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Abstract: Visible light refers to the frequencies within the electromagnetic spectrum that humans
can see, encompassing radiation with wavelengths falling between 380 nm to 760 nm. The energy
of a single photon increases with its frequency. In the retina, photoreceptor cells contain light-
sensitive pigments that absorb light and convert it into electrical stimuli through a process known as
phototransduction. However, since the absorption spectrum of photoreceptors closely aligns with
blue light (ranging from 400 to 500 nm), exposure to high light intensities or continuous illumination
can result in oxidative stress within these cells, leading to a loss of their functionality. Apart from
photoreceptor cells, the retina also houses photosensitive ganglion cells, known as intrinsically
photosensitive retinal ganglion cells (ipRGCs). These cells relay information to the suprachiasmatic
nucleus in the brain, playing a crucial role in modulating melatonin secretion, which in turn helps
in synchronizing the body’s circadian rhythms and responses to seasonal changes. Both, ipRGCs
and skin possess a peak sensitivity to blue wavelengths, rendering them particularly susceptible to
the effects of excessive blue light exposure. This study delves into the consequences of excessive
illumination and/or prolonged exposure to blue light on retinal function and explores its implications
for human health.

Keywords: blue light; oxidative stress; retina; photoreceptor cells; ganglion cells; skin; photo damage;
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1. Introduction

In recent decades, significant changes in human lifestyles have been driven primarily
by industrialization and global modernization. Consequently, various forms of pollution,
including air pollution, noise pollution, water pollution, and more recently, light pollution,
have emerged as critical sources of concern, impacting climate emergency, ecological issues,
and human health [1].

Light pollution, or light at night (LAN), has been steadily increasing in severity. The
adoption of more efficient and cost-effective light-emitting diode (LED) technology for
street lighting, combined with the growth of the global population and economy, has led to
the excessive use of artificial lighting. This has not only contributed to heightened energy
consumption and greenhouse gas emissions but has also had a detrimental impact on the
natural night sky [1].

LED lighting emits a broad spectrum with a notable blue component [1,2]. While it is
important to note that the sun is a primary natural source of blue light, exposure to LED
lighting should be viewed as cumulative. This cumulative exposure encompasses both
outdoor and indoor spaces, as well as light emitted by electronic displays.

In addition to the social and economic ramifications of light pollution, there are
significant potential health risks, particularly to the retina and skin. Light, when absorbed
by specific molecules known as chromophores, initiates chemical reactions that involve the
transfer of energy (protons or electrons) to other molecules. This renders them chemically
reactive and, in turn, capable of inducing oxidative stress.
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In animal organisms, evolution has led to the development of specialized light-sensing
cells, enabling them to recognize neighboring organisms and respond to stimuli. However,
light can also induce significant changes in cell physiology due to its effects on various
compounds that can become activated, resulting in the production of highly reactive
molecules. When produced in excess, these molecules can lead to oxidative stress, causing
substantial damage to cells.

Vision serves as the primary sensory system for humans and many other animals. This
complex process commences in the retina of the eye, where photoreceptor cells convert
absorbed light energy into electrical stimuli. These stimuli are then transmitted to retinal
ganglion cells and further relayed to the brain, where they are processed and translated
into images. This intricate process enables organisms to perceive their surroundings and
respond to them. Notably, retinal ganglion cells also send axons to brain regions unrelated
to visual processing such as the suprachiasmatic and supraoptic nuclei, which regulate the
body’s circadian rhythms. ipRGCs also project to the supraoptic nucleus, which participate
in fluid homeostasis, social behaviors, and appetite, respectively. Consequently, damage to
retinal cells can result in profound alterations in visual perception, potentially leading to
blindness, as well as affecting non-visual functions.

Excessive exposure to light can generate high levels of reactive oxygen species (ROS),
culminating in oxidative stress and cellular damage. Thus, this review explores various
lines of evidence concerning the impact of light pollution on retinal cells and its implications
for human physiology.

1.1. Light and Oxidative Stress

Light encompasses the wavelength frequencies within the electromagnetic spectrum
that are visible to the human eye, ranging from 380 to 760 nm. Light consists of discrete
energy packets called photons, each of which is considered a quantum particle with negligi-
ble mass. Shorter wavelengths with higher frequencies possess greater energy, and among
visible light, blue light (400–500 nm) stands out as the most energetic, constituting 25% of
solar radiation [2] and holding the highest energy within the visible light spectrum [3].

While light is essential for life, it can also pose a significant risk to cells and human
health. Light photons can be absorbed by atoms and molecules known as chromophores,
prompting electrons to transition between energy levels. Photosensitizers, which are light-
absorbing molecules, can either donate electrons to adjacent molecules or extract hydrogen
atoms from them, resulting in the generation of free radicals and ROS (Figure 1).
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Free radicals are atoms or molecules with unpaired electrons, rendering them highly
reactive, as exemplified by hydrogen peroxide (H2O2) and hydroxyl radicals (•OH). ROS,
on the other hand, are byproducts of regular oxygen metabolism, such as singlet oxygen
(1O2) and superoxide radicals (O•−) [4,5]. Excessive ROS production can lead to photodam-
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age, ultimately culminating in cellular damage or even cell death [6–8]. It is worth noting
that low levels of ROS play roles in cellular signaling and homeostasis. Depending upon
the source of ROS and cell type, ROS signaling participates in metabolic regulation, cell
growth, and autophagy by inducing AMP-activated protein kinase activity. However, an
overabundance of ROS results in oxidative stress, causing the oxidation of various cellular
components, impairing their normal functioning [9,10]. To counter the effect of excessive
ROS, cell possess numerous molecules call antioxidants, which neutralize ROS by donating
an electron to the unpaired oxygen molecule (Figure 2).
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Blue light can be absorbed by a range of biomolecules, including nicotinamide adenine
dinucleotide phosphate (NADP, NADPH), porphyrins, DNA, proteins, and lipids [11].
Consequently, excessive light exposure can generate unwarranted ROS, inducing oxidative
stress and cellular injury [8,11–13].

Due to global industrialization, artificial lighting has become an integral part of daily
life. One significant concern is the transition from incandescent lamps to more cost-effective
and efficient light-emitting diodes (LEDs). LEDs are characterized by a prominent blue
light component with relatively high energy and absorption depth [12,13]. Furthermore,
the widespread adoption of LED-backlit liquid crystal displays (LCDs) in various electronic
devices such as computers and smartphones has contributed to issues related to light
pollution, excessive artificial lighting, increased energy consumption, and greenhouse gas
emissions [14–16]. In fact, electronic devices emit approximately 30% of their radiation as
blue light, while indoor lighting sources emit between 6% and 40% of their radiation in the
blue light spectrum [17]. Consequently, in addition to concerns regarding air, noise, and
water pollution, it is important to recognize that light pollution has adverse effects on the
environment, biodiversity, human health, and overall quality of life [14–18].

1.2. Effects of Light on Retina Photoreceptors

Among the light-triggered reactions, retinal phototransduction is arguably the most
pertinent to human vision. The retina, a neural tissue, possesses the ability to detect light
and generate visual signals for the brain. This metabolically active tissue comprises five
distinct types of neuronal cells, with photoreceptor cells being paramount. These photore-
ceptors have the capacity to absorb light and transform it into an electrical signal through a
process known as phototransduction. The signal is subsequently relayed via bipolar cells to
ganglion cells, which further transmit signals to the brain for image processing. Horizontal
and amacrine cells facilitate lateral communication among retinal neurons [19].

Additionally, the retina houses three types of glial cells: Müller glia cells, astrocytes,
and microglia [20]. Furthermore, retinal vascular endothelial cells (VECs) are responsible
for supplying blood to the retina. The retinal pigment epithelium (RPE), in close proximity
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to photoreceptor cells, serves as part of the retinal blood barrier and offers structural and
functional support to the neural retina [21].

The retina features two kinds of photoreceptor cells, cones and rods, responsible for
vision in bright and low-light conditions, respectively. Cones can be further categorized
into three types (L, M, S) based on their ability to absorb specific wavelengths (long,
medium, and short) [22], wavelengths (long/red, medium/green, and short/blue) [22].
The photoreceptors have specialized outer segments consisting of membranous discs
containing the protein rhodopsin, which is bound to a chromophore, 11-cis retinal. In
the absence of light, the photoreceptor membrane potential remains at approximately
−40 mV, primarily due to the action of Na+ and Ca2+ ion channels, creating a dark
current [23]. When exposed to light, 11-cis retinal is converted into all-trans retinal, which
then dissociates from the opsin and is transported to the RPE. There, enzymatic reactions
regenerate 11-cis-retinal [24–27] (Figure 3).
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Figure 3. Rhodopsin (R) is concentrated in the disc membranes of rod photoreceptor cells. Rhodopsin
contains the chromophore 11-cis retinal, which under light stimulation is converted in all-trans retinal.
The photoactivated Rhodopsin (R*) triggers a signal transduction cascade, leading to activation of the
phosphodiesterase (PDE) and a consequent decrease in cGMP and closure of the Na+ dark current.
While retinoid pathway follows the renewal of 11-cis retinal at the retinal pigment epithelium (RPE).

Simultaneously, the activated opsin, metarhodopsin II, interacts with the G protein
transducin, and its α subunit activates a phosphodiesterase enzyme. This enzyme, in turn,
hydrolyzes cGMP into 5’GMP [28,29]. The reduction in cGMP levels results in the closure
of the dark current and subsequently leads to the hyperpolarization of the photoreceptor
cell [29] (Figure 3).

Approximately 11,000–15,000 photons are absorbed per rod per second [30], a count
that can increase in the human retina based on one’s workplace and activities in well-lit
environments, including medical imaging of the retina [31,32]. However, excessive and/or
prolonged exposure to light can induce damage to the retina by causing photochemical
harm [8,33,34]. Pioneering studies have shown that light intensities two to three times
higher than those of normal illumination can result in damage to visual cells in nocturnal
animals [35–37]. Moreover, a plethora of studies have demonstrated that retinal cells are
particularly vulnerable to short-wavelength light, notably blue light [38–40], with photore-
ceptors and the retinal pigment epithelium being among the most affected [37,41–45].

Retinal lesions are characterized by the degeneration of photoreceptor outer segments,
accompanied by the generation of ROS, ultimately leading to cell death [46,47]. Further-
more, exposure to sunlight has been linked to the development and/or worsening of
age-related macular degeneration [48,49].
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Despite certain eye structures, such as the cornea, aqueous humor, lens, and vitre-
ous humor, absorbing some light wavelengths, more than 65% of blue light at 460 nm
is transmitted to the retinas of children under 9 years of age, rendering them especially
susceptible to retinal damage [50]. Therefore, the retina is highly prone to light-induced
damage due to its continuous exposure to light, the concentration of chromophores in
photoreceptor cells [24,26], high levels of the polyunsaturated lipid docosahexaenoic acid
(DHA) [37,51,52], and heightened mitochondrial activity. Notably, photoreceptor outer
segment discs contain high concentrations of unsaturated fatty acids, including the high-
est level of DHA in the body, rendering these cells particularly susceptible to oxidative
stress [51,52]. Remarkably, all-trans-retinal is considered a photosensitizer, and its accu-
mulation can lead to photochemical damage [53,54]. The bisretinoid A2E, a byproduct
formed from phosphatidyl ethanolamine and an excess of all-trans-retinal, is the primary
component of lipofuscin, a product of photo-bleached rhodopsin that accumulates with
age [55–58]. Furthermore, lipofuscin is particularly sensitive to blue light absorption, and
when exposed to light, it generates ROS [59]. In this regard, studies involving rats exposed
to full-spectrum white LEDs and blue LEDs (at 460 nm) resulted in free radical production
and apoptotic and necrotic photoreceptors, indicating photochemical injury [31,54,60–62].
Moreover, high levels of A2E have been associated with macular degeneration [40]. Addi-
tionally, it has been demonstrated that all-trans-retinal leads to the activation of NADPH
oxidase, which in turn can increase oxidative stress, trigger RPE apoptosis, and induce an
inflammatory response [54]. Furthermore, the photoreversal bleaching of rhodopsin can
enhance its photon absorption capacity [32,54], thereby increasing oxidative stress.

Under normal physiological conditions, the mitochondrial respiratory chain is respon-
sible for approximately 90% of ROS generation within a cell [63]. Photoreceptor cells and
RPE cells contain abundant mitochondria housing various chromophores that have the
potential to trigger photodamage [64,65]. Among these chromophores, flavin, and por-
phyrin possess absorption peaks within the blue light range. The transfer of electrons from
these photosensitizers to oxygen can generate ROS, specifically singlet oxygen. Subsequent
reactions may yield superoxide radicals, hydrogen peroxide, and hydroxyl radicals [11,66].
Additionally, these chromophores can initiate the oxidation of various molecules (e.g.,
carbohydrates), ultimately leading to H2O2 production, which contributes to lipid and
protein oxidation [67–69].

In this context, long-term exposure to blue light has been shown to significantly
elevate ROS levels and the expression of Bax (bcl-2-like protein 4) and trigger the mito-
chondrial apoptosis pathway [70,71]. High-intensity blue LED light exposure also induces
photoreceptor apoptosis, necrosis, and retinal gliosis [72,73].

Remarkably, Nrf2 (nuclear factor erythroid 2-related factor 2), the master regulator of
redox state, exhibits high expression levels in the retina [74] and is known to protect against
oxidative stress and inflammation [75]. Notably, sulforaphane has a protective effect under
blue light exposure through the activation of this transcription factor [75]. In addition to
Nrf2, the retina boasts high concentrations of non-enzymatic and enzymatic antioxidants,
as well as the pigments lutein and zeaxanthin, which serve as ROS scavengers and guard
against light-induced damage [58,76].

Furthermore, aside from ROS production, prolonged exposure to blue light leads to
an increase in the Unfolded Protein Response (UPR), as evidenced by the phosphorylation
of PERK (Protein kinase R-like endoplasmic reticulum kinase) and the upregulation of
ATF4 (Activating Transcription Factor), resulting in the increased expression of apoptosis-
related genes [77]. Long-term blue light exposure has also been observed to induce en-
doplasmic reticulum stress, DNA, and inflammatory damage in both photoreceptor cells
and RPE [54,78–80].

1.3. Impact of Light on Retinal Pigment Epithelium

Derived from the neural tube that gives rise to the neural retina, the RPE is essential in
providing oxygen and nutrients to the retina, and in regulating ion and fluid balance. It is
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actively involved in the daily phagocytosis of shed photoreceptor outer segments, recycling
of visual pigments, and secreting various growth factors necessary for the construction and
upkeep of the choroid and photoreceptors [21,81,82].

Like the retina, the RPE is abundant in mitochondria and harbors light-absorbing
molecules such as melanin, lipofuscin, and retinoids, which make it prone to photochemical
damage [31]. Nonetheless, similar to the retina, the RPE has a significant antioxidant
capability that protects against A2E oxidation and ROS production [58,79].

The primary mechanism of damage induced by all-trans-retinal involves the genera-
tion of singlet oxygen. Additionally, the accumulation of all-trans-retinal can lead to the
formation of Schiff base adducts with phosphatidylethanolamine. In culture RPE cells,
all-trans-retinal accumulation triggers the activation of NADPH oxidase and TLR-3 (Toll-
like receptor 3). This activation contributes to increased oxidative stress, apoptosis, and
inflammatory responses [63]. Furthermore, treating RPE cells with all-trans-retinal results
in heightened ROS levels within the mitochondria and endoplasmic reticulum, as well as
elevated mRNA expression of Nrf2 and its target proteins [83].

Age-related macular degeneration (AMD), the foremost cause of legal blindness in
the developed world, is associated with the RPE’s accumulation of phototoxic substances,
notably lipofuscin. This accumulation promotes oxidative stress, leading to the degen-
eration of cones [84]. Although the contribution of lipofuscin and its photosensitizing
chromophores to AMD development remains a topic of discussion, the accumulation of
A2E in post-mitotic RPE cells as a result of aging and excessive illumination poses a risk
factor for cellular damage [85].

Studies on human primary RPE cell cultures exposed to visible light for 3 h have
shown a mild reduction in mitochondrial respiratory activity and mitochondrial DNA
damage. Consistently, isolated RPE mitochondria subjected to light exposure produced
singlet oxygen, superoxide anion, and the hydroxyl radicals [86].

Research utilizing the human cell line ARPE-19 highlighted the phototoxic effects
of blue light. Exposure of ARPE-19 cells to blue light led to increased ROS production
and caspase 3/7 activity, which correlates with decreased cell viability [87]. In contrast,
exposure to red or green light did not cause damage to these cells. However, in vivo
experiments are needed to substantiate these findings.

These effects were intensified in ARPE-19 cells preloaded with A2E, underscoring
the molecule’s role as photosensitizer. Additionally, an increase in both A2E and vascular
endothelial growth factor (VEGF) production was observed in cultured ARPE-19 cells
following light exposure [88].

Exposure of ARPE-19 cells to blue LED light resulted in significant ultrastructural
changes in mitochondria, mitochondria depolarization, increased ROS production, and a
loss of cell viability. This was accompanied by enhanced formation of advanced glycation
end products (AGEs) and delay in the cell cycle [84]. Blue light exposure also led to the
upregulation of phospho-p38-MAPK (mitogen-activated protein kinase), a protein known
to be activated under cell stress and apoptosis. Notably, these effects were absent when
cells were exposed to red light.

Remarkably, exposure of both albino and pigmented mice to 1 or 3 days of blue LED-
light caused damage to the RPE and photoreceptors. In contrast, exposing pigmented
mice to three days of fluorescent light did not result in retinal damage [89]. Similar
outcomes were observed in both albino and pigmented rats exposed to domestic luminance
levels using various LEDs, compact fluorescent lamps, and fluorescent tubes. This study
indicated that white LEDs but not compact fluorescent lamps, caused retinal degeneration,
and breakdown of the RPE barrier, as evidenced by albumin leakage. Interesting these
changes were not observed with green LED exposure. Consequently, these findings strongly
suggest that the white-LED may pose a risk of retinal toxicity at domestic and occupational
luminance levels, potentially contributing to the pathogenesis of AMD [45].
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1.4. Photosensitive Ganglion Cells and Physiological Rhythms

Organisms rely on light perception for object recognition and guidance in their actions,
serving as a mechanism to sense ambient light intensity. This sensing of light is crucial
for synchronizing the circadian clock with the natural solar day and influencing seasonal
physiological rhythms. While traditional photoreceptor cells in the retina are fundamental
for visual processing, a novel class of retinal ganglion cells that contain the photosensitive
pigment melanopsin (Opn4) has been identified [90,91]. These intrinsically photosensi-
tive retinal ganglion cells (ipRGCs) are widespread across the animal kingdom, with six
distinct subtypes (M1-M6) identified in mice. In the human retina, ipRGCs account for
approximately 1% of the total ganglion cell population [92,93].

Similar to rods and cones, ipRGCs convert light into electrical signals. Melanopsin
binds to 11-cis retinal and exhibits peak sensitivity at a wavelength of 460 nm [94]. Upon
light activation, melanopsin interacts with a G protein, triggering a phospholipase (PLC
β4), which then initiates the production of second messengers IP3 (inositol triphosphate)
and DAG (diacylglycerol). These messengers facilitate the opening of nonselective cation
channels (TRP), resulting in cell depolarization [95–97]. The phototransduction mechanism
is maintained through the recycling of the chromophore retinal in RPE and Müller glial cells.

Importantly, melanopsin protein levels increase at the onset of light exposure, peaking
towards the end of the day and diminishing in darkness [98,99]. The decline in melanopsin
levels allows these cells to respond more sensitively to changes in light intensity rather
than contrast, enabling them to maintain continuous activity.

Intrinsically photosensitive retinal ganglion cells (ipRGCs) primarily project to the
suprachiasmatic nucleus (SCN), the central regulator of the environmental light/dark
cycle through its control of melatonin secretion from the pineal gland. Melatonin, a key
neuromodulatory hormone, peaks during darkness and plays an essential role in aligning
behavioral and physiological activities with environmental light cues [100,101].

Given melanopsin’s peak absorption at 460 nm, exposure to blue light during the
day is pivotal in regulating various physiological functions. Light therapy, leveraging this
principle, is effectively used to treat conditions such as seasonal affective disorder and
circadian sleep disorders [102].

Besides the SCN, ipRGCs extend their axons to several brain areas, including the
dorsal lateral geniculate nucleus (dLGN), the olivary pretectal nucleus (OPN), and the
supraoptic nucleus. These areas are integral to the pupillary light reflex, as well as in-
fluencing social behaviors and appetite, respectively [103–110]. Thus, light’s influence
extends beyond visual perception, impacting pupillary responses, eating habits, energy
metabolism, alertness, sleep patterns, mood, and cognitive functions [110–122]. Disrup-
tions in these neural circuits due to inappropriate light exposure can heighten the risk of
developing a range of disorders, including cardiovascular diseases, obesity, and mental
health conditions [118,119].

Epidemiological studies have indicated that chronodisruption is linked with an in-
creased incidence of several diseases, including diabetes, cognitive and affective impair-
ments, and some types of cancer [11,12,118,119]. Furthermore, night-time workers who are
exposed to light at night face a higher risk of cardiovascular disease, hypertension, obesity,
depression, and cancer [118–121]. Additionally, evidence suggest that LED displays can
suppress melatonin at night and disrupt biological rhythms [116–122]. These disruptions
are thought to be caused by changes in ipRGCs signaling, which affects the SCN. The
SCN regulates various biological rhythms and through adrenocorticotropin, influences
the secretion of corticosteroids involved in metabolism, immune response, cardiovascular
function, and reproduction [13–15,122–125].

Exposure to blue light-emitting LEDs has been shown to decrease melanopsin expres-
sion and damage ipRGCs [126]. LED exposure in animal models has led to mitochondrial
damage, reduced dendritic arborization of ipRGCs, increased retinal GFAP immunoreactiv-
ity, and apoptosis in the outer nuclear retinal layer [127].
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In terms of peripheral effects, melatonin is reported to play a role in blood pressure
regulation [16,128]. Evidence suggests an increase in melatonin release during mania and a
decrease during depression [14,124]. Some studies have indicated that mood episodes in
bipolar disorder are triggered by disturbances in circadian rhythms. Genetic studies have
also identified a connection between bipolar disorder and specific circadian genes such as
CLOCK and TIMELESS [14,15,124,125]. Consequently, darkness has been suggested as a
mood stabilizer for manic patients. Recent research has investigated melatonin agonists as
pharmacological interventions to stabilize circadian rhythm disruptions in these patients.
Additionally, blue light-blocking treatments, such as the use of amber-tinted glasses, have
been found to improve sleep in manic patients [17,129]. Interestingly, bright light therapy
has shown positive effects on mood and physiological parameters, suggesting the need
for further research to understand these processes fully [18,130]. Moreover, the use of
mobile phones in bed before sleeping has been found to negatively affect mood, sleep
quality, memory, and concentration [19,130,131]. These findings underscore the importance
of maintaining adequate light exposure to preserve synchronized rhythms and promote
health and wellness.

Remarkably, mice exposed to dim blue light for four consecutive weeks (12:12 h,
dark/dim blue light) exhibited oxidative stress, microglia activation, increased mRNA
expression of inflammatory proteins, and a decrease in hippocampal neuron numbers.
These effects were linked to impaired spatial learning and memory [20,131].

1.5. Effects of Light on the Skin and Uvea

The skin and eyes are the only human organs directly exposed to light radiation.
The skin serves as both a barrier and a defense mechanism against the external environ-
ment. Blue light exposure in the skin triggers mediators of skin aging, DNA damage, and
apoptosis in both normal and cancerous cells [22,132].

In addition to the previously discussed effects of light, sunlight is well-recognized as a
human carcinogen. Both natural and artificial light directly affect the skin, with blue light,
in particular, having the capacity to penetrate more deeply (0.07 to 1 mm) than ultraviolet
rays (UV) [126,127,133,134]. Notably, the epidermis expresses melanopsins OPN2, OPN3,
and OPN4, which are activated by blue light. This activation triggers TRP channels, leading
to the activation of calcium/calmodulin-dependent protein kinase II (CAMKII), and results
in changes in gene transcription [128,135].

Moreover, apart from UV-induced damage, blue light is associated with accelerated
skin aging, increased hyperpigmentation of skin melanocytes, and the development of
dark spots [126–129,133–137].

In addition to blue light photodamage, lifelong exposure to sunlight plays a signifi-
cant role in the development of skin aging characteristics, though further in vivo studies
are required to fully understand the mechanisms and action spectrum of photoaging in
humans [43,135]. In keratinocytes, blue light-activated opsin leads to a decrease in per1
transcription, suggesting that skin cells can regulate clock gene production in response to
light exposure. At night, the focus shifts towards repairing daytime damage [45,46,136,137].
Thus, it is suggested that blue light could disrupt the skin cells’ nocturnal rhythm, essential
for cell regeneration and repair. Human skin is impacted not only by ultraviolet radia-
tion but also by the blue light wavelengths emitted by sunlight, electronic devices, and
light-emitting diodes [44,138].

Furthermore, human keratinocytes exposed to high-irradiance blue light demonstrated
an increase in ROS production, changes in mitochondrial morphology, and a significant
decrease in the expression of clock genes compared to exposure to red light or under
low-irradiance conditions. Blue light exposure also led to cell death and cell cycle arrest at
the G2/M phase [28,139].

Additionally, in non-tumorigenic human keratinocytes, blue light exposure induced
oxidative stress, which in turn triggered endoplasmic reticulum stress and promoted
apoptosis [32,140]. Similarly, rats exposed to blue light (8000 lx) for 8 h experienced skin
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damage and degeneration mediated by oxidative stress, endoplasmic reticulum stress,
and apoptosis [33,141]. Therefore, due to its capacity to increase DNA damage, blue light
can cause erythema, hyperpigmentation, and photodamage [34,35,138,142] and has been
utilized successfully to eliminate tumor cells [36–38,143–145].

However, the effect of blue light on cancer induction has also been studied. Skin
cancer was induced in hairless mice exposed to blue LED light daily (10 min/day) for
one year. The irradiation with blue light increased the expression of proliferation markers
Ki-67 and cyclin D1. Additionally, blue light exposure led to the production of ROS,
inflammatory proteins, and increased migration of neutrophils and macrophages involved
in carcinogenesis in the skin [22,132]. Notably, skin cancer was not induced in mice exposed
to green or red LED light.

Uveal melanoma is the most common primary intraocular malignancy in adults,
originating from melanocytes within the uvea. Ultraviolet exposure, combined with specific
skin pigment gene polymorphisms, is a significant factor in its development [23,82,146,147].
However, when cultured human uveal melanoma cells were exposed to blue light, there
was a notable increase in their proliferation rate, an effect that was mitigated by using
a blue-light-filtering lens [25,148]. Additionally, the development of ocular tumors was
observed in pigmented Long Evans rats following blue light exposure [26,149]. Similarly,
human uveal melanoma cell lines (92.1, MKT-BR, OCM-1, SP6.5) subjected to blue light
exhibited a significant increase in cell proliferation rate. Remarkably, the application of
blue light filtering intraocular lenses neutralized this effect [27,140].

Moreover, melanoma cells exposed to blue LED light for 1 and 2 h per day experienced
increased ROS production and DNA damage; cells irradiated with blue light displayed
depolarized mitochondrial membranes, elevated caspase-3 activity, and an increase in
melanin synthesis. Blue light also suppressed cell proliferation and induced cell cycle
arrest [29,30,150,151].

Despite these effects, the anti-proliferative properties of blue light may be leveraged for
treating certain dermatological conditions, including acne, psoriasis, and precancerous le-
sions [39,152]. Blue light therapy has shown promising results in acne management [40,153],
and positive outcomes have been noted in treatments with topical retinoids for mild skin
conditions, such as psoriasis [130–132,153–162].

Many cosmetic products contain retinoid-based compounds, such as retinyl palmi-
tate (RP), aimed at protecting the skin or promoting skin responses that repair damage
caused by sunlight. It is important to recognize that retinoids can increase light phototoxi-
city through photochemical reactions [131,158]. Naturally occurring retinoids can affect
gene expression, acting as both antioxidants and pro-oxidants through the photochemical
production of reactive oxygen species (ROS). Additionally, they can serve as agonists or
antagonists for retinoic acid or retinoid-X receptors, which are involved in regulating gene
transcription impacting embryonic development, tissue homeostasis, metabolism, and
cellular differentiation [132,159]. Dysregulation of these receptors has been associated
with a variety of conditions, including cancer, autoimmune diseases, metabolic disorders,
and inflammatory diseases [132,159–161]. Moreover, blue LED light has been observed to
significantly enhance hair growth in patients with androgenetic alopecia [41,162]. Similarly,
blue LED devices have shown positive effects on wound healing and pain reduction in
patients with chronic wounds [42,163].

These varying outcomes underscore the necessity for additional research to explore the
photodecomposition products of retinoids and their potential phototoxic effects on cells.

2. Discussion

Concerns regarding the safety of LED light sources have escalated with the widespread
use of cellphones, tablets, laptops, and desktop computers, especially during the COVID-19
pandemic [164]. Notably, in 2020, the World Health Organization officially recognized digi-
tal technology addiction as a global issue [119]. This addiction is marked by compulsive,
habitual, and uncontrollable use of digital devices and excessive engagement in online activ-
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ities, leading to significant sleep deprivation, emotional distress, and memory impairments
a problem that has grown during the COVID-19 pandemic [119,130,154,160,164–166].

Despite this information, there is currently insufficient evidence to conclusively de-
termine the direct effects of LED light sources when used normally at domestic intensity
levels or as backlights in screen devices. Consequently, more epidemiological, clinical, and
fundamental research is required to assess their risk factors in AMD, aging, and overall
health, especially for vulnerable groups like children and adolescents [167].

In the interim, it is crucial to minimize excessive light exposure. Several measures have
been proposed to achieve this [13,168–170]. Exposure to morning sunlight is recommended
to help maintain synchronized rhythms, along with the use of blue light cutting glasses
and blue light cutting base makeup. Blue-blocking glasses, also known as amber glasses,
reduce the light component that activates ipRGCs, thereby aiding in the onset of dim-light
melatonin. Their effectiveness in improving sleep and treating bipolar disorder, major
depression, and postpartum depression has been documented [124,129].

Furthermore, to alleviate digital eye strain from prolonged use of electronic devices,
recommendations include ergonomic practices, adequate ambient lighting, limiting daily
screen time to about 4 h, taking regular breaks, and using blue-light filtering glasses with
an anti-reflective coating.

Additionally, a diet rich in antioxidants, including fresh fruits and vegetables high in
vitamin C, vitamin E, carotene, lutein, and zeaxanthin, is strongly recommended [10], as
these nutrients offer photoprotective benefits [118,125].

3. Conclusions

While light plays a crucial role in visual function, it is important to recognize that
exposure to intense natural or artificial light, particularly in the blue light spectrum, can be
detrimental to retinal photoreceptor cells due to the induction of oxidative stress. Addition-
ally, excessive illumination can impact intrinsically photosensitive retinal ganglion cells
(ipRGCs), which transmit signals to the brain to regulate melatonin secretion. Consequently,
this disruption of biological rhythms can lead to various adverse effects on human health
and overall quality of life. Moreover, excessive illumination promotes skin aging and might
favor cancer development.

Hence, it is of paramount importance to identify these negative consequences and
develop strategies aimed at mitigating the effects of light pollution on human health.
Furthermore, public education on this issue and the promotion of reduced unnecessary
illumination are essential steps in addressing this concern.

Future Research Directions

Considerable evidence suggests that excessive illumination, particularly in the form of
blue light, can result in retinal cell injury, leading to significant changes in visual perception,
circadian rhythms, and even blindness. This raises significant concerns regarding the
excessive use of indoor lighting and electronic displays. However, the precise mechanisms
by which blue light-induced reactive oxygen species (ROS) production leads to retinal cell
death remain unclear. Therefore, further studies are required to elucidate the photodamage
caused by different LED emitters and the effects of acute and chronic light exposure.

As LEDs are poised to become the primary light source in our domestic environments,
it is imperative to gain a comprehensive understanding of the mechanisms underlying the
effects of light on cells to ensure necessary protective measures.

The consequences of excessive natural and artificial illumination have been underesti-
mated by modern society. It is crucial to educate the public about these effects to reduce
the duration of light exposure and maintain a normal dark-light cycle. Additionally, the
establishment of regulations to protect the environment and human health is essential.
Exploring more suitable light sources with fewer detrimental effects on biological systems
would also be a pertinent avenue of research.



Antioxidants 2024, 13, 362 11 of 17

Funding: This research was funded by Universidad Nacional Autónoma de México grant number
DGAPA/PAPIIT-UNAM project IN203520.

Acknowledgments: I want to thank Gustavo Sánchez-Chávez for editing the text, and Alejandro
Canizales-Ontiveros for preparing the figures. The author recognizes DGAPA/PAPIIT-UNAM project
IN203520.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fuller, R.; Landrigan, P.J.; Balakrishnan, K.; Bathan, G.; Bose-O’Reilly, S.; Brauer, M.; Caravanos, J.; Chiles, T.; Cohen, A.;

Corra, L.; et al. Pollution and Health: A Progress Update. Lancet Planet. Health 2022, 6, e535–e547. [CrossRef]
2. Moyano, D.B.; Sola, Y.; González-Lezcano, R.A. Blue-Light Levels Emitted from Portable Electronic Devices Compared to Sunlight.

Energies 2020, 13, 4276. [CrossRef]
3. Youssef, P.N.; Sheibani, N.; Albert, D.M. Retinal Light Toxicity. Eye 2011, 25, 1–14. [CrossRef] [PubMed]
4. Radi, R. Oxygen Radicals, Nitric Oxide, and Peroxynitrite: Redox Pathways in Molecular Medicine. Proc. Natl. Acad. Sci. USA

2018, 115, 5839–5848. [CrossRef]
5. Aruoma, O.I. Free Radicals, Oxidative Stress, and Antioxidants in Human Health and Disease. JAOCS J. Am. Oil Chem. Soc. 1998,

75, 199–212. [CrossRef]
6. Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef] [PubMed]
7. Sies, H.; Belousov, V.V.; Chandel, N.S.; Davies, M.J.; Jones, D.P.; Mann, G.E.; Murphy, M.P.; Yamamoto, M.; Winterbourn, C.

Defining Roles of Specific Reactive Oxygen Species (ROS) in Cell Biology and Physiology. Nat. Rev. Mol. Cell Biol. 2022, 23,
499–515. [CrossRef] [PubMed]

8. Wu, J.; Seregard, S.; Algvere, P.V. Photochemical Damage of the Retina. Surv. Ophthalmol. 2006, 51, 461–481. [CrossRef] [PubMed]
9. Dröge, W. Free Radicals in the Physiological Control of Cell Function. Physiol. Rev. 2002, 82, 47–95. [CrossRef] [PubMed]
10. Poljsak, B. Strategies for Reducing or Preventing the Generation of Oxidative Stress. Oxidative Med. Cell. Longev. 2011, 2011,

194586. [CrossRef]
11. Tao, J.-X.; Zhou, W.-C.; Zhu, X.-G. Mitochondria as Potential Targets and Initiators of the Blue Light Hazard to the Retina.

Oxidative Med. Cell. Longev. 2019, 2019, 6435364. [CrossRef] [PubMed]
12. Fan, B.; Zhang, C.X.; Chi, J.; Liang, Y.; Bao, X.L.; Cong, Y.Y.; Yu, B.; Li, X.; Li, G.Y. The Molecular Mechanism of Retina Light Injury

Focusing on Damage from Short Wavelength Light. Oxidative Med. Cell. Longev. 2022, 2022, 8482149. [CrossRef] [PubMed]
13. Cougnard-Gregoire, A.; Merle, B.M.J.; Aslam, T.; Seddon, J.M.; Aknin, I.; Klaver, C.C.W.; Garhöfer, G.; Layana, A.G.; Minnella,

A.M.; Silva, R.; et al. Blue Light Exposure: Ocular Hazards and Prevention—A Narrative Review. Ophthalmol. Ther. 2023, 12,
755–788. [CrossRef] [PubMed]

14. Varela Perez, A.M. The Increasing Effects of Light Pollution on Professional and Amateur Astronomy. Science (1979) 2023, 380,
1136–1140. [CrossRef] [PubMed]

15. Kocifaj, M.; Wallner, S.; Barentine, J.C. Measuring and Monitoring Light Pollution: Current Approaches and Challenges. Science
(1979) 2023, 380, 1121–1124. [CrossRef] [PubMed]

16. Morgan-Taylor, M. Regulating Light Pollution: More than Just the Night Sky. Science (1979) 2023, 380, 1118–1120. [CrossRef]
[PubMed]

17. de Gálvez, E.N.; Aguilera, J.; Solis, A.; de Gálvez, M.V.; de Andrés, J.R.; Herrera-Ceballos, E.; Gago-Calderon, A. The Potential
Role of UV and Blue Light from the Sun, Artificial Lighting, and Electronic Devices in Melanogenesis and Oxidative Stress.
J. Photochem. Photobiol. B 2022, 228, 112405. [CrossRef]

18. Zielinska-Dabkowska, K.M.; Schernhammer, E.S.; Hanifin, J.P.; Brainard, G.C. Reducing Nighttime Light Exposure in the Urban
Environment to Benefit Human Health and Society. Science (1979) 2023, 380, 1130–1135. [CrossRef]

19. Masland, R.H. The Neuronal Organization of the Retina. Neuron 2012, 76, 266–280. [CrossRef]
20. Reichenbach, A.; Bringmann, A. Glia of the Human Retina. Glia 2020, 68, 768–796. [CrossRef]
21. Zinn, K.M.; Marmor, M.F. (Eds.) The Retinal Pigment Epithelium; Harvard University Press: Cambridge, MA, USA, 1979.
22. Deeb, S.S.; Motulsky, A.G. Molecular Genetics of Human Color Vision. Behav. Genet. 1996, 26, 195–207. [CrossRef]
23. Ingram, N.T.; Sampath, A.P.; Fain, G.L. Membrane Conductances of Mouse Cone Photoreceptors. J. Gen. Physiol. 2020, 152,

e201912520. [CrossRef] [PubMed]
24. Saari, J.C. Vitamin A Metabolism in Rod and Cone Visual Cycles. Annu. Rev. Nutr. 2012, 32, 125–145. [CrossRef] [PubMed]
25. Fishkin, N.; Yefidoff, R.; Gollipalli, D.R.; Rando, R.R. On the Mechanism of Isomerization of All-Trans-Retinol Esters to 11-Cis-

Retinol in Retinal Pigment Epithelial Cells: 11-Fluoro-All-Trans-Retinol as Substrate/Inhibitor in the Visual Cycle. Bioorg. Med.
Chem. 2005, 13, 5189–5194. [CrossRef] [PubMed]

26. Kiser, P.D.; Golczak, M.; Palczewski, K. Chemistry of the Retinoid (Visual) Cycle. Chem. Rev. 2014, 114, 194–232. [CrossRef]
27. Lamb, T.D.; Pugh, E.N. Dark Adaptation and the Retinoid Cycle of Vision. Prog. Retin. Eye Res. 2004, 23, 307–380. [CrossRef]

[PubMed]

https://doi.org/10.1016/S2542-5196(22)00090-0
https://doi.org/10.3390/en13164276
https://doi.org/10.1038/eye.2010.149
https://www.ncbi.nlm.nih.gov/pubmed/21178995
https://doi.org/10.1073/pnas.1804932115
https://doi.org/10.1007/s11746-998-0032-9
https://doi.org/10.1146/annurev-biochem-061516-045037
https://www.ncbi.nlm.nih.gov/pubmed/28441057
https://doi.org/10.1038/s41580-022-00456-z
https://www.ncbi.nlm.nih.gov/pubmed/35190722
https://doi.org/10.1016/j.survophthal.2006.06.009
https://www.ncbi.nlm.nih.gov/pubmed/16950247
https://doi.org/10.1152/physrev.00018.2001
https://www.ncbi.nlm.nih.gov/pubmed/11773609
https://doi.org/10.1155/2011/194586
https://doi.org/10.1155/2019/6435364
https://www.ncbi.nlm.nih.gov/pubmed/31531186
https://doi.org/10.1155/2022/8482149
https://www.ncbi.nlm.nih.gov/pubmed/35498134
https://doi.org/10.1007/s40123-023-00675-3
https://www.ncbi.nlm.nih.gov/pubmed/36808601
https://doi.org/10.1126/science.adg0269
https://www.ncbi.nlm.nih.gov/pubmed/37319198
https://doi.org/10.1126/science.adg0473
https://www.ncbi.nlm.nih.gov/pubmed/37319204
https://doi.org/10.1126/science.adh7723
https://www.ncbi.nlm.nih.gov/pubmed/37319228
https://doi.org/10.1016/j.jphotobiol.2022.112405
https://doi.org/10.1126/science.adg5277
https://doi.org/10.1016/j.neuron.2012.10.002
https://doi.org/10.1002/glia.23727
https://doi.org/10.1007/BF02359380
https://doi.org/10.1085/jgp.201912520
https://www.ncbi.nlm.nih.gov/pubmed/31986199
https://doi.org/10.1146/annurev-nutr-071811-150748
https://www.ncbi.nlm.nih.gov/pubmed/22809103
https://doi.org/10.1016/j.bmc.2005.05.001
https://www.ncbi.nlm.nih.gov/pubmed/15922603
https://doi.org/10.1021/cr400107q
https://doi.org/10.1016/j.preteyeres.2004.03.001
https://www.ncbi.nlm.nih.gov/pubmed/15177205


Antioxidants 2024, 13, 362 12 of 17

28. Arshavsky, V.Y.; Burns, M.E. Photoreceptor Signaling: Supporting Vision across a Wide Range of Light Intensities. J. Biol. Chem.
2012, 287, 1620–1626. [CrossRef] [PubMed]

29. Arshavsky, V.Y.; Lamb, T.D.; Pugh, E.N. G Proteins and Phototransduction. Annu. Rev. Physiol. 2002, 64, 153–187. [CrossRef]
30. Williams, T.P.; Webbers, J.P.P.; Giordano, L.; Henderson, R.P. Distribution of Photon Absorption Rates across the Rat Retina.

J. Physiol. 1998, 508, 515–522. [CrossRef]
31. Hunter, J.J.; Morgan, J.I.W.; Merigan, W.H.; Sliney, D.H.; Sparrow, J.R.; Williams, D.R. The Susceptibility of the Retina to

Photochemical Damage from Visible Light. Prog. Retin. Eye Res. 2012, 31, 28–42. [CrossRef]
32. Jaadane, I.; Boulenguez, P.; Chahory, S.; Carré, S.; Savoldelli, M.; Jonet, L.; Behar-Cohen, F.; Martinsons, C.; Torriglia, A. Retinal

Damage Induced by Commercial Light Emitting Diodes (LEDs). Free. Radic. Biol. Med. 2015, 84, 373–384. [CrossRef] [PubMed]
33. Thanos, S.; Heiduschka, P.; Romann, I. Exposure to a Solar Eclipse Causes Neuronal Death in the Retina. Graefe’s Arch. Clin. Exp.

Ophthalmol. 2001, 239, 794–800. [CrossRef]
34. Kutty, R.K.; Kutty, G.; Wiggert, B.; Chader, G.J.; Darrow, R.M.; Organisciak, D.T. Induction of Heme Oxygenase 1 in the Retina

by Intense Visible Light: Suppression by the Antioxidant Dimethylthiourea. Proc. Natl. Acad. Sci. USA 1995, 92, 1177–1181.
[CrossRef] [PubMed]

35. Noell, W.K.; Walker, V.S.; Kang, B.S.; Berman, S. Retinal Damage by Light in Rats. Investig. Ophthalmol. Vis. Sci. 1966, 5, 450–473.
36. Noell, W.K. Effects of Environmental Lighting and Dietary Vitamin a on the Vulnerability of the Retina to Light Damage.

Photochem. Photobiol. 1979, 29, 717–723. [CrossRef]
37. Organisciak, D.T.; Vaughan, D.K. Retinal Light Damage: Mechanisms and Protection. Prog. Retin. Eye Res. 2010, 29, 113–134.

[CrossRef]
38. Organisciak, D.T.; Darrow, R.M.; Barsalou, L.; Darrow, R.A.; Kutty, R.K.; Kutty, G.; Wiggert, B. Light History and Age-Related

Changes in Retinal Light Damage. Investig. Ophthalmol. Vis. Sci. 1998, 39, 1107–1116.
39. Krigel, A.; Berdugo, M.; Picard, E.; Levy-Boukris, R.; Jaadane, I.; Jonet, L.; Dernigoghossian, M.; Andrieu-Soler, C.; Torriglia, A.;

Behar-Cohen, F. Light-Induced Retinal Damage Using Different Light Sources, Protocols and Rat Strains Reveals LED Phototoxicity.
Neuroscience 2016, 339, 296–307. [CrossRef]

40. Algvere, P.V.; Marshall, J.; Seregard, S. Age-Related Maculopathy and the Impact of Blue Light Hazard. Acta Ophthalmol. Scand.
2006, 84, 4–15. [CrossRef]

41. Gorn, R.A.; Kuwabara, T. Retinal Damage by Visible Light: A Physiologic Study. Arch. Ophthalmol. 1967, 77, 115–118. [CrossRef]
42. Kuwabara, T.; Gorn, R.A. Retinal Damage by Visible Light: An Electron Microscopic Study. Arch. Ophthalmol. 1968, 79, 69–78.

[CrossRef]
43. Grignolo, A.; Orzalesi, N.; Castellazzo, R.; Vittone, P. Retinal Damage by Visible Light in Albino Rats. An Electron Microscope

Study. Ophthalmologica 1969, 157, 43–59. [CrossRef]
44. O’Steen, W.K.; Anderson, K.V. Photoreceptor Degeneration after Exposure of Rats to Incandescent Illumination. Z. Für Zellforsch.

Und Mikrosk. Anat. 1972, 127, 306–313. [CrossRef]
45. Nakamura, M.; Yako, T.; Kuse, Y.; Inoue, Y.; Nishinaka, A.; Nakamura, S.; Shimazawa, M.; Hara, H. Exposure to Excessive Blue

LED Light Damages Retinal Pigment Epithelium and Photoreceptors of Pigmented Mice. Exp. Eye Res. 2018, 177, 1–11. [CrossRef]
46. Remé, C.E.; Grimm, C.; Hafezi, F.; Wenzel, A.; Williams, T.P. Apoptosis in the Retina: The Silent Death of Vision. News Physiol. Sci.

2000, 15, 120–124. [CrossRef] [PubMed]
47. Remé, C.E.; Grimm, C.; Hafezi, F.; Marti, A.; Wenzel, A. Apoptotic Cell Death in Retinal Degenerations. Prog. Retin. Eye Res. 1998,

17, 443–464. [CrossRef] [PubMed]
48. Klein, R.; Klein, B.E.K.; Knudtson, M.D.; Meuer, S.M.; Swift, M.; Gangnon, R.E. Fifteen-Year Cumulative Incidence of Age-Related

Macular Degeneration. The Beaver Dam Eye Study. Ophthalmology 2007, 114, 253–262. [CrossRef]
49. Sui, G.Y.; Liu, G.C.; Liu, G.Y.; Gao, Y.Y.; Deng, Y.; Wang, W.Y.; Tong, S.H.; Wang, L. Is Sunlight Exposure a Risk Factor for

Age-Related Macular Degeneration? A Systematic Review and Meta-Analysis. Br. J. Ophthalmol. 2013, 97, 389–394. [CrossRef]
[PubMed]

50. Behar-Cohen, F.; Martinsons, C.; Viénot, F.; Zissis, G.; Barlier-Salsi, A.; Cesarini, J.P.; Enouf, O.; Garcia, M.; Picaud, S.; Attia, D.
Light-Emitting Diodes (LED) for Domestic Lighting: Any Risks for the Eye? Prog. Retin. Eye Res. 2011, 30, 239–257. [CrossRef]

51. Fliesler, A.J.; Anderson, R.E. Chemistry and Metabolism of Lipids in the Vertebrate Retina. Prog. Lipid Res. 1983, 22, 79–131.
[CrossRef]

52. Bazan, N.G.; Gordon, W.C.; Rodriguez de Turco, E.B. Docosahexaenoic Acid Uptake and Metabolism in Photoreceptors: Retinal
Conservation by an Efficient Retinal Pigment Epithelial Cell-Mediated Recycling Process. Adv. Exp. Med. Biol. 1992, 318, 295–306.

53. Wielgus, A.R.; Roberts, J.E. Retinal Photodamage by Endogenous and Xenobiotic Agents. Photochem. Photobiol. 2012, 88, 1320–1345.
[CrossRef] [PubMed]

54. Glickman, R.D. Phototoxicity to the Retina: Mechanisms of Damage. Int. J. Toxicol. 2002, 21, 473–490. [CrossRef] [PubMed]
55. Sparrow, J.R.; Wu, Y.; Nagasaki, T.; Yoon, K.D.; Yamamoto, K.; Zhou, J. Fundus Autofluorescence and the Bisretinoids of Retina.

Photochem. Photobiol. Sci. 2010, 9, 1480–1489. [CrossRef] [PubMed]
56. Marmorstein, A.D.; Marmorstein, L.Y.; Sakaguchi, H.; Hollyfield, J.G. Spectral Profiling of Autofluorescence Associated with

Lipofuscin, Bruch’s Membrane, and Sub-RPE Deposits in Normal and AMD Eyes. Investig. Ophthalmol. Vis. Sci. 2002,
43, 2435–2441.

https://doi.org/10.1074/jbc.R111.305243
https://www.ncbi.nlm.nih.gov/pubmed/22074925
https://doi.org/10.1146/annurev.physiol.64.082701.102229
https://doi.org/10.1111/j.1469-7793.1998.515bq.x
https://doi.org/10.1016/j.preteyeres.2011.11.001
https://doi.org/10.1016/j.freeradbiomed.2015.03.034
https://www.ncbi.nlm.nih.gov/pubmed/25863264
https://doi.org/10.1007/s004170100362
https://doi.org/10.1073/pnas.92.4.1177
https://www.ncbi.nlm.nih.gov/pubmed/7862656
https://doi.org/10.1111/j.1751-1097.1979.tb07756.x
https://doi.org/10.1016/j.preteyeres.2009.11.004
https://doi.org/10.1016/j.neuroscience.2016.10.015
https://doi.org/10.1111/j.1600-0420.2005.00627.x
https://doi.org/10.1001/archopht.1967.00980020117025
https://doi.org/10.1001/archopht.1968.03850040071019
https://doi.org/10.1159/000305619
https://doi.org/10.1007/BF00306875
https://doi.org/10.1016/j.exer.2018.07.022
https://doi.org/10.1152/physiologyonline.2000.15.3.120
https://www.ncbi.nlm.nih.gov/pubmed/11390893
https://doi.org/10.1016/S1350-9462(98)00009-3
https://www.ncbi.nlm.nih.gov/pubmed/9777646
https://doi.org/10.1016/j.ophtha.2006.10.040
https://doi.org/10.1136/bjophthalmol-2012-302281
https://www.ncbi.nlm.nih.gov/pubmed/23143904
https://doi.org/10.1016/j.preteyeres.2011.04.002
https://doi.org/10.1016/0163-7827(83)90004-8
https://doi.org/10.1111/j.1751-1097.2012.01174.x
https://www.ncbi.nlm.nih.gov/pubmed/22582903
https://doi.org/10.1080/10915810290169909
https://www.ncbi.nlm.nih.gov/pubmed/12537644
https://doi.org/10.1039/c0pp00207k
https://www.ncbi.nlm.nih.gov/pubmed/20862444


Antioxidants 2024, 13, 362 13 of 17

57. Eldred, G.E.; Lasky, M.R. Retinal Age Pigments Generated by Self-Assembling Lysosomotropic Detergents. Nature 1993, 361,
724–726. [CrossRef] [PubMed]

58. Delori, F.C.; Goger, D.G.; Dorey, C.K. Age-Related Accumulation and Spatial Distribution of Lipofuscin in RPE of Normal Subjects.
Investig. Ophthalmol. Vis. Sci. 2001, 42, 1855–1866.

59. Boulton, M.; Docchio, F.; Dayhaw-Barker, P.; Ramponi, R.; Cubeddu, R. Age-Related Changes in the Morphology, Absorption
and Fluorescence of Melanosomes and Lipofuscin Granules of the Retinal Pigment Epithelium. Vis. Res. 1990, 30, 1291–1303.
[CrossRef]

60. Shang, Y.M.; Wang, G.S.; Sliney, D.; Yang, C.H.; Lee, L.L. White Light-Emitting Diodes (LEDs) at Domestic Lighting Levels and
Retinal Injury in a Rat Model. Environ. Health Perspect. 2014, 122, 269–276. [CrossRef]

61. Benedetto, M.M.; Contin, M.A. Oxidative Stress in Retinal Degeneration Promoted by Constant LED Light. Front. Cell. Neurosci.
2019, 13, 139. [CrossRef]

62. Rozanowska, M.B. Light-Induced Damage to the Retina: Current Understanding of the Mechanisms and Unresolved Questions:
A Symposium-in-Print. Photochem. Photobiol. 2012, 88, 1303–1308. [CrossRef]

63. Del Olmo-Aguado, S.; Manso, A.G.; Osborne, N.N. Light Might Directly Affect Retinal Ganglion Cell Mitochondria to Potentially
Influence Function. Photochem. Photobiol. 2012, 88, 1346–1355. [CrossRef]

64. Osborne, N.N.; Li, G.Y.; Ji, D.; Mortiboys, H.J.; Jackson, S. Light Affects Mitochondria to Cause Apoptosis to Cultured Cells:
Possible Relevance to Ganglion Cell Death in Certain Optic Neuropathies. J. Neurochem. 2008, 105, 2013–2028. [CrossRef]

65. 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. 2021, 1508, 78–91. [CrossRef]

66. García, J.; Silva, E. Flavin-Sensitized Photooxidation of Amino Acids Present in a Parenteral Nutrition Infusate: Protection by
Ascorbic Acid. J. Nutr. Biochem. 1997, 8, 341–345. [CrossRef]

67. Silva, E.; González, T.; Edwards, A.M.; Zuloaga, F. Visible Light Induced Lipoperoxidation of a Parenteral Nutrition Fat Emulsion
Sensitized by Flavins. J. Nutr. Biochem. 1998, 9, 149–154. [CrossRef]

68. Hockberger, P.E.; Skimina, T.A.; Centonze, V.E.; Lavin, C.; Chu, S.; Dadras, S.; Reddy, J.K.; White, J.G. Activation of Flavin-
Containing Oxidases Underlies Light-Induced Production of H2O2 in Mammalian Cells. Proc. Natl. Acad. Sci. USA 1999, 96,
6255–6260. [CrossRef]

69. Gao, M.L.; Deng, W.L.; Huang, N.; Wang, Y.Y.; Lei, X.L.; Xu, Z.Q.; Hu, D.N.; Cai, J.Q.; Lu, F.; Jin, Z.B. Upregulation of GADD45α
in Light-Damaged Retinal Pigment Epithelial Cells. Cell Death Discov. 2016, 2, 16013. [CrossRef] [PubMed]

70. Lin, C.H.; Wu, M.R.; Huang, W.J.; Chow, D.S.L.; Hsiao, G.; Cheng, Y.W. Low-Luminance Blue Light-Enhanced Phototoxicity in
A2E-Laden RPE Cell Cultures and Rats. Int. J. Mol. Sci. 2019, 20, 1799. [CrossRef] [PubMed]

71. 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. [CrossRef] [PubMed]

72. Jaadane, I.; Villalpando Rodriguez, G.; Boulenguez, P.; Carré, S.; Dassieni, I.; Lebon, C.; Chahory, S.; Behar-Cohen, F.; Martinsons,
C.; Torriglia, A. Retinal Phototoxicity and the Evaluation of the Blue Light Hazard of a New Solid-State Lighting Technology. Sci.
Rep. 2020, 10, 6733. [CrossRef]

73. Albert-Garay, J.S.; Riesgo-Escovar, J.R.; Sánchez-Chávez, G.; Salceda, R. Retinal Nrf2 Expression in Normal and Early
Streptozotocin-Diabetic Rats. Neurochem. Int. 2021, 145, 105007. [CrossRef]

74. Chen, W.J.; Wu, C.; Xu, Z.; Kuse, Y.; Hara, H.; Duh, E.J. Nrf2 Protects Photoreceptor Cells from Photo-Oxidative Stress Induced by
Blue Light. Exp. Eye Res. 2017, 154, 151–158. [CrossRef]

75. Yang, P.M.; Cheng, K.C.; Huang, J.Y.; Wang, S.Y.; Lin, Y.N.; Tseng, Y.T.; Hsieh, C.W.; Wung, B.S. Sulforaphane Inhibits Blue
Light–Induced Inflammation and Apoptosis by Upregulating the SIRT1/PGC-1α/Nrf2 Pathway and Autophagy in Retinal
Pigment Epithelial Cells. Toxicol. Appl. Pharmacol. 2021, 421, 115545. [CrossRef] [PubMed]

76. Nilsson, S.E.G.; Sundelin, S.P.; Wihlmark, U.; Brunk, U.T. Aging of Cultured Retinal Pigment Epithelial Cells: Oxidative Reactions,
Lipofuscin Formation and Blue Light Damage. Doc. Ophthalmol. 2003, 106, 13–16. [CrossRef]

77. Ooe, E.; Tsuruma, K.; Kuse, Y.; Kobayashi, S.; Shimazawa, M.; Hara, H. The Involvement of ATF4 and S-Opsin in Retinal
Photoreceptor Cell Damage Induced by Blue LED Light. Mol. Vis. 2017, 23, 52–59. [PubMed]

78. Chen, W.; Lin, R.; Xiao, K.; Yuan, K.; Chen, Z.; Huang, Y. Effects of Different Spectrum of LEDs on Retinal Degeneration Through
Regulating Endoplasmic Reticulum Stress. Transl. Vis. Sci. Technol. 2023, 12, 16. [CrossRef]

79. Feng, J.; Chen, X.; Sun, X.; Wang, F. Expression of Endoplasmic Reticulum Stress Markers GRP78 and CHOP Induced by Oxidative
Stress in Blue Light-Mediated Damage of A2E-Containing Retinal Pigment Epithelium Cells. Ophthalmic Res. 2014, 52, 224–233.
[CrossRef] [PubMed]

80. Bok, D. Processing and Transport of Retinoids by the Retinal Pigment Epithelium. Eye 1990, 4, 326–332. [CrossRef] [PubMed]
81. Strauss, O. The Retinal Pigment Epithelium in Visual Function. Physiol. Rev. 2005, 85, 845–881. [CrossRef]
82. Saari, J.C.; Bredberg, D.L.; Noy, N. Control of Substrate Flow at a Branch in the Visual Cycle. Biochemistry 1994, 33, 3106–3112.

[CrossRef] [PubMed]
83. Li, J.; Cai, X.; Xia, Q.; Yao, K.; Chen, J.; Zhang, Y.; Naranmandura, H.; Liu, X.; Wu, Y. Involvement of Endoplasmic Reticulum

Stress in All-Trans-Retinal-Induced Retinal Pigment Epithelium Degeneration. Toxicol. Sci. 2015, 143, 196–208. [CrossRef]

https://doi.org/10.1038/361724a0
https://www.ncbi.nlm.nih.gov/pubmed/8441466
https://doi.org/10.1016/0042-6989(90)90003-4
https://doi.org/10.1289/ehp.1307294
https://doi.org/10.3389/fncel.2019.00139
https://doi.org/10.1111/j.1751-1097.2012.01240.x
https://doi.org/10.1111/j.1751-1097.2012.01120.x
https://doi.org/10.1111/j.1471-4159.2008.05320.x
https://doi.org/10.1111/nyas.14716
https://doi.org/10.1016/S0955-2863(97)00024-7
https://doi.org/10.1016/S0955-2863(97)00177-0
https://doi.org/10.1073/pnas.96.11.6255
https://doi.org/10.1038/cddiscovery.2016.13
https://www.ncbi.nlm.nih.gov/pubmed/27551507
https://doi.org/10.3390/ijms20071799
https://www.ncbi.nlm.nih.gov/pubmed/30979028
https://doi.org/10.18240/ijo.2017.02.03
https://www.ncbi.nlm.nih.gov/pubmed/28251076
https://doi.org/10.1038/s41598-020-63442-5
https://doi.org/10.1016/j.neuint.2021.105007
https://doi.org/10.1016/j.exer.2016.12.001
https://doi.org/10.1016/j.taap.2021.115545
https://www.ncbi.nlm.nih.gov/pubmed/33894213
https://doi.org/10.1023/A:1022419606629
https://www.ncbi.nlm.nih.gov/pubmed/28331281
https://doi.org/10.1167/tvst.12.6.16
https://doi.org/10.1159/000363387
https://www.ncbi.nlm.nih.gov/pubmed/25402962
https://doi.org/10.1038/eye.1990.44
https://www.ncbi.nlm.nih.gov/pubmed/2199240
https://doi.org/10.1152/physrev.00021.2004
https://doi.org/10.1021/bi00176a045
https://www.ncbi.nlm.nih.gov/pubmed/8130225
https://doi.org/10.1093/toxsci/kfu223


Antioxidants 2024, 13, 362 14 of 17

84. Roechlecke, C.; Schaller, A.; Knels, L.; Funk, R.H.W. The Influence of Sublethal Blue Light Exposure on Human RPE Cells. Mol.
Vis. 2009, 15, 1929–1938.

85. Antemie, R.-G.; Samoilă, O.C.; Clichici, S.V. Blue Light—Ocular and Systemic Damaging Effects: A Narrative Review. Int. J. Mol.
Sci. 2023, 24, 5998. [CrossRef]

86. Godley, B.F.; Shamsi, F.A.; Liang, F.-Q.; Jarrett, S.G.; Davies, S.; Boulton, M. Blue Light Induces Mitochondrial DNA Damage and
Free Radical Production in Epithelial Cells. J. Biol. Chem. 2005, 280, 21061–21066. [CrossRef]

87. Moon, J.; Yun, J.; Yoon, Y.D.; Park, S.I.; Seo, Y.J.; Park, W.S.; Chu, H.Y.; Park, K.H.; Lee, M.Y.; Lee, C.W.; et al. Blue Light Effect on
Retinal Pigment Epithelial Cells by Display Devices. Integr. Biol. 2017, 9, 436–443. [CrossRef] [PubMed]

88. Yanagi, Y.; Inoue, Y.; Iriyama, A.; Jang, W.-D. Effects of Yellow Intraocular Lenses on Light-Induced Upregulation of Vascular
Endothelial Growth Factor. J. Cataract. Refract. Surg. 2006, 32, 1540–1544. [CrossRef]

89. Núñez-Álvarez, C.; Suárez-Barrio, C.; del Olmo Aguado, S.; Osborne, N.N. Blue Light Negatively Affects the Survival of ARPE19
Cells through an Action on Their Mitochondria and Blunted by Red Light. Acta Ophthalmol. 2019, 97, E103–E115. [CrossRef]

90. Berson, D.M.; Dunn, F.A.; Takao, M. Phototransduction by Retinal Ganglion Cells That Set the Circadian Clock. Science (1979)
2002, 295, 1070–1073. [CrossRef]

91. Berson, D.M. Strange Vision: Ganglion Cells as Circadian Photoreceptors. Trends. Neurosci. 2003, 26, 314–320. [CrossRef]
92. Hannibal, J.; Christiansen, A.T.; Heegaard, S.; Fahrenkrug, J.; Kiilgaard, J.F. Melanopsin Expressing Human Retinal Ganglion

Cells: Subtypes, Distribution, and Intraretinal Connectivity. J. Comp. Neurol. 2017, 525, 1934–1961. [CrossRef]
93. Ecker, J.L.; Dumitrescu, O.N.; Wong, K.Y.; Alam, N.M.; Chen, S.-K.; LeGates, T.; Renna, J.M.; Prusky, G.T.; Berson, D.M.; Hattar, S.

Melanopsin-Expressing Retinal Ganglion-Cell Photoreceptors: Cellular Diversity and Role in Pattern Vision. Neuron 2010, 67,
49–60. [CrossRef] [PubMed]

94. Mure, L.S. Intrinsically Photosensitive Retinal Ganglion Cells of the Human Retina. Front. Neurol. 2021, 12, 636330. [CrossRef]
[PubMed]

95. Graham, D.M.; Wong, K.Y.; Shapiro, P.; Frederick, C.; Pattabiraman, K.; Berson, D.M. Melanopsin Ganglion Cells Use a Membrane-
Associated Rhabdomeric Phototransduction Cascade. J. Neurophysiol. 2008, 99, 2522–2532. [CrossRef] [PubMed]

96. Jiang, Z.; Yue, W.W.S.; Chen, L.; Sheng, Y.; Yau, K.W. Cyclic-Nucleotide- and HCN-Channel-Mediated Phototransduction in
Intrinsically Photosensitive Retinal Ganglion Cells. Cell 2018, 175, 652–664.e12. [CrossRef] [PubMed]

97. Xue, T.; Do, M.T.H.; Riccio, A.; Jiang, Z.; Hsieh, J.; Wang, H.C.; Merbs, S.L.; Welsbie, D.S.; Yoshioka, T.; Weissgerber, P.; et al.
Melanopsin Signalling in Mammalian Iris and Retina. Nature 2011, 479, 67–73. [CrossRef]

98. Hannibal, J.; Georg, B.; Hindersson, P.; Fahrenkrug, J. Light and Darkness Regulate Melanopsin in the Retinal Ganglion Cells of
the Albino Wistar Rat. J. Mol. Neurosci. 2005, 27, 147–156. [CrossRef] [PubMed]

99. Mathes, A.; Engel, L.; Holthues, H.; Wolloscheck, T.; Spessert, R. Daily Profile in Melanopsin Transcripts Depends on Seasonal
Lighting Conditions in the Rat Retina. J. Neuroendocr. 2007, 19, 952–957. [CrossRef]

100. Wong, K.Y. A Retinal Ganglion Cell That Can Signal Irradiance Continuously for 10 Hours. J. Neurosci. 2012, 32, 11478–11485.
[CrossRef]

101. Hamm, H.E.; Menaker, M. Retinal Rhythms in Chicks: Circadian Variation in Melantonin and Serotonin N-Acetyltransferase
Activity. Proc. Natl. Acad. Sci. USA 1980, 77, 4998–5002. [CrossRef]

102. Ostrin, L.A. Ocular and Systemic Melatonin and the Influence of Light Exposure. Clin. Exp. Optom. 2019, 102, 99–108. [CrossRef]
103. Vasey, C.; McBride, J.; Penta, K. Circadian Rhythm Dysregulation and Restoration: The Role of Melatonin. Nutrients 2021, 13,

3480. [CrossRef]
104. Do, A.; Li, V.W.; Huang, S.; Michalak, E.E.; Tam, E.M.; Chakrabarty, T.; Yatham, L.N.; Lam, R.W. Blue-Light Therapy for Seasonal

and Non-Seasonal Depression: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Can. J. Psychiatry 2022,
67, 745–754. [CrossRef] [PubMed]

105. Gooley, J.J.; Lu, J.; Fischer, D.; Saper, C.B. A Broad Role for Melanopsin in Nonvisual Photoreception. J. Neurosci. 2003, 23,
7093–7106. [CrossRef] [PubMed]

106. Brown, T.M.; Gias, C.; Hatori, M.; Keding, S.R.; Semo, M.; Coffey, P.J.; Gigg, J.; Piggins, H.D.; Panda, S.; Lucas, R.J. Melanopsin
Contributions to Irradiance Coding in the Thalamo-Cortical Visual System. PLoS Biol. 2010, 8, e1000558. [CrossRef] [PubMed]

107. Delwig, A.; Larsen, D.D.; Yasumura, D.; Yang, C.F.; Shah, N.M.; Copenhagen, D.R. Retinofugal Projections from Melanopsin-
Expressing Retinal Ganglion Cells Revealed by Intraocular Injections of Cre-Dependent Virus. PLoS ONE 2016, 11, e0149501.
[CrossRef] [PubMed]

108. Hattar, S.; Kumar, M.; Park, A.; Tong, P.; Tung, J.; Yau, K.W.; Berson, D.M. Central Projections of Melanopsin-Expressing Retinal
Ganglion Cells in the Mouse. J. Comp. Neurol. 2006, 497, 326–349. [CrossRef] [PubMed]

109. Lawrence, P.M.; Studholme, K.M. Retinofugal Projections in the Mouse. J. Comp. Neurol. 2014, 522, 3733–3753. [CrossRef]
110. Quattrochi, L.E.; Stabio, M.E.; Kim, I.; Ilardi, M.C.; Michelle Fogerson, P.; Leyrer, M.L.; Berson, D.M. The M6 Cell: A Small-Field

Bistratified Photosensitive Retinal Ganglion Cell. J. Comp. Neurol. 2019, 527, 297–311. [CrossRef]
111. Srinivasan, V.; Spence, W.D.; Pandi-Perumal, S.R.; Zakharia, R.; Bhatnagar, K.P.; Brzezinski, A. Melatonin and Human Reproduc-

tion: Shedding Light on the Darkness Hormone. Gynecol. Endocrinol. 2009, 25, 779–785. [CrossRef]
112. Cajochen, C.; Kräuchi, K.; Wirz-Justice, A. Role of Melatonin in the Regulation of Human Circadian Rhythms and Sleep.

J. Neuroendocr. 2003, 15, 432–437. [CrossRef]

https://doi.org/10.3390/ijms24065998
https://doi.org/10.1074/jbc.M502194200
https://doi.org/10.1039/C7IB00032D
https://www.ncbi.nlm.nih.gov/pubmed/28386617
https://doi.org/10.1016/j.jcrs.2006.04.012
https://doi.org/10.1111/aos.13812
https://doi.org/10.1126/science.1067262
https://doi.org/10.1016/S0166-2236(03)00130-9
https://doi.org/10.1002/cne.24181
https://doi.org/10.1016/j.neuron.2010.05.023
https://www.ncbi.nlm.nih.gov/pubmed/20624591
https://doi.org/10.3389/fneur.2021.636330
https://www.ncbi.nlm.nih.gov/pubmed/33841306
https://doi.org/10.1152/jn.01066.2007
https://www.ncbi.nlm.nih.gov/pubmed/18305089
https://doi.org/10.1016/j.cell.2018.08.055
https://www.ncbi.nlm.nih.gov/pubmed/30270038
https://doi.org/10.1038/nature10567
https://doi.org/10.1385/JMN:27:2:147
https://www.ncbi.nlm.nih.gov/pubmed/16186625
https://doi.org/10.1111/j.1365-2826.2007.01608.x
https://doi.org/10.1523/JNEUROSCI.1423-12.2012
https://doi.org/10.1073/pnas.77.8.4998
https://doi.org/10.1111/cxo.12824
https://doi.org/10.3390/nu13103480
https://doi.org/10.1177/07067437221097903
https://www.ncbi.nlm.nih.gov/pubmed/35522196
https://doi.org/10.1523/JNEUROSCI.23-18-07093.2003
https://www.ncbi.nlm.nih.gov/pubmed/12904470
https://doi.org/10.1371/journal.pbio.1000558
https://www.ncbi.nlm.nih.gov/pubmed/21151887
https://doi.org/10.1371/journal.pone.0149501
https://www.ncbi.nlm.nih.gov/pubmed/26895233
https://doi.org/10.1002/cne.20970
https://www.ncbi.nlm.nih.gov/pubmed/16736474
https://doi.org/10.1002/cne.23635
https://doi.org/10.1002/cne.24556
https://doi.org/10.3109/09513590903159649
https://doi.org/10.1046/j.1365-2826.2003.00989.x


Antioxidants 2024, 13, 362 15 of 17

113. Paul, K.N.; Saafir, T.B.; Tosini, G. The Role of Retinal Photoreceptors in the Regulation of Circadian Rhythms. Rev. Endocr. Metab.
Disord. 2009, 10, 271–278. [CrossRef]

114. Warren, E.J.; Allen, C.N.; Brown, R.L.; Robinson, D.W. The Light-Activated Signaling Pathway in SCN-Projecting Rat Retinal
Ganglion Cells. Eur. J. Neurosci. 2006, 23, 2477–2487. [CrossRef]

115. Johansson, A.; Nordin, S.; Heiden, M.; Sandström, M. Symptoms, Personality Traits, and Stress in People with Mobile Phone-
Related Symptoms and Electromagnetic Hypersensitivity. J. Psychosom. Res. 2010, 68, 37–45. [CrossRef]

116. Ostrin, L.A.; Abbott, K.S.; Queener, H.M. Attenuation of Short Wavelengths Alters Sleep and the IpRGC Pupil Response.
Ophthalmic Physiol. Opt. 2017, 37, 440–450. [CrossRef]

117. Menet, J.S.; Rosbash, M. When Brain Clocks Lose Track of Time: Cause or Consequence of Neuropsychiatric Disorders. Curr.
Opin. Neurobiol. 2011, 21, 849–857. [CrossRef]

118. Stevens, R.G.; Brainard, G.C.; Blask, D.E.; Lockley, S.W.; Motta, M.E. Adverse Health Effects of Nighttime Lighting: Comments on
American Medical Association Policy Statement. Am. J. Prev. Med. 2013, 45, 343–346. [CrossRef]

119. Ward, E.M.; Germolec, D.; Kogevinas, M.; McCormick, D.; Vermeulen, R.; Anisimov, V.N. Carcinogenicity of Night Shift Work.
Lancet Oncol. 2019, 20, 1058–1059. [CrossRef] [PubMed]

120. Bonmati-Carrion, M.A.; Arguelles-Prieto, R.; Martinez-Madrid, M.J.; Reiter, R.; Hardeland, R.; Rol, M.A.; Madrid, J.A. Protecting
the Melatonin Rhythm through Circadian Healthy Light Exposure. Int. J. Mol. Sci. 2014, 15, 23448–23500. [CrossRef] [PubMed]

121. Hatori, M.; Gronfier, C.; Van Gelder, R.N.; Bernstein, P.S.; Carreras, J.; Panda, S.; Marks, F.; Sliney, D.; Hunt, C.E.; Hirota, T.; et al.
Global Rise of Potential Health Hazards Caused by Blue Light-Induced Circadian Disruption in Modern Aging Societies. NPJ
Aging Mech. Dis. 2017, 3, 9. [CrossRef] [PubMed]

122. Stevens, R.G.; Zhu, Y. Electric Light, Particularly at Night, Disrupts Human Circadian Rhythmicity: Is That a Problem? Philos.
Trans. R. Soc. B Biol. Sci. 2015, 370, 20140120. [CrossRef] [PubMed]

123. Oster, H.; Damerow, S.; Kiessling, S.; Jakubcakova, V.; Abraham, D.; Tian, J.; Hoffmann, M.W.; Eichele, G. The Circadian Rhythm
of Glucocorticoids Is Regulated by a Gating Mechanism Residing in the Adrenal Cortical Clock. Cell Metab. 2006, 4, 163–173.
[CrossRef] [PubMed]

124. Gold, A.K.; Kinrys, G. Treating Circadian Rhythm Disruption in Bipolar Disorder. Curr. Psychiatry Rep. 2019, 21, 14. [CrossRef]
125. Meléndez-Fernández, O.H.; Liu, J.A.; Nelson, R.J. Circadian Rhythms Disrupted by Light at Night and Mistimed Food Intake

Alter Hormonal Rhythms and Metabolism. Int. J. Mol. Sci. 2023, 24, 3392. [CrossRef] [PubMed]
126. Ziółkowska, N.; Chmielewska-Krzesinska, M.; Vyniarska, A.; Sienkiewicz, W. Exposure to Blue Light Reduces Melanopsin

Expression in Intrinsically Photoreceptive Retinal Ganglion Cells and Damages the Inner Retina in Rats. Investig. Opthalmol. Vis.
Sci. 2022, 63, 26. [CrossRef] [PubMed]
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