metabolic bedrock
of these cells, which are not only crucial for preserving retinal health but are also susceptible to metabolic stress,
precipitating a spectrum of retinal pathologies. The manuscript elucidates the intricate metabolic processes of
photoreceptor cells, the synergistic metabolic interplay between photoreceptors and the retinal pigment epithelium
(RPE), and appraises the metabolic shifts within photoreceptor cells under conditions of photic injury and diverse
pathological states, as well as the ramifications of these metabolic perturbations for retinal function. The review
culminates with a prospective horizon scan of research in photoreceptor cell metabolism, charting anticipated
investigative trajectories.
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1. Introduction

The retina, often metaphorically described as the ‘window to the brain’, is a delicate and translucent tissue
that adheres to the innermost layer of the choroid. It plays a cardinal role in the sensation of light. The retina’s
photoreceptor cells, or visual cells, which include rods and cones, are instrumental in the initial phase of light
sensation. These cells are unique within the retina for their ability to perceive light stimuli; other retinal cells react
only indirectly to light, through the electrical or chemical signals emitted by photoreceptor cells upon stimulation.
Consequently, damage to the photoreceptor layer can result in the absence of visual signals, rendering the visual
system ineffective, even when other cells function optimally.

As the first stop in the visual pathway, the primary function of photoreceptor cells is to carry out the
conversion of light signals into chemical signals. They are responsible for receiving light signals and transforming
them into chemical signals to be passed on to downstream cells. The operation of photoreceptor cells begins with
the reception of light signals and ends with the release of glutamate neurotransmitters to downstream cells.
Through a series of biochemical reactions, they convert light stimuli into changes in membrane potential, then
transform these changes into variations in the release of glutamate at the synaptic terminals, ultimately conveying
the intensity of light signals to downstream bipolar cells in the form of glutamate release as a chemical signal.
Normal retinal photoreceptor cells have a high demand for energy, making them susceptible to metabolic stress,
and many diseases are closely related to their metabolism. This article summarizes the research progress on the
metabolism of retinal photoreceptor cells, as well as the impact of related diseases on their metabolism, with the
aim of providing reference suggestions for research related to the metabolism of retinal photoreceptor cells.

2. Structural Features and Distribution Characteristics of Retinal Photoreceptor Cells

Photoreceptor cells in the retina consist of four parts: the outer segment, inner segment, cell body, and
synaptic terminal. The spatial organization of these components within the photoreceptor is illustrated in Figure 1.
The cell body contains the nucleus and is responsible for integrating signals received from the outer segment and
transmitting them to the bipolar cells in the retina. The synaptic terminal is equivalent to the axon, which connects
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to bipolar cells via synapses, allowing for the transmission of signals to other neurons in the visual pathway. And
the inner and outer segments are equivalent to the dendrites. The outer segment is the light-sensitive part of the
photoreceptor cells, featuring a layered (or disc-shaped) structure formed by the infolding of the cell membrane
that are rich in photopigments (such as rhodopsin in rods and indopsins in cones). The inner segment is slightly
thicker and contains a large number of mitochondria, making it the most metabolically active part [1]. The outer
and inner segments are connected, with nine pairs of small cilia extending from the inner segment into the outer
segment, serving to transmit excitement and substances [2].

In the human retina, there are approximately 6 to 8 million cone cells and 120 million rod cells, distributed
in different parts of the retina. Rod cells are primarily responsible for vision under low light conditions and are the
main photoreceptor cells for night vision [3]. They are slender in shape and rich in rhodopsin, enabling them to
perceive light in dim light [4]. Rod cells are mainly concentrated in the peripheral areas of the retina and are almost
absent in the central fovea [5,6].

Cone cells are cells that sense strong light and color, and they are less sensitive to weak light and brightness
than rod cells; however, they have a high resolution capacity for strong light and color [7]. The cell bodies of cone
cells are shorter, with photoreceptive proteins, iodopsin, at their tips [8]. Cone cells are divided into three types
based on different light wavelengths: short-wavelength (S-cones), medium-wavelength (M-cones), and long-
wavelength (L-cones), corresponding to blue, green, and red light [9]. The long-wavelength (L-type) cones, which
house the opsin OPN1LW, are responsible for detecting the red light region of the visible spectrum, approximately
at 564 nm. The medium-wavelength (M-type) cones, expressing the opsin OPN1MW, capture the green light
spectrum, around 534 nm. Lastly, the short-wavelength (S-type) cones, equipped with the opsin OPN1SW, are
designed to perceive the blue light spectrum, at approximately 420 nm [ 10]. In the fovea of the macula in the retina,
there are only cone cells, and light can directly reach these cells, making this area the most sensitive for light
perception and color discrimination. In contrast, the peripheral part of the retina, which is mainly composed of rod
cells, has lower light resolution, incomplete color vision, but is sensitive to dim light [11].
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Figure 1. Photoreceptor structure.

3. Development and Differentiation of Retinal Photoreceptor Cells

In mammals, the maturation of photoreceptors is a protracted process, spanning several weeks to months
post-final mitosis, with the duration varying among species [11-15]. The developmental trajectory of
photoreceptors can be delineated into five pivotal stages: initially, the multiplication of pluripotent retinal
progenitor cells (RPCs); subsequently, the constriction of the developmental horizons for RPCs; thereafter, the
determination of cell fate and commitment to photoreceptor precursors, which may occur during or subsequent to
the terminal mitotic division; next, the upregulation of genes that are integral to photoreceptors, encompassing
those that participate in phototransduction and morphogenesis; and ultimately, the elongation of axons, the
establishment of synaptic connections, and the genesis of outer segments [16].
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During the initial phase of retinal development, multipotent retinal progenitor cells (RPCs) proliferate,
generating more multipotent progenitors or precursors whose capacity to differentiate into various cell types is
limited [17]. Certain of these proliferating cells are dedicated to a lineage that will produce at least one type of
photoreceptor and potentially non-photoreceptive cells. Upon exiting the cell cycle, the post-mitotic precursors
retain the potential for plasticity. Throughout the determination of photoreceptor cell types, these precursors are
steered towards becoming either cone or rod cells, which will eventually express photopigments (indopsin in cones,
rhodopsin in rods), and develop outer segments and synaptic connections [18-20].

4. The Warburg Effect in the Retina and the Metabolic Pathways of Photoreceptor Cells

The retina, a component of the central nervous system, exhibits the same elevated metabolic rate as the brain.
Typically, the substantial energy requirements of the retina are met with an ample provision of metabolic substrates.
Under normal conditions, the metabolic processes of retinal tissue and cells encompass both material metabolism
and energy metabolism. Material metabolism primarily facilitates the continuous exchange of substances between
the organism and its surrounding environment, with the main metabolic pathways being assimilation and
dissimilation. Energy metabolism, on the other hand, involves a series of chemical reactions that sustain the vital
activities of cells and tissues, which can be divided into anabolic and catabolic reactions.

4.1. The Warburg Effect in the Retina

The retina is one of the high-energy-consuming central nervous tissues in the human body, and the
homeostasis of its energy metabolism plays an extremely important role in maintaining normal retinal function
and repairing tissue function under pathological conditions [21]. Research has found that although glycolysis and
oxidative phosphorylation are the main metabolic pathways for retinal energy metabolism, as part of the central
nervous system, the retina’s energy metabolism characteristics are similar to those of rapidly growing and
metabolically demanding tumor tissues [22]. Even under oxygen-rich conditions, the retina primarily relies on
glycolysis for energy supply, known as the Warburg effect in the retina [23,24]. In recent years, with the gradual
deepening of research on the Warburg effect in the field of oncology, the Warburg effect in the retina and its
mechanisms have gradually attracted attention. Studies have found that after animals were injected with iodoacetic
acid, which inhibits glyceraldehyde-3-phosphate dehydrogenase and selectively suppresses the glycolytic pathway,
their vision was severely impaired, indicating that the retina is sensitive to glycolysis reactions. Subsequent in
vitro experiments also confirmed that about 80% of glucose in the retinal metabolic process is metabolized through
the glycolytic pathway to produce a large amount of lactate [25,26]. In addition, research has found that retinal
neural conduction activities are highly dependent on the activity of the glycolytic pathway, and when the glycolytic
pathway is obstructed, the retinal light conduction activity is severely reduced [27].

4.2. The Metabolism of Retinal Photoreceptor Cells

The outermost layer of the retina consists of photoreceptor cells and the outer processes of Miiller glial cells.
Evidence suggests that glucose uptake and aerobic glycolysis predominantly occur in photoreceptors rather than
in Miiller glial cells. This is supported by two main findings. Firstly, in vivo studies have shown that glucose from
the blood circulates through the retinal pigment epithelium (RPE) and reaches the photoreceptors. When the
fluorescent glucose analog 2-NBDG is administered to mice, either through gavage [28], tail vein injection [29,30],
or intraperitoneal injection [31], it becomes phosphorylated at the C6 position upon entering the cells, leading to
its accumulation. Notably, the fluorescence intensity from 2-NBDG accumulation is significantly higher in
photoreceptors compared to Miiller cells [32], indicating a higher rate of glucose uptake in photoreceptors. And
the second line of evidence comes from the observation that photoreceptors have a high concentration of glycolytic
enzymes.

Photoreceptor cells in mammalian retinal tissue primarily rely on the glycolytic pathway for energy
metabolism [32], with specific metabolic pathways illustrated in Figure 2. Furthermore, key enzymes that regulate
the Warburg effect in cancer cells, such as hexokinase 2 (HK2) and pyruvate kinase M2 (PKM2), are highly
expressed in retinal photoreceptor cells [33,34]. The degree of the Warburg effect in retinas from different species
is positively correlated with the renewal ratio of rhodopsin in photoreceptor cells [35,36]. Additional research has
found that photoreceptor cells in the retina produce a large amount of lactate and are sensitive to inhibitors of
glycolytic pathway enzymes, regardless of whether they are in aerobic or anaerobic environments [27].
Specifically inhibiting glycolytic reactions reduces the synthesis of the outer segments of rod cells, leading to
shorter outer segments [34], indicating that the level of glycolysis plays a significant role in the synthesis of rod
cell outer segments.
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Figure 2. The metabolism of photoreceptor cells (using cone cells as an example).

4.3. The Significance of Glycolysis in the Metabolism of Retinal Photoreceptor Cells

The glycolytic pathway plays a crucial role in maintaining the physiological functions of retinal photoreceptor
cells. Firstly, photoreceptor cells in vertebrate retinas exhibit high metabolic activity and consume considerable
energy [37]. Compared to oxidative phosphorylation, the glycolytic pathway can produce ATP more rapidly to
meet the energy demands of the cells. Secondly, glycolytic side pathways, such as the serine biosynthesis pathway
and glycogen synthesis pathway, provide metabolic intermediates for amino acid synthesis. During the process of
phototransduction, photoreceptor cells shed or renew a large number of membrane discs and synthesize rhodopsin,
requiring substantial energy and amino acids to fulfill their synthetic metabolic needs [27]. Rhodopsin is a G-
protein coupled receptor rich in serine. Intermediate metabolites of glycolysis, such as 3-phosphoglycerate, are
converted into serine under the action of a series of enzymes, providing raw materials for the synthesis of
phosphatidylserine and sphingosine, and the glycosylation process of rhodopsin requires polysaccharides mainly
generated from the intermediate product 6-phosphofructose through glycolysis [38,39].

The intermediate metabolite 6-phosphogluconate of the glycolytic pathway can also produce nicotinamide
adenine dinucleotide phosphate (NADPH) through the pentose phosphate pathway, which is significant for fatty
acid biosynthesis, maintaining cellular redox status, inhibiting apoptosis, and reducing phototoxicity (promoting
the conversion of retinal to all-trans retinol) [40]. Although the pentose phosphate pathway accounts for only 1.5%
to 10% of glucose oxidative metabolism, it has been found in rat retinal cell cultures that blocking this pathway
leads to increased rates of apoptosis and necrosis, indicating its extremely important role in the metabolism of
retinal photoreceptor cells [41].

4.4. Metabolic Relationship between Retinal Photoreceptor Cells and RPE Cells

In general, we can consider the photoreceptor cells and RPE cells on the retina as a metabolic system, where
they have distinct roles yet interact with each other to work in concert. The retina’s photoreceptor and RPE cells
function as a metabolic unit, each with specific roles that complement each other for synchronized operation.

When RPE cells are lost, photoreceptors also cease to function. Administering sodium iodate via a single
intraperitoneal injection in mice leads to the rapid disappearance of the RPE layer within a short timeframe of 1—
2 days [42]. The precise chemical process behind this is not fully understood, but it selectively affects RPE cells.
Shortly after RPE cells are depleted, the outer segment of the retina’s photoreceptors undergoes degeneration, a
well-documented observation that signifies the early impact of RPE on photoreceptors. The growth of
photoreceptors relies on glucose transport across the RPE, facilitated by membrane transport proteins. The basal-
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lateral and apical plasma membranes of RPE cells are abundant in GLUT-1 glucose transporters. Research
indicates that in areas where RPE cells exhibit GLUT-1, photoreceptors are robust and elongated, whereas in
regions where GLUT-1 expression is inhibited, the underlying photoreceptors develop slowly [43].

The decline of rod cells is paralleled by the deterioration of cone cells, which are both pivotal in capturing
light and initiating the process of signal transduction. This process subsequently modulates synaptic transmission
to neurons that follow in the visual pathway. Although these cells share a fundamental role in vision, they exhibit
distinct genetic profiles that endow them with unique response characteristics and sensitivities to light. Mutations
in certain genes specific to rod cells can lead to their toxicity, a phenomenon that in humans can manifest as
Retinitis Pigmentosa (RP), a group of disorders marked by the degeneration of rod cells. Interestingly, even though
cone cells are not directly affected by these mutations, they too undergo a loss of their outer segments and eventual
degeneration following the demise of rod cells [44]. This secondary loss is attributed to the disruption of the
glucose supply, suggesting that cone cell degeneration is a consequence of nutritional deprivation [45].

A protein known as Rod-derived Cone Viability Factor (RACVF), which is secreted by rod cells, has been
identified as crucial for the survival and functionality of cone cells [46]. RACVF interacts with cone cells by
binding to them and activating a scaffold protein that helps maintain the stability of GLUT-1 on the cell membrane
[47,48]. This implies that the degeneration of rod cells could indirectly affect cone cells by reducing their access
to RACVF and, consequently, their ability to absorb glucose.

Furthermore, alterations in the metabolic processes of rod cells have repercussions for the Retinal Pigment
Epithelium (RPE). AMP-activated protein kinase (AMPK), which functions as an intracellular energy sensor, is
responsible for regulating the expression of metabolic enzymes [49]. In mice models where AMPK expression is
suppressed, the RPE does not show immediate effects [50]. However, over time, rod photoreceptors exhibit
mitochondrial fragmentation and a decline in metabolic activity. This metabolic disruption in the retina has a
knock-on effect on the RPE, causing an accumulation of vesicles, lipid droplets, and undigested remnants from
the outer segments. Additionally, the density of rod cells in the retina influences their size; experiments in mice
have shown that at lower densities, rod outer segments are shorter, while at higher densities, they are longer [51],
indicating that the density of rod cells can modulate the RPE’s ability to deliver nutrients to the retina.

5. Metabolic Changes in Retinal Photoreceptor Cells under Photodamage

The retina is the most susceptible part of the eye to photic damage (the key differences between photic and
thermal damage are summarized in Table 1). Exposure to intense illumination for a short duration can lead to acute
thermal damage. Conversely, prolonged exposure to light may induce chemical alterations within retinal cells,
culminating in cellular demise [52]. Studies have confirmed that natural visible light is a major risk factor for
damaging the structure and function of retinal cells, especially high-energy short-wavelength light such as blue
light, which can disrupt specific molecular bonds in cells and lead to photochemical damage to the retina [53].
Long-term excessive exposure to bright light can significantly increase the production of reactive oxygen species
(ROS), leading to apoptosis of photoreceptor cells and retinal pigment epithelium cells (RPE), endoplasmic
reticulum stress, inflammation, visual function impairment, and even macular degeneration.

Table 1. Comparison of thermal and photodamage.

Item Thermal Damage Photodamage
Exposure duration us—10s >1s
Wavelength all types A <600 nm
Minimal lesion size <beam diameter =beam diameter
Temperature change >20 °C temperature 1 <10 °C temperature 1
Scotoma irreparable reparable

5.1. The Relationship between Mitochondria and Photoreceptor Photodamage

The substantial energy required for vision formation is primarily supplied by mitochondria, which are
abundant in the axons of retinal ganglion cells (RGC), the inner segments of retinal photoreceptor cells, retinal
glial cells, and RPE [54]. Excessive light exposure can cause irreversible damage to retinal cells, with
mitochondrial swelling and nuclear disappearance in photoreceptor cells being the main early manifestations of
acute photic damage to the retina [55]. Long-term exposure to blue light can lead to extensive retinal damage.
Mitochondria not only regulate energy production but also perform other physiological functions, such as
regulating Ca®>" levels, redox status, and inducing cell apoptosis through the activation of the MPTP [56].
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5.1.1. Oxidative Stress and Photodamage

ROS primarily originate from mitochondria, and if their levels exceed the cell’s antioxidant capacity,
oxidative stress (OS) occurs, mediating molecular damage to nucleic acids, lipids, and proteins, reducing cellular
metabolism and vitality, and even inducing necrosis or apoptosis. It can also lead to Ca?>" homeostasis disruption,
mitochondrial respiratory chain dysfunction, changes in membrane permeability, mutations in mtDNA, and
damage to defense systems [57]. Lipid radicals formed from ROS and singlet oxygen can attack photoreceptor
cells and cause damage [58]. Researchers have found that ROS in photoreceptor cells significantly increase after
exposure to light using fluorescence probe labeling in live mice [59]. Docosahexaenoic acid (DHA), which is
abundant in photoreceptor cells, is susceptible to ROS oxidation, forming other complex products that damage the
retina [60]. Injecting the oxidation products of DHA into the mouse retina can promote retinal degeneration,
whereas knocking out DHA can inhibit light-induced retinal damage [61]. Additionally, animal studies that inhibit
photic damage have also proven that ROS play a key role in retinal photic damage, and the synthetic antioxidant
N,N’-Dimethylthiourea (DMTU) can prevent and reduce retinal photic damage in experimental rats [62]. Using
the antioxidant lipoic acid in an acute photic damage mouse model can significantly reduce the number of light-
induced photoreceptor cell apoptosis and damage to retinal function [63]. In summary, excessive light exposure
(especially high-energy short-wavelength light such as blue light) mainly leads to ROS accumulation and oxidative
stress damage, thereby affecting the structure and function of retinal mitochondria and ultimately triggering
mitochondria-related cell death.

5.1.2. Calcium (Ca?") Homeostasis and Photodamage

Changes in intracellular Ca>* concentration can affect ATP synthesis, the opening of MPTP, and cytoplasmic
Ca?" homeostasis. Under normal light exposure, rhodopsin in rod cells is extensively degraded, activating G
proteins, leading to a decrease in cGMP and Ca?* influx. However, excessive light exposure can cause an increase
in Ca?" influx [64]. Evidence found that the amount of Ca®" in photoreceptor cells significantly increased under
blue light stimulation [65], suggesting that it may be caused by inositol triphosphate (IP3) promoting the release
of Ca?" into the cytoplasm. The increase in Ca?" concentration in photoreceptor cells induced by light exposure
can activate members of the Ca®" protease (calpains) family and ultimately activate caspasel2 to mediate cell
apoptosis [66]. The pro-apoptotic protein Bid is cleaved into tBid by calpains, and tBid can promote the formation
of Bax homopolymers and mitochondrial membrane permeabilization, leading to the release of cytochrome ¢ (Cyt
¢) and apoptosis-inducing factor (AIF) from the mitochondrial membrane space, resulting in apoptosis of retinal
photoreceptor cells [67]. Therefore, the disruption of mitochondrial Ca** homeostasis plays an important role in
retinal photic damage, and maintaining Ca>" balance will be one of the effective ways to treat retinal photic damage.

5.2. Rhodopsin-Mediated Photodamage

Rod and cone cells express different proteins and pigments. To explore which cells are mainly affected by
light damage, researchers briefly exposed Abca4(-/-) Rdh8(-/-) mice [68], which have many characteristics of
human retinal degeneration, to intense light. Double quantum microscopy can observe more visual pigment-
derived fluorescent groups, expansion of rod cell outer segments, and macrophage infiltration, indicating that rod
cells are the main sites of toxic opsin accumulation and degeneration in mouse retinal lesions. Another mouse
model lacking functional rhodopsin are also used [69], suggesting that rhodopsin in rod cells is the main medium
for light-induced damage. Opsins and the chromophore group of retinaldehyde form rhodopsin. Opsins obtain light
through their covalently bound pigment group 11-cis retinal (11CR). When exposed to light, 11CR is converted
to all-trans retinal (ATR), a process that generates oxygen radicals, attacking unsaturated fatty acids in the outer
segments of the membrane discs. At the same time, opsins are activated, and the ATR clearance mechanism
composed of retinaldehyde dehydrogenase, RPE cell proteins, lecithin retinol acyltransferase, and ATP-binding
transporter A4 is activated, releasing all ATR, which is converted to 11CR in the RPE [70]. Dysfunction in the
regeneration process of 11CR can lead to the accumulation of ATR in the retina, thereby causing cell toxicity
reactions and pathological changes mediated by ATR. Animal experiments have shown that the accumulation and
photodegradation of ATR can lead to diseases such as AMD, Stargardt disease, acute light-induced retinal lesions,
and night blindness [71].

5.3. Inflammation and Photodamage

Inflammation is one of the host defense reactions in innate immunity and is involved in both acute and chronic
retinal light damage processes. After short-term exposure to intense light in rabbits, pro-inflammatory cytokines
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such as IL-1P and TNF-a were found to be significantly upregulated. Since the retina has immune activity, chronic
inflammation induced by long-term light exposure can also induce photoreceptor cell death [72]. Studies have
found that when RPE is exposed to light for a long time, the excessive production of ROS can initiate inflammation
through pattern recognition receptors (PRRs) and secrete a large number of inflammatory factors such as IL-1f
and IL-6, which accumulate in photoreceptor cells and regulate photoreceptor cell apoptosis through caspase-
dependent apoptotic pathways [73].

In addition, photoreceptor cells in the light-induced retinal damage mouse model also show characteristics
of pyroptosis. After 2 h of light exposure, pyroptosis-related proteins NF-kB, NLRP3, and IL-1p significantly
increased and were upregulated with the extension of light exposure time [74,75]. Current research suggests that
multiple inflammatory factors and cellular pathways are involved in acute and chronic inflammatory responses
and cause light damage to retinal photoreceptor cells through inducing cell apoptosis or pyroptosis. Therefore, the
regulation of the release of inflammatory factors and their mediated pathways will help improve the inflammatory
microenvironment of the retina and reduce light damage to retinal cells.

6. Key Signaling Pathways in Photoreceptor Cell Damage

In the context of retinal photoreceptor cells’ response to light damage and other pathologies, several signaling
pathways are of great significance. The PI3K-Akt pathway is vital for maintaining cell viability and metabolic
equilibrium. When exposed to light damage stimuli, cell surface receptors like the insulin—like growth factor
receptor (IGF-1R) can trigger PI3K activation. PI3K then phosphorylates phosphatidylinositol-4,5-bisphosphate
(PIP2) to form phosphatidylinositol-3,4,5-trisphosphate (PIP3). As a second messenger, PIP3 recruits and activates
Akt. Subsequently, activated Akt phosphorylates downstream target proteins such as Bad. Phosphorylated Bad
binds to 14-3-3 protein, preventing its combination with Bcl-2 or Bel-XL and thus inhibiting apoptosis. Moreover,
Akt can activate the mammalian target of rapamycin (mTOR) pathway by phosphorylating tuberous sclerosis
complex 2 (TSC2), promoting protein synthesis and cellular repair after light damage.

The MAPK signaling pathway, encompassing sub-pathways like ERK, JNK, and p38, also plays a crucial
part. In light-induced oxidative stress and inflammation, reactive oxygen species (ROS) in cells can activate the
MAPK pathway. For instance, ROS can activate JNK kinase, which in turn phosphorylates transcription factors
like c-Jun. This leads to the upregulation of pro-apoptotic genes such as Bax, promoting cell death. Meanwhile,
activation of the p38 MAPK pathway can cause cell cycle arrest, suppressing cell proliferation and reducing the
metabolic burden of damaged cells, prompting them to repair or undergo apoptosis if repair is not possible. The
ERK pathway, when moderately activated, can facilitate cell survival by phosphorylating transcription factors like
Elk-1 to regulate the expression of cell cycle-related and anti-apoptotic genes. However, excessive or persistent
activation of ERK may result in abnormal cell proliferation or disrupted apoptosis balance, exacerbating retinal
lesions.

In age-related macular degeneration, the activation of oxidative stress-related signaling pathways is a key
link. A large amount of ROS generated during the metabolic process of retinal pigment epithelial cells (RPE) and
photoreceptor cells can activate the NF-kB signaling pathway. ROS phosphorylates kB protein by IkB kinase
(IKK), resulting in the degradation of IkB protein, releasing the NF-kB dimer and translocating it into the nucleus,
activating the expression of a series of inflammation-related genes such as interleukin-6 (IL-6) and tumor necrosis
factor-o. (TNF-a)). These inflammatory factors further recruit immune cells, triggering a chronic inflammatory
response, aggravating the oxidative damage and cell apoptosis of the retina, forming a vicious cycle and
accelerating the development of age-related macular degeneration. This indicates that the NF-«B signaling
pathway plays an important role in mediating the connection between oxidative stress and inflammatory response,
providing a potential intervention target for the treatment of this disease.

In conclusion, in-depth research on the mechanism of these signaling pathways in retinal photoreceptor cell
diseases is helpful for developing new treatment strategies for retinal diseases. By regulating the activity of
signaling pathways to intervene in cell metabolism and function, the progression of diseases can be delayed or
prevented.

7. Photoreceptor Cell Metabolism in Retinal Disease Pathogenesis

7.1. Diabetic Retinopathy

Diabetic retinopathy (DR) is the most common and severe microvascular complication of diabetes. It is a
chronic progressive condition caused by diabetes that leads to leakage and obstruction of the retinal
microvasculature, resulting in a range of fundus lesions such as microaneurysms, hard exudates, cotton wool spots,
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neovascularization, vitreous proliferation, macular edema, and even retinal detachment [76,77]. Figure 3 illustrates
the ocular conditions associated with diabetic retinopathy (DR) onset. It has long been considered a vascular
disease, but recent research has revealed abnormalities in the neural retina as well.

Hemorrhage

Aneurysm

Abnormal Blood
Vessels

"Cotton Wool" Spots

Figure 3. Diabetic Retinopathy Pattern Diagram.

7.1.1. Enhanced Retinal Oxidative Stress

The onset of diabetes is associated with heightened oxidative stress within the retina [78—80], which
significantly influences the progression of diabetic retinopathy (DR). Laboratory investigations have revealed that
while endothelial, pericyte, and Miiller cells contribute to superoxide generation, their impact is minor in
comparison to the oxidative stress emanating from photoreceptors during the early stages of diabetes [79,81].
Although white blood cells in the diabetic retina could potentially raise superoxide levels, staining techniques
using dihydrofluorescein or dihydroethidium on retinal sections have demonstrated that photoreceptors are the
predominant source of oxidative stress in diabetic conditions [79,82]. This is further supported by the observation
that the rise in superoxides is mitigated in retinas with photoreceptors lacking opsin or those that have been
chemically degraded by iodoacetic acid [79]. Moreover, under diabetic conditions or in cases of degeneration,
such as in opsin-deficient rodent models, photoreceptors are found to generate superoxides at elevated levels [83].

7.1.2. Photoreceptor-Mediated Inflammation

Recent findings indicate that photoreceptor cells are involved in the escalation of inflammatory proteins
within the diabetic retina [84], acting as a source of increased inflammatory mediators, including IL-1a, IL-1p, IL-
6, IL-12, CXCL1, MCP-1, CXCL12a, 1-309, CCL25, and TNF-a [85]. Studies have identified photoreceptors as
a source of IL-1P and its receptors in diabetic retinal environments [86]. The inflammatory response within
photoreceptors may be modulated by NF-kB signaling, which is activated in 661W cells under diabetic-like
conditions [87]. TAK1 and NADPH oxidase have been implicated in the activation of NF-kB signaling and the
subsequent release of inflammatory mediators in these cells under high glucose conditions [85,88].

7.1.3. Ionic Flux

The influx of ions into photoreceptor cells is essential for vision-related processes, and diabetes can disrupt
these mechanisms [89]. There is evidence of a decrease in the activity of enzymes that regulate ion movement,
such as calcium ATPase and Na/K-ATPase in the retina and RPE, due to the effects of diabetes [90-92]. Given
the prevalence of photoreceptor cells in the retina, it is plausible that they account for the majority of the diabetes-
induced reduction in Na/K-ATPase activity, although this has yet to be confirmed. It has been observed that
antioxidants, lipoic acid, catalase, the absence of iNOS, or daily short sessions of far-red light photobiomodulation
can prevent diabetes-induced defects in ion entry into photoreceptor cells [93-95].
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7.1.4. Oxygen Deprivation

Photoreceptor cells, with their high mitochondrial content in the inner segments, are the primary consumers
of oxygen in the retina [96], particularly in the dark when the rod dark current is most active [97,98]. HIF-1a, a
key regulator of cellular responses to hypoxia, is activated during hypoxic conditions and has been found to
increase in photoreceptors and other retinal layers in diabetic states [99,100]. While HIF-1a is linked to hypoxia-
induced abnormalities in DR, the specific contribution of the outer retina to HIF-1a-mediated processes remains
to be fully understood.

7.2. Retinitis Pigmentosa

Retinitis Pigmentosa (RP) is a group of genetically heterogeneous disorders primarily characterized by the
death of photoreceptor cells. Clinical manifestations include night blindness, progressive loss of vision, and a
progressive constriction of the visual field, along with abnormal electroretinograms [101]. Numerous gene defects
associated with RP have been identified, leading to a gradual loss of function in the rod cells of RP patients,
followed by an impairment of the photopic function of cone cells, ultimately resulting in complete blindness [102].

Current research has confirmed the presence of gene mutations encoding transcription factors and post-
transcriptional RNA modification factors in RP patients, such as the precursor messenger RNA splicing factor
(RPPF) [103]. The NRL and CRX genes encode transcription factors, and mutations in these genes can lead to the
development of RP [104]. Specifically, mutations in the NRL gene can cause a dysfunction in the synthesis of
rhodopsin within cells; mutations in the CRX gene not only block the transport of proteins into the nucleus of
photoreceptor cells [105], but also affect the binding of CRX to NRL to some extent, thereby causing a disruption
in the transcription function of certain proteins within photoreceptor cells [106].

The RHO gene encodes a 348-amino acid opsin protein, which binds with retinal to form RHO. The proline
at position 347 is located at the end of the opsin molecule, and a mutation at this site can alter the amino acid
sequence related to opsin transport. This alteration can further disrupt the normal metabolism of opsin, causing it
to accumulate within the rod cells and preventing its transport to the outer segment disc membrane. Consequently,
this leads to metabolic dysfunction of the retina and triggers RP.

7.3. Age-Related Macular Degeneration

Age-Related Macular Degeneration (ARMD) is a progressive and irreversible loss of central vision
associated with aging, characterized by the formation of drusen, thickening of the Bruch’s membrane, damage to
the retinal pigment epithelium (RPE) and photoreceptor cells, and the growth of choroidal neovascularization in
the macular region [107]. ARMD is one of the leading causes of central vision loss in the elderly. In the early
stages of ARMD, metabolic changes may lead to dysfunction of the RPE and photoreceptor cells, subsequently
affecting vision.

It is posited that oxidative stress and damage occurring in retinal cells contribute to the development of
ARMD [108]. RPE and photoreceptor cells require high levels of oxygen and other nutrients to perform metabolic
functions such as phagocytosis, thus generating a significant amount of ROS. Since RPE cells are terminally
differentiated and cannot regenerate after damage, a decrease in RPE cell density leads to impaired metabolic and
phagocytic functions of photoreceptor outer segments. This results in the accumulation of ROS, causing oxidative
damage [109], and ultimately making the retina, where RPE and photoreceptor cells aggregate, the most severely
affected area by ocular oxidative stress reactions [110], leading to the onset of ARMD.

7.4. Metabolic-Based Therapeutic Approaches

Harnessing the eye’s metabolic environment to enhance the resilience of photoreceptors and RPE against
stress presents a promising approach for managing a variety of genetically diverse diseases.

7.4.1. DR and ARMD

Nutritional intake significantly influences the health of the retina. Research indicates that mice consuming a
diet rich in fats are prone to a specific type of retinal degeneration. Furthermore, mice lacking Nrf2, a protein
crucial for maintaining redox balance, show signs of RPE atrophy and retinal degeneration when exposed to diets
high in glucose levels [111].

Vitamins have a multifaceted impact on DR, leveraging their antioxidant and anti-inflammatory capabilities.
Supplementing the diet with vitamins C and E, along with other antioxidants, can counteract the oxidative stress,
protein kinase C activation, and nitric oxide accumulation in the retina caused by elevated blood sugar levels [112].
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This strategy is also instrumental in preventing early microvascular damage associated with DR. The sustained
intake of these antioxidants can prevent the progression of DR in its early stages. Additionally, incorporating the
antioxidant N-acetyl cysteine into the diet may mitigate the loss of cone cells following rod cell degeneration [113].
High levels of iron and bisretinoids can induce oxidative damage, but this can be mitigated by the use of iron
chelators. The inclusion of docosahexaenoic acid, a fatty acid abundant in photoreceptors, in the diet offers
neuroprotective advantages. The composition of the gut microbiome, influenced by diet, may also play a role in
the risk of ARMD.

Epigenetic regulation, largely governed by DNA methyltransferase 1 (DNMT1), is essential for preserving
the epigenetic state. Elevated DNMT1 levels in diabetic retinal cells correlate with hypermethylation of the D-
loop region in mitochondrial DNA (mtDNA), resulting in increased 5-methylcytosine (5 mC) levels [114]. Such
hypermethylation can interfere with genes that encode for the electron transport chain (ETC), potentially triggering
a cycle of increased superoxide radical production and worsening DR. The use of pharmaceuticals like 5-aza-2'-
deoxycytidine, an FDA-approved DNMT inhibitor, could help maintain redox balance and prevent the progression
of DR.

Current research in animal models is exploring strategies to enhance the stress resilience of photoreceptors
by modulating their metabolic pathways. This includes strategies such as overexpressing TGF-f1 and RACVF, as
well as the targeted elimination of SIRT6 and PKM2 [115]. The objective of these approaches is to improve the
resistance of photoreceptors to metabolic stress, thereby reducing the likelihood of degeneration.

7.4.2. Retinitis Pigmentosa

RP is a genetically diverse condition with varied phenotypic expressions due to numerous pathogenic
mutations, which ultimately result in the degeneration of the RPE and the subsequent apoptosis of photoreceptors,
causing retinal damage. Neuroprotective strategies represent an early and extensively utilized treatment modality
for RP, known for its favorable safety profile and minimal adverse effects. These therapies are often initiated
during the initial stages of the disease and can be effectively integrated as a complementary treatment in later
phases as well. Several common neuroprotective agents and their functions are summarized in Table 2.
Additionally, various other common therapeutic approaches along with their advantages and disadvantages are
presented in Table 3.

Table 2. Common Neuroprotective Agents and Functions in RP.

N eur(;[:g:(;ttectlve Capacity

1. Promote the survival of photoreceptor cells;

CNTF 2. Activate the mTOR pathway in neurons to promote axonal regeneration;
3. PirB in Miiller cells affects the regeneration of RGC neurites;
4. Induce neuroinflammatory responses.

BDNF 1. Inhibit autophagy and enhances synaptic plasticity;
2. Activate Protein Kinase C (PKC) to promote synaptic plasticity.
Involvement in GLP-1 receptor signaling transduction helps regulate fatty acid oxidation,

FGF . . . ;
mitochondrial integrity, and function.
1. Stimulates the production of intrinsic antioxidants and initiates selective autophagy of

DHA misfolded proteins;
2. Adiponectin receptor 1 maintains docosahexaenoic acid levels and supports the
survival of photoreceptor cells.

VPA Stimulate the restoration of retinal health in conditions of degeneration by managing
SOX2 levels in fetal RPE stem-like cells.

Table 3. Other Common Therapies in RP.
Therapy Mechanism Advantages Disadvantages
Vitamin A Maintain the visual pathway. Low cost and easy to Low therap@utic efﬁcacy and
operate. teratogenicity at high doses.

Involves ethical issues with

Replace non-functional embryonic stem cells, a limited

Stem Cell Therapy retinal cells and supply Good.safety and number of clinical samples, and
effective results. . . .
growth factors. relatively high operational
difficulty.
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Abundant clinical
Gene Therapy Repair mutated genes. experience and high
safety.

The duration of therapeutic effect
is relatively short.

8. Prospects for Research on Photoreceptor Cell Metabolism

The retina, serving as a key structure in vision formation, is a highly specialized tissue with a unique structure
and adaptability. As the sole cells within the retina capable of detecting light stimuli, the significance of retinal
photoreceptor cells is undeniable. Given their specific location, structure, and surrounding environment, the
metabolism of retinal photoreceptor cells differs from that of other tissues. Research into these unique aspects will
contribute to a deeper understanding of the pathophysiological processes involved in the diseases of retinal
photoreceptor cells.

Retinal light damage is a critical factor in the pathogenesis of many retinal diseases, and a comprehensive
understanding of its mechanisms is essential for targeted prevention and treatment. Both retinal light damage and
systemic diseases such as diabetes have a profound impact on the metabolism and function of retinal photoreceptor
cells. These issues are gaining increased attention and are expected to remain a focal point of research in the future.
Author Contributions: J.J.: Conceptualization, methodology, investigation and writing—original draft. C.L. and Q.L.:

Writing—review and editing, supervision, funding acquisition, and project administration. All authors have read and agreed to
the published version of the manuscript

Funding: This study was supported in part by grants from The National Key R&D Program of China (no. 2020YFA0908100),
the Shenzhen Science and Technology Program (JCYJ20240813145510014) and the National Natural Science Foundation of
China (nos. 82271045, 82070931 and 82471048).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data generated or analyzed during this study are included in this published article.

Conflicts of Interest: The authors declare that they have no competing interests.

References

Altshuler, D.M. Specification of cell type in the vertebrate retina. Dev. Vis. Syst. 1991, 37, 139—-143.

2. Wetts, R.; Fraser, S.E. Multipotent precursors can give rise to all major cell types in the frog retina. Science 1988, 239,
1142-1145.

3. Turner, D.L.; Snyder, E.Y.; Cepko, C.L. Lineage-independent determination of cell type in the embryonic mouse retina.
Neuron 1990, 4, 833—-845.

4.  Hofmann, K.P; Lamb, T.D. Rhodopsin, light-sensor of vision. Prog. Retin. Eye Res. 2023, 93, 101116.
https://doi.org/10.1016/j.preteyeres.2022.101116.

5. Nickells, R.W. The First Steps in Seeing. Arch. Ophthalmol. 1999, 117, 550.

6. Xu, J.; Zhao, C.; Kang, Y. The Formation and Renewal of Photoreceptor Outer Segments. Cells 2024, 13, 1357.
https://doi.org/10.3390/cells13161357.

7. Lamb, T.D. Photoreceptor physiology and evolution: Cellular and molecular basis of rod and cone phototransduction. J.
Physiol. 2022, 600, 4585-4601. https://doi.org/10.1113/jp282058.

8. Tumner, D.L.; Cepko, C.L. A common progenitor for neurons and glia persists in rat retina late in development. Nature
1987, 328, 131-136.

9. Arendt, D. Evolution of eyes and photoreceptor cell types. Int. J. Dev. Biol. 2003, 47, 563.

10. Hanna, J.; David, L.A.; Touahri, Y.; Fleming, T.; Screaton, R.A.; Schuurmans, C. Beyond Genetics: The Role of
Metabolism in Photoreceptor Survival, Development and Repair. Front. Cell Dev. Biol. 2022, 10, 887764.
https://doi.org/10.3389/fcell.2022.887764.

11.  Morrow, E.M.; Furukawa, T.; Cepko, C.L. Vertebrate photoreceptor cell development and disease. Trends Cell Biol. 1998,
8, 353-358.

12.  Carter-Dawson, L.D.; Lavail, M.M. Rods and cones in the mouse retina. II. Autoradiographic analysis of cell generation
using tritiated thymidine. J. Comp. Neurol. 1979, 188, 263-272.

13.  Holt, C.E.; Bertsch, T.W.; Ellis, H.M.; Harris, W.A. Cellular determination in the Xenopus retina is independent of lineage
and birth date. Neuron 1988, 1, 15-26.

14. Rapaport, D.H.; Wong, L.L.; Wood, E.D.; Yasumura, D.; LaVail, M.M. Timing and topography of cell genesis in the rat
retina. J. Comp. Neurol. 2004, 474, 304-324. https://doi.org/10.1002/cne.20134.

15. Morrow, E.M.; Belliveau, M.J.; Cepko, C.L. Two Phases of Rod Photoreceptor Differentiation during Rat Retinal
Development. J. Neurosci. 1998, 18, 3738-3748.

11 of 16



Health Metab. 2025, 2(2), 6 https://doi.org/10.53941/hm.2025.100013

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Swaroop, A.; Kim, D.; Forrest, D. Transcriptional regulation of photoreceptor development and homeostasis in the
mammalian retina. Nat. Rev. Neurosci. 2010, 11, 563-576.

Adler, R.; Hatlee, M. Plasticity and differentiation of embryonic retinal cells after terminal mitosis. Science 1989, 243,
391-393.

Cayouette, M.; Poggi, L.; Harris, W.A. Lineage in the vertebrate retina. Trends Neurosci. 2006, 29, 563—570.
Agathocleous, M.; Harris, W.A. From progenitors to differentiated cells in the vertebrate retina. Annu. Rev. Cell Dev. Biol.
2009, 25, 45-69. https://doi.org/10.1146/annurev.cellbio.042308.113259.

Brodrick, E.; Jékely, G. Photobehaviours guided by simple photoreceptor systems. Anim. Cogn. 2023, 26, 1817-1835.
https://doi.org/10.1007/s10071-023-01818-6.

Joyal, J.S.; Gantner, M.L.; Leh, S. Retinal energy demands control vascular supply of the retina in development and
disease: The role of neuronal lipid and glucose metabolism. Prog. Retin. Eye Res. 2018, 64, 131-156.

Wang, Y.; Patti, G.J. The Warburg effect: A signature of mitochondrial overload. Trends Cell Biol. 2023, 33, 1014-1020.
https://doi.org/10.1016/j.tcb.2023.03.013.

Barba, I.; Carrillo-Bosch, L.; Seoane, J. Targeting the Warburg Effect in Cancer: Where Do We Stand? Int. J. Mol. Sci.
2024, 25, 3142. https://doi.org/10.3390/ijms25063142.

Fiske, B.P.; Vander Heiden, M.G. Seeing the Warburg effect in the developing retina. Nat. Cell Biol. 2012, 14, 790-791.
Winkler, B.S.; Pourcho, R.G.; Starnes, C.; Slocum, J.; Slocum, N. Metabolic mapping in mammalian retina: A
biochemical and 3H-2-deoxyglucose autoradiographic study. Exp. Eye Res. 2003, 77, 327-337.
https://doi.org/10.1016/s0014-4835(03)00147-7.

Wang, L.; Kondo, M.; Bill, A. Glucose metabolism in cat outer retina: Effects of light and hyperoxia. Investig.
Ophthalmol. Vis. Sci. 1997, 38, 48-55.

Winkler, B.S. Glycolytic and oxidative metabolism in relation to retinal function. J. Gen. Physiol. 1981, 77, 667-692.
Kanow, M.A.; Giarmarco, M.M.; Jankowski Connor, S.R.; Kristine, T.; Engel, A.L.; Jianhai, D.; Linton, J.D.; Farnsworth,
C.C.; Sloat, S.R.; Austin, R. Biochemical adaptations of the retina and retinal pigment epithelium support a metabolic
ecosystem in the vertebrate eye. eLife 2017, 6, €28899.

Wang, W.; Lee, S.J.; Scott, P.A.; Lu, X.; Emery, D.; Liu, Y.; Ezashi, T.; Roberts, M.R.; Ross, J.W.; Kaplan, H.J. Two-
Step Reactivation of Dormant Cones in Retinitis Pigmentosa. Cell Rep. 2016, 15, 372-385.

Yekai, W.; Allison, G.; Fanyi, Z.; Michelle, Y.; Allison, H.; Elizabeth, G.; Siyan, Z.; Daniel, L.; Jiangjiang, Z.; Jianhai,
D. Metabolic signature of the aging eye in mice. Neurobiol. Aging 2018, 71, 223-233.

Heng, J.S.; Rattner, A.; Stein-O’Brien, G.L.; Winer, B.L.; Jones, B.W.; Vernon, H.J.; Goff, L.A.; Nathans, J. PNAS Plus:
Hypoxia tolerance in the Norrin-deficient retina and the chronically hypoxic brain studied at single-cell resolution. Proc.
Natl. Acad. Sci. USA 2019, 116, 9103-9114.

Joyal, J.-S.; Sun, Y.; Gantner, M.L.; Shao, Z.; Evans, L.P.; Saba, N.; Fredrick, T.; Burnim, S.; Kim, J.S.; Patel, G. Retinal
lipid and glucose metabolism dictates angiogenesis through the lipid sensor Ffarl. Nat. Med. 2016, 22, 439-445.

Ng, S.K.; Wood, J.P.; Chidlow, G.; Han, G.; Kittipassorn, T.; Peet, D.J.; Casson, R.J. Cancer-like metabolism of the
mammalian retina. Clin. Exp. Ophthalmol. 2015, 43, 367-376.

Yashodhan, C.; Tedi, B.; David, W.; Eugene, D.; Cepko, C.L. Glycolytic reliance promotes anabolism in photoreceptors.
eLife 2017, 6, €25946.

Young, R.W. The renewal of photoreceptor cell outer segments. J. Cell Biol. 1967, 33, 61-72.
https://doi.org/10.1083/jcb.33.1.61.

Agathocleous, M.; Love, N.K.; Randlett, O.; Harris, J.J.; Liu, J.; Murray, A.J.; Harris, W.A. Metabolic differentiation in
the embryonic retina. Nat. Cell Biol. 2012, 14, 859.

Hsu, S.C.; Molday, R.S. Glucose metabolism in photoreceptor outer segments. Its role in phototransduction and in
NADPH-requiring reactions. J. Biol. Chem. 1994, 269, 17954-17959.

Murray, A.R.; Fliesler, S.J.; Al-Ubaidi, M.R. Rhodopsin: The Functional Significance of Asn-Linked Glycosylation and
Other Post-Translational Modifications. Ophthalmic Genet. 2009, 30, 109—120.

Asano, T.; Katagiri, H.; Takata, K.; Lin, J.L.; Yazaki, Y. The Role of N-Glycosylation of GLUT1 for Glucose Transport
Activity. J. Biol. Chem. 1992, 266, 24632-24636.

Punzo, C.; Xiong, W.; Cepko, C.L. Loss of daylight vision in retinal degeneration: Are oxidative stress and metabolic
dysregulation to blame? J. Biol. Chem. 2012, 287, 1642—-1648.

Winkler, B.S.; Arnold, M.J.; Brassell, M.A.; Sliter, D.R. Glucose dependence of glycolysis, hexose monophosphate shunt
activity, energy status, and the polyol pathway in retinas isolated from normal (nondiabetic) rats. /nvestig. Ophthalmol.
Vis. Sci. 1997, 38, 62.

Guy, C.; Matan, C.; Devora, M.O.; Shelly, S.; Ayala, E.; Eyal, B.; Alexey, O. Course of Sodium Iodate—Induced Retinal
Degeneration in Albino and Pigmented Mice. Investig. Ophthalmol. Vis. 2017, 58, 2239-2249.

Swarup, A.; Samuels, [.S.; Bell, B.A.; Han, J.Y.S.; Du, J.; Massenzio, E.; Abel, E.D.; Boesze-Battaglia, K.; Peachey, N.S.;

12 of 16



Health Metab. 2025, 2(2), 6 https://doi.org/10.53941/hm.2025.100013

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Philp, N.J. Modulating GLUT1 expression in retinal pigment epithelium decreases glucose levels in the retina: Impact
on photoreceptors and Miiller glial cells. Am. J. Physiol. 2019, 316, C121-C133..

Hurley, J.B. Retina Metabolism and Metabolism in the Pigmented Epithelium: A Busy Intersection. Annu. Rev. Vis.Sci.
2021, 7, 665-692.

Punzo, C.; Kornacker, K.; Cepko, C.L. Stimulation of the insulin/mTOR pathway delays cone death in a mouse model
of retinitis pigmentosa. Nat. Neurosci. 2009, 12, 44-52.

Thierry, L.; Najate, A.T.A. Cell Signaling with Extracellular Thioredoxin and Thioredoxin-Like Proteins: Insight into
Their Mechanisms of Action. Oxidative Med. Cell. Longev. 2017, 2017, 8475125.

Léveillard, T.; Philp, N.J.; Sennlaub, F. Is Retinal Metabolic Dysfunction at the Center of the Pathogenesis of Age-related
Macular Degeneration? Int. J. Mol.Sci. 2019, 20, 762.

Teal, C.J.; Ho, M.T.; Huo, L.; Harada, H.; Bahlmann, L.C.; Léveillard, T.; Monnier, P.P.; Ramachandran, A.; Shoichet,
M.S. Affinity-controlled release of rod-derived cone viability factor enhances cone photoreceptor survival. Acta Biomater.
2023, 161, 37-49.

Liang, J.; Yao, F.; Fang, D.; Chen, L.; Zou, Z.; Feng, L.; Zhuang, Y.; Xie, T.; Wei, P.; Li, P.; et al. Hyperoside alleviates
photoreceptor degeneration by preventing cell senescence through AMPK-ULK1 signaling. FASEB J. 2023, 37, €23250.
Xu, L.; Brown, E.E.; Keuthan, C.J.; Gubbi, H.; Grellier, E.K.; Roger, J.; Swaroop, A.; Du, J.; Ash, J.D. AMP-activated-
kinase (AMPK) is essential sensor and metabolic regulator of retinal neurons and their integrated metabolism with RPE.
bioRxiv 2020, bioRxiv:2020.05.22.109165.

Koch, S.F.; Duong, J.K.; Hsu, C.W.; Tsai, Y.T.; Lin, C.S.; Wahl-Schott, C.A.; Tsang, S.H. Genetic rescue models refute
nonautonomous rod cell death in retinitis pigmentosa. Proc. Natl. Acad. Sci. USA 2017, 114, 5259.

Han, G.; Wood, J.P.M.; Chidlow, G.; Mammone, T.; Casson, R.J. Mechanisms of neuroprotection by glucose in rat retinal
cell cultures subjected to respiratory inhibition. Investig. Ophthalmol. Vis. Sci. 2013, 54, 7567-7577.

Szczesny, P.J.; Walther, P.; Miiller, M. Light damage in rod outer segments: The effects of fixation on ultrastructural
alterations. Curr. Eye Res. 1996, 15, 807-814.

Fan, B.; Zhang, C.; Chi, J.; Liang, Y.; Bao, X.; Cong, Y.; Yu, B.; Li, X.; Li, G.Y. The Molecular Mechanism of Retina
Light Injury Focusing on Damage from Short Wavelength Light. Oxid Med. Cell. Longev. 2022, 2022, 8482149.
https://doi.org/10.1155/2022/8482149.

Meschede, L.P.; Ovenden, N.C.; Seabra, M.C.; Futter, C.E.; Votruba, M.; Cheetham, M.E.; Burgoyne, T. Symmetric
arrangement of mitochondria:plasma membrane contacts between adjacent photoreceptor cells regulated by Opal. Proc.
Natl. Acad. Sci. USA 2020, 117, 15684—15693. https://doi.org/10.1073/pnas.2000304117.

Shang, Y.M.; Wang, G.S.; Sliney, D.H.; Yang, C.H.; Lee, L.L. Light-emitting-diode induced retinal damage and its
wavelength dependency in vivo. Int. J. Ophthalmol. 2017, 10, 191-202. https://doi.org/10.18240/ij0.2017.02.03.
Nunnari, J.; Suomalainen, A. Mitochondria: In Sickness and in Health. Cell 2012, 148, 1145-1159.

Forman, H.J.; Zhang, H. Author Correction: Targeting oxidative stress in disease: Promise and limitations of antioxidant
therapy. Nat. Rev. Drug Discov. 2021, 20, 652.

Scialo, F.; Fernandez-Ayala, D.J.; Sanz, A. Role of Mitochondrial Reverse Electron Transport in ROS Signaling: Potential
Roles in Health and Disease. Front. Physiol. 2017, 8, 428.

Jiménez-Loygorri, J.I.; Benitez-Fernandez, R.; Viedma-Poyatos, A.; Zapata-Muiloz, J.; Villarejo-Zori, B.; Gomez-Sintes,
R.; Boya, P. Mitophagy in the retina: Viewing mitochondrial homeostasis through a new lens. Prog. Retin. Eye Res. 2023,
96, 101205. https://doi.org/10.1016/j.preteyeres.2023.101205.

Ratnayake, K.; Payton, J.L.; Meger, M.E.; Godage, N.H.; Karunarathne, A. Blue light-triggered photochemistry and
cytotoxicity of retinal. Cell. Signal. 2020, 69, 109547-.

Shindou, H.; Koso, H.; Sasaki, J.; Nakanishi, H.; Sagara, H.; Nakagawa, K.M.; Takahashi, Y.; Hishikawa, D.; lizuka-
Hishikawa, Y.; Tokumasu, F. Docosahexaenoic acid preserves visual function by maintaining correct disc morphology in
retinal photoreceptor cells. J. Biol. Chem. 2017, 292, 12054-12064.

Organisciak, D.T.; Darrow, R.M.; Barsalou, L.; Kutty, R.K.; Wiggert, B. Susceptibility to Retinal Light Damage in
Transgenic Rats with Rhodopsin Mutations. Investig. Ophthalmol. Vis. Sci. 2003, 44, 486—492.

Zhao, L.; Wang, C.; Song, D.; Li, Y.; Song, Y.; Su, G.; Dunaief, J.L. Systemic administration of the antioxidant/iron
chelator a-lipoic acid protects against light-induced photoreceptor degeneration in the mouse retina. Investig. Ophthalmol.
Vis. Sci. 2014, 55, 5979-5988. https://doi.org/10.1167/iovs.14-15025.

Luo, M.M.; Chen, L.; Wang, S.; Zeng, C.; Li, D.Z.; Bi, Y.; Liu, L.Q.; Cai, S.J. The Effect of A2E on the Uptake and
Release of Calcium in the Lysosomes and Mitochondria of Human RPE Cells Exposed to Blue Light. J. Ophthalmol.
2021, 2021, 5586659. https://doi.org/10.1155/2021/5586659.

Li, S.; Ma, H.; Yang, F.; Ding, X. cGMP Signaling in Photoreceptor Degeneration. Int. J. Mol. Sci. 2023, 24, 11200.
https://doi.org/10.3390/ijms241311200.

Chen, E.; Forslind, P.B. Distribution of calcium and sulphur in the blue-light-exposed rat retina. Graef. Arch. Clin. Exp.

13 of 16



Health Metab. 2025, 2(2), 6 https://doi.org/10.53941/hm.2025.100013

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ophthalmol. 1995, 233, 163-167.

Das, S.; Chen, Y.; Yan, J.; Christensen, G.; Belhadj, S.; Tolone, A.; Paquet-Durand, F. The role of cGMP-signalling and
calcium-signalling in photoreceptor cell death: Perspectives for therapy development. Pfliigers Arch. Eur. J. Physiol. 2021,
473, 1411-1421.

Maeda, A.; Palczewska, G.; Golczak, M.; Kohno, H.; Palczewski, K. Two-photon microscopy reveals early rod
photoreceptor cell damage in light-exposed mutant mice. Proc. Natl. Acad. Sci. USA 2014, 111, E1428.

Grimm, C.; Wenzel, A.; Hafezi, F.; Yu, S.; Redmond, T.M.; Remé, C.E. Protection of Rpe65-deficient mice identifies
rhodopsin as a mediator of light-induced retinal degeneration. Nat. Genet. 2000, 25, 63—66.

Maeda, A.; Maeda, T.; Golczak, M.; Chou, S.; Desai, A.; Hoppel, C.L.; Matsuyama, S.; Palczewski, K. Involvement of
all-trans-retinal in acute light-induced retinopathy of mice. J. Biol. Chem. 2009, 284, 15173-15183.

Chen, Y.; Okano, K.; Maeda, T.; Chauhan, V.; Golczak, M.; Maeda, A.; Palczewski, K. Mechanism of All-trans-retinal
Toxicity with Implications for Stargardt Disease and Age-related Macular Degeneration. J. Biol. Chem. 2012, 287, 5059—
5069.

Chistyakov, D.V.; Baksheeva, V.E.; Tiulina, V.V.; Goriainov, S.V.; Azbukina, N.V.; Gancharova, O.S.; Arifulin, E.A.;
Komarov, S.V.; Chistyakov, V.V.; Tikhomirova, N.K. Mechanisms and Treatment of Light-Induced Retinal Degeneration-
Associated Inflammation: Insights from Biochemical Profiling of the Aqueous Humor. Int. J. Mol. Sci. 2020, 21, 704.
Zhang, Y.; Zhao, Z.; Zhao, X.; Xie, H.; Zhang, C.; Sun, X.; Zhang, J. HMGB?2 causes photoreceptor death via down-
regulating Nrf2/HO-1 and up-regulating NF-xB/NLRP3 signaling pathways in light-induced retinal degeneration model.
Free Radic. Biol. Med. 2022, 181, 14-28.

Rong, R.; Yang, R.; Li, H.; You, M.; Liang, Z.; Zeng, Z.; Zhou, R.; Xia, X.; Ji, D. The roles of mitochondrial dynamics
and NLRP3 inflammasomes in the pathogenesis of retinal light damage. Ann. N. Y. Acad. Sci. 2022, 1508, 78-91.
McAnany, J.J.; Park, J.C. Rod photoreceptor activation and deactivation in early-stage diabetic eye disease. Doc.
Ophthalmol. 2023, 146, 229-239. https://doi.org/10.1007/s10633-023-09925-y.

Li, H.; Liu, X.; Zhong, H.; Fang, J.; Li, X.; Shi, R.; Yu, Q. Research progress on the pathogenesis of diabetic retinopathy.
BMC Ophthalmol. 2023, 23, 372. https://doi.org/10.1186/s12886-023-03118-6.

Berkowitz, B.A.; Kern, T.S.; Bissig, D.; Patel, P.; Bhatia, A.; Kefalov, V.J.; Roberts, R. Systemic Retinaldehyde Treatment
Corrects Retinal Oxidative Stress, Rod Dysfunction, and Impaired Visual Performance in Diabetic Mice. Investig.
Ophthalmol. Vis. 2015, 56, 6294-6303.

Du, Y.; Veenstra, A.; Palczewski, K.; Kern, T.S. Photoreceptor cells are major contributors to diabetes-induced oxidative
stress and local inflammation in the retina. Proc. Natl. Acad. Sci. USA 2013, 110, 16586—-16591.

Kowluru, R.A.; Kowluru, A.; Mishra, M.; Kumar, B. Oxidative Stress and Epigenetic Modifications in the Pathogenesis
of Diabetic Retinopathy. Prog. Retin. Eye Res. 2015, 48, 40-61.

Lee, S.G.; Lee, C.G.; Yun, LH.; Hur, D.Y.; Yang, J.W.; Kim, H.W. Effect of lipoic acid on expression of angiogenic
factors in diabetic rat retina. Clin. Exp. Ophthalmol. 2012, 40, e47—e57. https://doi.org/10.1111/j.1442-
9071.2011.02695.x.

Liu, H.; Tang, J.; Du, Y.; Saadane, A.; Samuels, I.; Veenstra, A.; Kiser, J.Z.; Palczewski, K.; Kern, T.S. Transducinl,
Phototransduction and the Development of Early Diabetic Retinopathy. Investig. Ophthalmol. Vis. Sci. 2019, 60, 1538—
1546. https://doi.org/10.1167/iovs.18-26433.

Liu, H.; Tang, J.; Du, Y.; Saadane, A.; Tonade, D.; Samuels, I.; Veenstra, A.; Palczewski, K.; Kern, T.S. Photoreceptor
Cells Influence Retinal Vascular Degeneration in Mouse Models of Retinal Degeneration and Diabetes. Investig.
Ophthalmol. Vis. Sci. 2016, 57, 4272-4281. https://doi.org/10.1167/iovs.16-19415.

de Gooyer, T.E.; Stevenson, K.A.; Humphries, P.; Simpson, D.A.; Gardiner, T.A.; Stitt, A.W. Retinopathy is reduced
during experimental diabetes in a mouse model of outer retinal degeneration. Investig. Ophthalmol. Vis. Sci. 2006, 47,
5561-5568. https://doi.org/10.1167/i0vs.06-0647.

Tonade, D.; Liu, H.; Palczewski, K.; Kern, T.S. Photoreceptor cells produce inflammatory products that contribute to
retinal vascular permeability in a mouse model of diabetes. Diabetologia 2017, 60, 2111-2120.
https://doi.org/10.1007/s00125-017-4381-5.

Scuderi, S.; D’amico, A.G.; Federico, C.; Saccone, S.; Magro, G.; Bucolo, C.; Drago, F.; D’Agata, V. Different Retinal
Expression Patterns of IL-1a, IL-1f, and Their Receptors in a Rat Model of Type 1 STZ-Induced Diabetes. J. Mol.
Neurosci. 2015, 56, 431-439. https://doi.org/10.1007/s12031-015-0505-x.

Sayyad, Z.; Sirohi, K.; Radha, V.; Swarup, G. 661W is a retinal ganglion precursor-like cell line in which glaucoma-
associated optineurin mutants induce cell death selectively. Sci. Rep. 2017, 7, 16855. https://doi.org/10.1038/s41598-017-
17241-0.

Yue, T.; Shi, Y.; Luo, S.; Weng, J.; Wu, Y.; Zheng, X. The role of inflammation in immune system of diabetic retinopathy:
Molecular mechanisms, pathogenetic role and therapeutic implications. Front. Immunol. 2022, 13, 1055087.
https://doi.org/10.3389/fimmu.2022.1055087.

14 of 16



Health Metab. 2025, 2(2), 6 https://doi.org/10.53941/hm.2025.100013

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Inamdar, S.M.; Lankford, C.K.; Baker, S.A. Photoreceptor Ion Channels in Signaling and Disease. Adv. Exp. Med. Biol.
2023, 1415, 269-276. https://doi.org/10.1007/978-3-031-27681-1_39.

Bensaoula, T.; Ottlecz, A. Biochemical and ultrastructural studies in the neural retina and retinal pigment epithelium of
STZ-diabetic  rats:  Effect of captopril. J.  Ocul.  Pharmacol. — Ther. 2001, 17, 573-586.
https://doi.org/10.1089/10807680152729266.

Kowluru, R.A. Retinal metabolic abnormalities in diabetic mouse: Comparison with diabetic rat. Curr. Eye Res. 2002,
24, 123—-128. https://doi.org/10.1076/ceyr.24.2.123.8158.

Kowluru, R.A. Mitochondria damage in the pathogenesis of diabetic retinopathy and in the metabolic memory associated
with its continued progression. Curr. Med. Chem. 2013, 20, 3226-3233. https://doi.org/10.2174/09298673113209990029.
Berkowitz, B.A.; Gradianu, M.; Bissig, D.; Kern, T.S.; Roberts, R. Retinal ion regulation in a mouse model of diabetic
retinopathy: Natural history and the effect of Cu/Zn superoxide dismutase overexpression. Investig. Ophthalmol. Vis. Sci.
2009, 50, 2351-2358. https://doi.org/10.1167/i0vs.08-2918.

Giordano, C.R.; Roberts, R.; Krentz, K.A.; Bissig, D.; Talreja, D.; Kumar, A.; Terlecky, S.R.; Berkowitz, B.A. Catalase
therapy corrects oxidative stress-induced pathophysiology in incipient diabetic retinopathy. Investig. Ophthalmol. Vis.
Sci. 2015, 56, 3095-3102. https://doi.org/10.1167/iovs.14-16194.

Saliba, A.; Du, Y.; Liu, H.; Patel, S.; Roberts, R.; Berkowitz, B.A.; Kern, T.S. Photobiomodulation Mitigates Diabetes-
Induced Retinopathy by Direct and Indirect Mechanisms: Evidence from Intervention Studies in Pigmented Mice. PLoS
ONE 2015, 10, €0139003. https://doi.org/10.1371/journal.pone.0139003.

Ahmed, J.; Braun, R.D.; Dunn, R., Jr.; Linsenmeier, R.A. Oxygen distribution in the macaque retina. Investig. Ophthalmol.
Vis. Sci. 1993, 34, 516-521.

Arden, G.B.; Sidman, R.L.; Arap, W.; Schlingemann, R.O. Spare the rod and spoil the eye. Br: J. Ophthalmol. 2005, 89,
764-769. https://doi.org/10.1136/bjo.2004.062547.

Wang, S.; Birol, G.; Budzynski, E.; Flynn, R.; Linsenmeier, R.A. Metabolic Responses to Light in Monkey
Photoreceptors. Curr. Eye Res. 2010, 35, 510-518.

Wang, S.; Liu, Y.; Tan, J.W.; Hu, T.; Zhang, H.F.; Sorenson, C.M.; Smith, J.A.; Sheibani, N. Tunicamycin-induced
photoreceptor atrophy precedes degeneration of retinal capillaries with minimal effects on retinal ganglion and pigment
epithelium cells. Exp. Eye Res. 2019, 187, 107756. https://doi.org/10.1016/j.exer.2019.107756.

D’Amico, A.G.; Maugeri, G.; Reitano, R.; Bucolo, C.; Saccone, S.; Drago, F.; D’ Agata, V. PACAP Modulates Expression
of Hypoxia-Inducible Factors in Streptozotocin-Induced Diabetic Rat Retina. J. Mol. Neurosci. 2015, 57, 501-5009.
https://doi.org/10.1007/s12031-015-0621-7.

Liu, W.; Liu, S.; Li, P.; Yao, K. Retinitis Pigmentosa: Progress in Molecular Pathology and Biotherapeutical Strategies.
Int. J. Mol. Sci. 2022, 23, 4883. https://doi.org/10.3390/ijms23094883.

Noel, N.C.L.; Allison, W.T.; MacDonald, I.M.; Hocking, J.C. Zebrafish and inherited photoreceptor disease: Models and
insights. Prog. Retin. Eye Res. 2022, 91, 101096. https://doi.org/10.1016/j.preteyeres.2022.101096.

Yang, C.; Georgiou, M.; Atkinson, R.; Collin, J.; Al-Aama, J.; Nagaraja-Grellscheid, S.; Johnson, C.; Ali, R.; Armstrong,
L.; Mozaffari-Jovin, S.; et al. Pre-mRNA Processing Factors and Retinitis Pigmentosa: RNA Splicing and Beyond. Front.
Cell Dev. Biol. 2021, 9, 700276. https://doi.org/10.3389/fcell.2021.700276.

Tabor, S.J.; Yuda, K.; Deck, J.; Gnanaguru, G.; Connor, K.M. Retinal Injury Activates Complement Expression in Miiller
Cells Leading to Neuroinflammation and Photoreceptor Cell Death. Cells 2023, 12, 1754.
https://doi.org/10.3390/cells12131754.

Fei, Y.; Hughes, T.E. Nuclear trafficking of photoreceptor protein crx: The targeting sequence and pathologic implications.
Investig. Ophthalmol. Vis. Sci. 2000, 41, 2849-2856.

Mitton, K.P.; Swain, P.K.; Chen, S.; Xu, S.; Zack, D.J.; Swaroop, A. The leucine zipper of NRL interacts with the CRX
homeodomain. A possible mechanism of transcriptional synergy in rhodopsin regulation. J. Biol. Chem. 2000, 275,
29794-29799. https://doi.org/10.1074/jbc.M003658200.

Klymenko, V.; Gonzédlez Martinez, O.G.; Zarbin, M.A. Recent Progress in Photoreceptor Cell-Based Therapy for
Degenerative Retinal Disease. Stem Cells Transl. Med. 2024, 13, 332-345. https://doi.org/10.1093/stcltm/szae005.
Yildirim, Z.; Ucgun, N.L; Yildirim, F. The role of oxidative stress and antioxidants in the pathogenesis of age-related
macular degeneration. Clinics 2011, 66, 743-746.

Eamegdool, S.S.; Sitiwin, E.L.; Cioanca, A.V.; Madigan, M.C. Extracellular matrix and oxidative stress regulate human
retinal pigment epithelium growth. Free. Radic. Biol. Med. 2020, 146, 357-371.
https://doi.org/10.1016/j.freeradbiomed.2019.11.018.

Meyer, J.G.; Garcia, T.Y.; Schilling, B.; Gibson, B.W.; Lamba, D.A. Proteome and Secretome Dynamics of Human
Retinal Pigment Epithelium in Response to Reactive Oxygen Species. Sci. Rep. 2019, 9, 15440.
https://doi.org/10.1038/s41598-019-51777-7.

Rowan, S.; Jiang, S.; Chang, M.L.; Volkin, J.; Cassalman, C.; Smith, K.M.; Streeter, M.D.; Spiegel, D.A.; Moreira-Neto,

15 of 16



Health Metab. 2025, 2(2), 6 https://doi.org/10.53941/hm.2025.100013

112.

113.

114.

115.

C.; Rabbani, N.; et al. A low glycemic diet protects disease-prone Nrf2-deficient mice against age-related macular
degeneration. Free Radic. Biol. Med. 2020, 150, 75-86.

Kowluru, R.A.; Tang, J.; Kern, T.S. Abnormalities of retinal metabolism in diabetes and experimental galactosemia. VIL.
Effect of long-term administration of antioxidants on the development of retinopathy. Diabetes 2001, 50, 1938—1942.
Bazan, N.G. Docosanoids and elovanoids from omega-3 fatty acids are pro-homeostatic modulators of inflammatory
responses, cell damage and neuroprotection. Mol. Asp. Med. 2018, 64, 18-33.

Mishra, M.; Kowluru, R.A. Epigenetic Modification of Mitochondrial DNA in the Development of Diabetic Retinopathy.
Investig. Ophthalmol. Vis. Sci. 2015, 56, 5133-5142.

Caruso, S.M.; Ryu, J.; Quinn, P.M.; Tsang, S.H. Precision metabolome reprogramming for imprecision therapeutics in
retinitis pigmentosa. J. Clin. Investig. 2020, 130, 3971-3973.

16 of 16



