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Abstract: Blue light, a high-energy component of the visible spectrum (400-480 nm), has been
explored for its potential involvement in various ocular conditions, including age-related macular
degeneration (AMD), retinitis pigmentosa (RP), and cataract formation. This narrative review examines
the potential mechanisms by which blue light exposure may influence the initiation and progression of
these diseases, drawing on evidence from in vitro, in vivo, and selected clinical studies. Experimental
findings suggest that shorter blue wavelengths (435-450 nm) can increase oxidative stress in retinal
cells under specific exposure conditions, potentially contributing to AMD-related pathological changes.
In RP models, blue light has been linked to photoreceptor vulnerability, while blue-light filtering
strategies have been explored for potential visual and circadian benefits. Regarding cataracts, laboratory
studies indicate that prolonged exposure to certain blue wavelengths (455-463 nm) may promote lens
protein aggregation and inflammatory responses. However, outcomes appear to depend strongly on
intensity and biological context. Blue-light-filtering intraocular lenses (I0OLs) and optical filters have
been proposed as protective interventions, although their long-term clinical benefits remain under
investigation. Overall, current evidence suggests that the biological effects of blue light are influenced
by wavelength, irradiance, intensity, and cell susceptibility. Further standardized exposure protocols
and well-designed clinical studies are needed to clarify its role in long-term ocular health.
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1. Introduction

Blue light is a component of the visible light spectrum, which ranges approximately
from 400 to 700 nm and represents the portion of the electromagnetic spectrum detectable by
the human eye [1]. Sunlight is the primary natural source of visible light and is essential for
life on Earth. However, rapid advances in artificial lighting and digital technologies have
introduced additional sources of visible light, particularly light-emitting diodes (LEDs) used in
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smartphones, computers, tablets, and other electronic devices. As digital device use begins at
increasingly younger ages and screen time continues to rise, concerns have emerged regarding
the potential health implications of prolonged exposure to artificial light sources [2—4]. The
digitalization of modern environments has transformed sectors such as business, tourism, and
education [5]. underscoring the need to understand its broader biological effects better.

Recent discussions have focused on the potential ocular effects of prolonged exposure
to short-wavelength (blue) light emitted from LEDs and digital screens, which has been
associated with symptoms such as eye strain, dryness, blurred vision, and musculoskeletal
discomfort, particularly among young and healthy individuals [6,7]. Epidemiological studies
have reported increasing prevalence of visual fatigue, retinal dysfunction, and sleep disruption
among individuals with prolonged digital screen exposure [2-4]. However, these symptoms
are generally linked to digital eye strain and near work rather than direct structural retinal
damage. Blue light, with its relatively higher photon energy, is capable of reaching the retina
after passing through the eye's optical media [8-10]. While experimental studies suggest that
blue light can induce oxidative stress and cellular changes under certain exposure conditions,
robust population-based evidence linking routine digital screen exposure to major retinal
diseases, such as age-related macular degeneration (AMD), remains limited. This highlights
the need for mechanistic laboratory studies to investigate cellular-level effects and better
interpret potential ocular risks.

Age-related macular degeneration (AMD), retinitis pigmentosa (RP), and cataracts are
major causes of visual impairment worldwide. AMD affects the macula and leads to
progressive central vision loss, with a global prevalence of 8.7% among individuals aged 50
years or older [11]. Retinitis pigmentosa (RP) comprises a group of inherited retinal
dystrophies characterized by progressive photoreceptor degeneration, affecting approximately
1in 4,000 individuals globally [12]. Cataracts, defined as opacification of the eye's natural lens,
remain the leading cause of blindness worldwide, accounting for more than half of global cases
[13]. These conditions significantly reduce quality of life and increase healthcare burden.

Although short-wavelength light is vital for circadian rhythm regulation and visual
function, concerns remain about the biological effects of high-intensity or prolonged artificial
exposure under certain conditions. This review will critically analyze current literature on the
mechanisms by which blue light may alter ocular tissues, drawing on in vitro, in vivo, and
clinical research, and will note existing gaps and outline ideas for future research.

2. Materials and Methods

This narrative review synthesizes current findings on “blue light effects on ocular
diseases”. A structured search was conducted in Google Scholar, PubMed, Science Direct, and
Scopus using Boolean operators and relevant keywords such as “blue light”, “short-wavelength
light”, “phototoxicity”, “ocular diseases”, “age-related macular degeneration (AMD)”,
“retinitis pigmentosa (RP)”, and “cataract”. Articles were selected based on their relevance to
the effects of blue and short-wavelength light on retinal health and ocular diseases, especially
AMD, RP, and cataracts (Figure 1). A total of 112 records were identified.

Studies were included if they (1) examined the biological or mechanistic effects of blue
light on ocular cells, to ensure relevance to disease pathogenesis rather than general visual
discomfort, (2) clearly described the light exposure parameters such as wavelength, irradiance
and intensity as these variables critically determine phototoxic effects and allow meaningful
interpretation, and (3) involved in vitro, in vivo, or human clinical data, to capture mechanistic,
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translational, and clinical perspectives. Studies were excluded if they were review articles,
book chapters, or conference proceedings to avoid duplication of secondary interpretations and
ensure reliance on primary data. Non-English publications were excluded to prevent
misinterpretation during data extraction. Duplicate records were removed to avoid data
redundancy. Studies primarily focusing on therapeutic outcomes without addressing etiological
or mechanistic aspects were excluded to maintain alignment with the review objective, which
was to examine causal and pathophysiological mechanisms of blue light exposure rather than
treatment efficacy. After screening and full-text assessment, 14 studies met the eligibility
criteria and were included in the qualitative synthesis.

A PRISMA-style flow diagram was used to document the study identification and
selection process transparently. While PRISMA guidelines are formally intended for
systematic reviews and meta-analyses, the diagram was adopted in this narrative review solely
to improve reporting clarity and reproducibility, not to imply a systematic review design [14].

Records identified from databases
{Google Schoolar, Scopus, Web of Science,
Sciencelirect)
(n=112)
Records excluded due to timeline
before 2020, published in the form of
arficle review, chapter in book, bock
. Sefies, book, conference
proceeding, non-English and
duplicate aricles
Total records after screened (n=33)
(n=79)

Studies excluded because blue light
wavelength, intensity, or exposure
conditions were nof adequately

L J

l

described
Full-articles assessed for eligibility n=29)
{n =50}

Full-article not retrieved as the study

- primarily addressed therapeutic
imterventions  rather than disease
causation.

Article included in qualitative synthesis (n=136)

n=14)

Figure 1. Preferred Reporting Items for Narrative Reviews and Meta-Analyses flow diagram.
3. Results

The results and discussion synthesize findings from experimental and clinical studies
examining the effects of blue light exposure on retinal and lens health, particularly in age-
related macular degeneration (AMD), retinitis pigmentosa (RP), and cataracts. Across models,
blue light exposure has been associated with oxidative stress, mitochondrial alterations, and
photoreceptor vulnerability. However, the magnitude and nature of these effects vary
considerably depending on wavelength, irradiance, exposure duration, and biological context.
Importantly, many experimental studies employ high-intensity or acute exposure paradigms
that differ substantially from typical environmental or digital device exposure. Therefore,
interpretation of these findings requires careful consideration of exposure conditions.
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3.1. Blue light causes age-related macular degeneration (AMD).

Experimental studies constantly show that blue light disrupts retinal health, with
evidence linking it to the early stages of AMD (Table 1). In aged C57 mice, blue light exposure
(450 nm, 2,000 lux) led to retinal damage, mitochondrial impairment in the retinal pigment
epithelium (RPE), oxidative stress, and dysfunction of photoreceptor outer segments [15]. In
human ARPE19 cells, blue light (465 nm to 475 nm) induced oxidative stress and RPE
dysfunction, which is a main factor in AMD [16]. Similarly, blue light exposure (445 + 18 nm)
with A2E accumulation generated reactive oxygen species (ROS), mitochondrial dysfunction,
and apoptosis [17]. In porcine retinal explants, blue light exposure (435 £ 20 nm) amplified
p53-mediated apoptosis [18]. However, a study from Marie et al. [18] demonstrates a dual
effect of blue light by reduced VEGF mRNA and protein levels and also increased VEGF,
which will increase oxidative stress and apoptosis in A2E-loaded cells. It signifies that while
blue light may suppress VEGF, it also worsens oxidative damage, contributing to AMD
progression (Figure 2).
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Figure 2. Schematic representation of findings on blue light caused age-related macular degeneration (AMD).
Created by authors based on data from [15-19].

Table 1. Related studies on blue light cause age-related macular degeneration (AMD).
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Intensities (lux)
. or irradiance
Reference Te.s ¢ Experimental Wave!ength (mW/cm2) or Findings Remarks
subject models settings .
luminance
(log*cd/m2)
e Dblunted the toxic effect of
the various mitochondrial
toxins
e Increasing in A2E
accumulation
e Dysfunction of .
Wavelength: m?tochondria Oxidative
[17] Human | ARPEI19 cells 4.43 mW/cm2 . . stress,
445418 nm e Increasing production of apoptosis
ROS, oxidative stress
e Activates caspase-3;
apoptosis
Retinal Wavelength: : 83;?:2;3;2?;2 053 Oxidative
[18] Porcine 435+£20 15 mW/cm2 . . p stress,
explants and increasing caspase- .
nm . . apoptosis
mediated apoptosis
e Increasing VEGF
expression, which
Wavelength: reduces angiogenesis (+)
[19] Porcine RPE cells 400, 440, 1.5 mW/cm? e Increasing VEGF Dual effect
and 480 nm. generates oxidative
stress, leading to
apoptosis of RPE cells (-)

3.2. Blue light caused retinitis pigmentosa (RP).

The findings strongly emphasize the detrimental impact of blue light on retinal health,
particularly in the context of RP (Table 2). Clinical study in autosomal dominant RP (adRP)
patients due to NR2E3 mutations shows that blue light exposure impairs rod dysfunction in RP
patients, which serves as a hallmark of progressive rod photoreceptor loss [20]. In contrast,
Kawasaki et al. [19] suggested that cone function assessed under red light conditions often
remains preserved, further highlighting the selective vulnerability of rods to blue light.
Similarly, in patients with early-onset RP caused by CRB1 mutations, blue light sensitivity
decreased as the disease progressed [20].

426 nm Effect of blue light on RP patients
I ]
420m 440 nm 460 nm 480nm :
d 450 nm 484 nm
Rod-driven vision J —ReTmat Semsivity
(Sting et al., 2019) . Rod 1

(Kawasaki et al., 2012)
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Figure 3. Schematic representation of findings on the effect of blue light and the impact of blue light filtering
on RP patients. Created by authors based on data from [19-23].
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Animal models of RP, such as the RhoP23H/+ mouse, reveal that exposure to unfiltered
blue light accelerates photoreceptor layer thinning and retinal dysfunction [21]. Based on
Figure 3, filtering out short-wavelength light (<600 nm) in these models conserved
photoreceptor morphology and function, suggesting that blue light exacerbates the structural
and functional decline characteristic of RP [22].

Table 2. Studies on the effects of blue light exposure on retinitis pigmentosa (RP) models.

Reference Test Experimental | Wavelength Intensities Findings Remarks
subject models setting (lux) or
irradiance
(mW/cm2) or
luminance
(log*cd/m2)
[19] Human RP patients Blue light 6.0t0 2.6 log |Blue light:- Rod dysfunction
wavelength: cd/m? e  Decrease retinal sensitivity
467+ 17 nm e hallmark of progressive rod
dysfunction
Red light
wavelength: Red light:-
640 £ 10 nm no significant difference from
controls, indicating preserved
cone function
[20] Human RP patients Peak Blue and Red Blue-FST:- Photoreceptor
Wavelength: light=281lux |e Beyond 30 years: rod-driven dysfunction
response diminishes; decline in
Blue light: rod photoreceptor function.
426 nm Red FST:-
e Reduced sensitivity in RP
Red light: patients
606 nm e Exhibits no clear correlation
with disease duration
e  Highlighting their potential as a
baseline functional marker, but
not as an indicator of
progression.
[21] Mice RhoP23H/+ Filtered <600 - 1) Red-tinted cages that filtered | Filtering blue light
nm short-wavelength light (<600
nm):-
e  mitigated the harmful effects of
blue light exposure
e preserved Photoreceptor Layer
(PRL)
e improved retinal health
2) Unfiltered SWL gives
deteriorated retinal health and
function
[22] Human RP patients SWL - 1) Optical SWL filters can help | Filtering blue light
(filtered) RP patients by:-
e Reducing glare and improving
visual clarity.
e Possibly  slowing  retinal
damage, offering protection to
the retina.
2) Unfiltered (SWL) exacerbates
symptoms in RP patients
[23] Human RP patients Partial filter: - e Partial absorption filters: | Filtering blue light
partially filter Increase  20% of  visual
<450 nm. discrimination
e  Full absorption filters: increase
Full Filter: 33% visual discrimination
Completely
filter <450
nm.
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In human RP patients, blue light-blocking filters reduced glare, enhanced visual
function, and perhaps reduced retinal degeneration by regulating circadian rhythms, while a
study with 57 RP patients observed that blue light-absorbing filters enhanced visual
discrimination, mainly in low-light conditions, and that complete filters improved visual
discriminationy 33% [22,23].

3.3. Blue light causes cataract.

Numerous studies underscore the cataractogenic effects of blue light, suggesting its
involvement in lens damage and cataract formation (Table 3).

sleep quality
. vision
«  protecting retinal health
(Wei et al., 2013)

FILTERED

380 nm 400 nm 420 nm 460 nm

In Vitro:-
- Pyroptosis 1
(Wang et al., 2020)

Caused cataract effect
(Zeller et al., 2022)

In Vivo:-

+ Lens clarity 4

« Cataract develop in 20% of eyes
(Wang et al., 2020)

1 Catarctgenic effect
(Haag et al., 2021)

Figure 4. Schematic representation of findings on the summary of findings on blue light caused cataract.
Created by authors based on data from [24-26].

Table 3. Related studies on blue light have caused cataract.

Title/Citation Test Experimental | Wavelength Intensities | Finding Remarks
subject models setting (lux) or
irradiance
(mW/cmz2)
or
luminance
(log*cd/m2)
[24] Porcine | Lens (ex vivo UVB: 311 - o All three wavelengths | Cataractogenic
model) nm of blue light caused effect
cataract development
UVA: 370 o Blue light (460 nm)
nm revealed the strongest
cataractogenic effect
Blue light:
460 nm
[25] Porcine | Lens (ex vivo Violet: 407 | 70 mW/cm2 | e Violet light: caused Cataract
model) nm the most significant formation
cataract formation
Blue: 463 e Blue light: caused
nm cataract formation <
violet light
Red: 635 nm
[26] Human Cataract Blue light: - Patients with blue-light- blue-light-
patients 380 nm — blocking IOLs:- blocking IOL
480 nm o Experienced implantation
(filtered) significant
improvements in sleep
quality

¢ Improving vision
o protecting retinal
health
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Figure 4 shows a summary of the blue light-induced cataract effect on several
wavelengths. In ex vivo porcine lens models, exposure to UVB (311 nm), UVA (370 nm), and
blue light (460 nm) leads to cataract formation, with blue light causing the greate damage [24].
However, violet light (407 nm) induced the highest level of cataract formation in porcine
lenses, followed by blue light in Zeller et al.'s study [25]. Clinical findings also support these
observations, as cataract patients who experienced surgery and received blue-light-blocking
intraocular lenses (IOLs) reported substantial improvements in sleep quality [26]. These
findings collectively emphasize the potential protective benefits of blue-light-blocking
interventions in preventing or mitigating cataract development.

4. Discussion

4.1. Age-related macular degeneration (AMD).

Age-related macular degeneration (AMD), usually found in individuals over 50 years
old, is a progressive retinal disease that disturbs the macula, leading to central vision loss. It is
categorized into two forms, which are dry AMD, classified by drusen accumulation and gradual
retinal pigment epithelium (RPE) breakdown, and wet AMD, which is characterized by
abnormal blood vessel growth and fluid leakage, activating rapid vision distortion [27]. Risk
factors include aging, genetic predispositions, lifestyle choices like smoking, poor diet, and
excessive blue light exposure, as well as oxidative stress and inflammation [28]. Symptoms
often comprise blurred or distorted central vision and trouble in distinguishing faces or reading,
while peripheral vision remains undamaged [29]. Although incurable, treatments such as anti-
vascular endothelial growth factor (VEGF) injections for wet AMD and antioxidant-rich
dietary supplements for dry AMD can slow its progression [30].

Blue light (400-500 nm) has appeared as an important factor in the deterioration of
retinal health, particularly in the context of age-related macular degeneration (AMD).
Experimental evidence from animal models, human cell studies, and retinal explants has
consistently emphasized its role in inducing oxidative stress, mitochondrial dysfunction, and
structural damage in retinal cells, all of which are key contributors to AMD pathogenesis
[5,15,17]. Itis important to note that these findings reflect wavelength-specific responses rather
than absolute irradiance, as most laboratory studies utilize higher exposure intensities than
those encountered in everyday digital device use. In human ARPE19 cells, exposure to blue
light (465-475 nm) caused oxidative stress, resulting in retinal pigment epithelium (RPE)
dysfunction [15]. Rather than being an isolated cause, blue light may amplify pre-existing
metabolic vulnerability in aging RPE cells. These findings underline the vulnerability of the
RPE to phototoxic damage under chronic blue light exposure.

Studies in aged C57 mice demonstrated that blue light exposure (450 nm) caused
mitochondrial impairment in the RPE and disrupted photoreceptor outer segments [5]. The
accumulation of mitochondrial dysfunction not only compromises energy production but also
increases oxidative stress through malfunctioning electron transport chains, creating a vicious
cycle of cellular damage [16]. In addition, when blue light exposure was combined with A2E
accumulation, which is a byproduct of photoreceptor metabolism, mitochondrial dysfunction
was worsened, as shown by caspase-3 activation and apoptosis [16]. These results propose that
the interaction between blue light and phototoxic metabolites like A2E further amplifies
mitochondrial impairment, driving the progression of AMD (Figure 5). While experimental
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evidence indicates that blue light can induce oxidative and mitochondrial stress in retinal cells,
its role should be interpreted within the broader framework of cumulative retinal aging.

Blue light has been shown to induce apoptosis in retinal cells through both intrinsic
(mitochondrial) and extrinsic (death receptor) pathways [18]. Porcine retinal explants exposed
to blue light (435 + 20 nm) exhibited p53-mediated apoptosis, highlighting its role in triggering
cell death pathways [17]. Similarly, in human ARPE19 cells, blue light exposure led to
apoptosis via caspase-3 activation, which is a critical effector of programmed cell death [16].
These findings validate that blue light-induced apoptosis contributes to RPE and photoreceptor
loss, causing the structural and functional deterioration observed in AMD (Figure 5).

Oxidative stress

l degeneration

‘% RPE cell
death /
e
.X.

Figure 5. Schematic representation of the potential mechanism of AMD. Created by authors based on data from
[5, 16-18].

Experimental findings highlight an important effect of blue light exposure on retinal
health, mainly in the context of AMD. The evidence emphasizes the need for protective
strategies, such as blue-light-blocking lenses, screen filters, and public health awareness
campaigns, to mitigate blue light-induced damage. However, again, most evidence derives
from high-intensity laboratory exposure, and robust epidemiological data linking everyday
digital screen use to AMD onset remain limited.

4.1.1. Dual role of blue light.

Blue light plays a dual role in retinal health, employing both harmful and regulatory
effects [18]. Blue light is pronounced in the existence of photosensitizing agents such as A2E,
a byproduct of visual cycle metabolism that accumulates in the RPE [16]. High levels of A2E
will increase ROS levels and cause oxidative stress. A study by Marie et al. [18] offers critical
insights into the regulation of vascular endothelial growth factor A (VEGFa) in RPE cells,
specifically under A2E accumulation and light exposure. VEGF is a signaling protein that plays
a critical role in angiogenesis (the process of forming new blood vessels) and maintaining
vascular health. However, excessive VEGF expression can cause pathological angiogenesis,
such as in AMD, where abnormal blood vessel growth leads to vision loss (Figure 5). Marie et
al. [18] showed that A2E accumulation significantly increases both VEGFa mRNA and
intracellular protein levels in RPE cells. This increase was consistent with the previous
observations, which indicate pathological AMD.
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Interestingly, blue light exposure (440-480 nm) could also suppress the A2E-induced
increase in VEGFa protein levels. The reduction in VEGFa secretion under blue light exposure
proposes that light-induced phototoxicity may interfere with VEGFa synthesis or release
mechanisms [18]. This surprising outcome challenges the conventional view of VEGFa as
solely protective, suggesting that under certain circumstances, such as A2E accumulation and
phototoxic stress, VEGFa may contribute to cellular damage [30,31]. Besides, the increase in
apoptosis in A2E-loaded RPE cells following reduction of VEGFa highlights a potential
maladaptive role for VEGFa in AMD-like conditions [19]. This study underscores the
complexity of VEGFa regulation in A2E-loaded RPE cells under phototoxic conditions.

Clinically, this duality suggests that blue light effects are context-dependent. While
suppression of VEGF under phototoxic stress may appear protective in some settings, excessive
oxidative injury may override potential benefits [18]. At present, these findings remain
primarily mechanistic and should not be interpreted as direct clinical evidence that blue light
exposure either promotes or suppresses AMD progression in patients.

4.1.2. Therapeutic Interventions.

Despite its detrimental effects, few studies have recognized potential interventions to
mitigate blue light-induced damage. Autophagy has occurred as a promising protective
mechanism, with evidence suggesting it helps to counteract oxidative stress and maintain
cellular function [5]. This specifies a potential avenue for preventing or delaying retinal
degeneration, particularly in aging individuals. Moreover, red light exposure has shown a
protective effect against blue light-induced damage, reducing oxidative stress and promoting
cellular health [15]. These findings suggest red light therapy as a non-invasive therapeutic
approach for managing AMD. The exploration of these therapeutic strategies highlights the
potential to balance the effects of blue light while leveraging protective mechanisms to preserve
retinal health.

4.2. Retinitis pigmentosa (RP).

Retinitis pigmentosa (RP) is known as a genetic disorder triggering progressive
degeneration of photoreceptor cells in the retina, causing vision loss. It is caused by genetic
mutations and can be inherited through autosomal dominant, autosomal recessive, or X-linked
patterns [12]. It often starts with night blindness because of rod cell damage, followed by loss
of peripheral vision (tunnel vision) as cone cells are affected [32]. Advanced stages can cause
complete blindness. While there is no cure, treatments like gene therapy, retinal implants, and
vitamin A supplementation may slow progression [32]. Early diagnosis and genetic therapy are
vital for managing the disease and exploring new treatments. Blue light exposure is a risk factor
that can potentially worsen the course of RP, but it is not the cause of the disease. The primary
cause of RP is genetic mutations, and blue light exposure may accelerate the retinal
degeneration in genetically predisposed individuals [19,20]. However, clinical management of
RP should prioritize genetic counseling and disease-modifying therapies rather than solely
environmental modification.

4.2.1. Effect of blue light on RP patients.

The harmful effects of blue light on retinal health, mainly in patients with Retinitis
Pigmentosa (RP), have been well-documented. Clinical studies on autosomal dominant RP
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(adRP) patients with NR2E3 mutations show that blue light exposure worsens rod dysfunction
[19]. This is demonstrated by significantly reduced blue light sensitivity under dark-adapted
conditions, serving as a hallmark of progressive rod photoreceptor loss [19]. Similarly, in
patients with early-onset RP caused by CRB1 mutations, blue light sensitivity was shown to
decline with disease development, while red light responses remained stable [20]. These
findings underscore the selective vulnerability of rods to blue light compared to cones. Animal
models of RP, such as the RhoP23H/+ mouse, further validate these findings, indicating that
unfiltered blue light accelerates photoreceptor layer thinning, mirroring the degenerative
patterns detected in human RP [21]. In RP, the loss of rods caused secondary cone degeneration
due to disrupted retinal homeostasis, with an increase in oxidative stress and inflammation,
which may lead to vision loss [33]. Figure 6 illustrates that blue light exposure increased the
ROS level in the retina. In those with RP, where photoreceptors were already damaged because
of genetic mutations, this oxidative stress worsens retinal damage [33]. This deteriorates the
progression of RP, causing faster loss of vision, especially in night vision and peripheral vision
[32]. Nonetheless, exposure levels in laboratory settings may not reflect everyday
environmental lighting. Thus, while minimizing excessive short-wavelength exposure in
susceptible individuals appears reasonable, further clinical trials are needed to quantify long-
term benefit.

. Eyes were exposed to blue
/ : light
G = @

j |

RP patient

Deteriorating
retina

Photoreceptor

Figure 6. Schematic representation of the potential mechanism of RP. Created by authors based on data from
[21,32,32]

4.2.2. Therapeutic interventions.

To counteract these harmful effects, blue light filtering has emerged as a capable
intervention for RP management. Short-wavelength light-blocking filters, particularly lenses
that absorb wavelengths below 450 nm or red-light filters, blocking wavelengths shorter than
600 nm, have shown significant therapeutic benefits [21]. Orlans et al.'s [21] study used
RhoP23H/+, a mouse model of RP, and observed that red-light filters preserved photoreceptor
layer thickness and cone morphology, which are often compromised under blue light exposure.
Similarly, in human patients, blue-light-blocking filters significantly reduced symptoms such
as glare and photophobia, improved visual clarity, and enhanced visual discrimination,
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particularly in low-light conditions [22]. Notably, filters that absorbed wavelengths below 450
nm improved visual discrimination by 33% in patients with better residual vision, further
emphasizing their efficacy [23]. These filters also provided an extra benefit of regulating
circadian rhythms, improving sleep quality, and overall well-being.

Overall, these studies highlight the promising role of blue light-filtering interventions
in enhancing visual function and possibly slowing retinal degeneration in RP patients [21-23].
Given the convincing evidence from both animal models and human studies, further research
is reasonable to explore the long-term effects and clinical applications of blue light filters in
RP management. These findings suggest that light-filtering technologies may offer a valuable,
non-invasive strategy to enhance the quality of life for individuals with retinal diseases such as
RP.

4.3. Cataract.

Cataract is a common eye disorder categorized by the clouding of the eye's natural lens,
leading to impaired vision. It is one of the major causes of vision loss globally, mostly in older
adults [34]. The lens, positioned behind the iris, focuses light onto the retina to produce clear
images. When cataracts form, the lens becomes opaque, scattering or blocking light and
causing blurry or distorted vision [34]. Cataracts can appear in various forms, including nuclear
cataracts that disturb the center of the lens, cortical cataracts that form at the edges and spread
inward, and posterior subcapsular cataracts that develop at the back of the lens and progress
rapidly [33]. It grows when proteins in the lens clump together, forming opaque areas that
scatter or block light from reaching the retina [35]. The main causes of cataracts include aging,
exposure to ultraviolet (UV) radiation, smoking, aoor diet, and certain medical conditions such
as diabetes [36]. Symptoms usually include blurry or cloudy vision, increased sensitivity to
glare, trouble seeing at night, and frequent changes in eyeglass prescriptions [33]. Preventative
measures such as wearing UV-blocking sunglasses, maintaining a diet rich in antioxidants,
avoiding smoking, and managing fundamental health conditions can delay the onset of
cataracts [36].

4.3.1. Effect of blue light on cataract.

Extensive research indicates that short-wavelength visible light can adversely affect
lens health, potentially contributing to cataract formation. Ex vivo studies using porcine lenses
demonstrated that blue light (460 nm) can cause significant lens damage, including loss of
transparency and structural integrity, with effects exceeding those of UVA (370 nm) and UVB
(311 nm) radiation [24]. Violet light (407 nm) showed a greater propensity to induceens
changes, whereas longer wavelengths, such as red light (635 nm), produced minimal or no
effects [25]. Although these findings provide important mechanistic insights, caution is needed
when extrapolating to humans, as in vivo lens physiology and systemic factors may influence
susceptibility. Nonetheless, these data support the idea that short-wavelength visible light is a
potential risk factor for lens opacity.

Cataracts form due to high levels of reactive oxygen species (ROS) and oxidative stress
in the lens [37]. The imbalance of ROS level in the lens causes oxidative alterations to crystallin
proteins, leading to misfolding and aggregation [37]. These changes result in aggregates of
crystallin that scatter light, causing the lens to lose transparency and develop the characteristic
clouding of cataracts (Figure 7). However, most studies involve irradiance levels exceeding
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typical digital device exposure. These results should not be directly equated with cataract risk
from routine screen use.

Lens

Crystalline
aggregates

Crytalline Cloudy lens

Figure 7. Schematic representation of the potential mechanism of cataract. Created by authors based on data
from [24,25,37].

4.3.2. Therapeutic interventions.

Therapeutic interventions, such as blue-light-blocking intraocular lenses (10Ls), have
revealed promising results in mitigating the adverse effects of blue light. In a clinical study,
cataract patients who experienced surgery and received blue-light-blocking IOLs reported
significant enhancements in sleep quality, as evidenced by decreases in Pittsburgh Sleep
Quality Index (PSQI) scores [26]. These findings suggest that cataracts will delay blue light
transmission and may disrupt melatonin regulation and circadian rhythms. By blocking blue
light, these specialized 10Ls not only improve vision but also restore circadian alignment,
offering a dual advantage [26]. Together, these studies underscore the need for protective
strategies against blue light exposure to prevent cataract development and improve overall
ocular and systemic health.

Collectively, these findings deliver strong evidence for the cataractogenic effects of
blue and violet light, which may contribute to the growing concern over the long-term impact
of artificial light exposure on ocular health [24,25]. The use of blue-light-blocking lenses and
intraocular implants seems to be a promising approach for protecting the eyes, slowing cataract
progression, and improving related health outcomes such as sleep quality [26]. Further research
is needed to understand the mechanisms behind blue light-induced cataracts and to explore the
effectiveness of protective strategies in clinical settings.

This review has several limitations that should be considered. First, most of the
evidence comes from high-intensity laboratory exposures using ex vivo models and animal
studies, which may not fully reflect the effects of everyday blue light exposure from digital
devices and other environmental sources on humans. Second, robust epidemiological studies
linking typical human blue light exposure to ocular diseases such as AMD, RP, and cataract

https://nanobioletters.com/ 13 of 17


https://doi.org/10.33263/LIANBS152.079
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS152.079

are limited, restricting our ability to extrapolate experimental findings to population-level risk
directly. Finally, most studies focus on short-term or acute exposures, leaving long-term
consequences under physiologically relevant conditions largely unexplored. These limitations
underscore the need for controlled human studies to clarify safe exposure levels and further
validate the mechanistic insights identified in laboratory and animal research.

5. Conclusions

Blue light exposure, specifically at wavelengths between 400 nm and 480 nm,
contributes to oxidative stress, mitochondrial dysfunction, and apoptosis, accelerating the
progression of ocular diseases such as AMD, RP, and cataracts. Preventive measures, such as
blue-light-blocking filters, intraocular lenses, and lifestyle modifications, have proven
promising results in protecting retinal and lens health. As digital device use increases, raising
awareness and normalizing protective strategies are crucial to reduce the risk of vision loss and
promote long-term ocular health. While significant progress has been made in understanding
the mechanisms of blue light-induced damage, particularly its role in oxidative stress,
apoptosis, and retinal degeneration, significant gaps still exist. The current research lacks long-
term, population-based studies assessing the efficacy of blue-light-blocking techniques in the
real world. Future research should focus on longitudinal and interventional studies to evaluate
the protective efficacy of blue-light filters, screen-time management, and pharmaceutical
treatments. Clarifying these issues will be critical for producing evidence-based guidelines to
reduce blue light-related ocular hazards.
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