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Abstract

The invention of Light Emitting Diode (LED) revolutionized energy-efficient illumination, but

concerns persist regarding the potential harm of blue light to our eyes. In this study, we scru-

tinized the impact of LED light characteristics on eyes using two cell types: M-1 (rich in mito-

chondria) and CD-1 (neuronal). Variations in color rendering index (CRI) and correlated

color temperature (CCT) were investigated, alongside exposure durations ranging from 0 to

24 hours. The findings illuminated the potential benefits of high-quality LED lighting, charac-

terized by a high CRI and low CCT, which emits a greater proportion of red light. This form of

lighting was associated with enhanced cell proliferation, elevated ATP levels, and reduced

oxidative stress. In contrast, LEDs with low CRI and high CCT exhibited adverse effects,

diminishing cell viability and increasing oxidative stress. These results suggest that high-

quality LED lighting may have neuroprotective potential as a treatment option, such as for

retinal ganglion cells.

Introduction

Glaucoma stands as the second most prevalent cause of vision impairment globally [1, 2]. Cen-

tral to its pathology is the progressive loss of retinal ganglion cells (RGCs) [3], spurring exten-

sive research efforts aimed at unraveling the intricate mechanisms underlying RGC demise.

Neurons, exemplified by Retinal Ganglion Cells (RGCs), stand out among diverse cell types

for their susceptibility to mitochondrial impairment, owing to their heightened energy

requirements and heightened sensitivity to reactive oxygen species (ROS) and apoptosis. A

plethora of studies have underscored the correlation between mitochondrial dysfunction and a

spectrum of neurodegenerative disorders, notably Parkinson’s disease and Alzheimer’s disease

(AD), predominantly driven by oxidative stress [4–7]. Mitochondrial abnormalities serve as an

initial catalyst for neuronal dysfunction, preceding observable degeneration in a glaucoma

model [8].
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Light can also affect mitochondrial function and the function of RGCs [9, 10]. Artificial

lighting is fundamental to modern society, yet the emergence of advanced lighting technolo-

gies has raised concerns about the escalating health risks associated with light pollution [11].

Among these technologies, Light-emitting diodes (LEDs) emit heightened levels of blue light

compared to traditional light sources, potentially exposing humans to unprecedented levels of

blue light [12]. Given the environmental health implications, it’s imperative to evaluate the

risks of retinal light injury and potential hazards stemming from prolonged exposure to LEDs

before advancing further with this crucial, energy-efficient technology. Quality of LEDs, which

may influence retinal damage, can be classified by color rendering index (CRI) and correlated

color temperature (CCT), which are classic color metrics used to judge the quality of LED

lights [12].

It’s hard to study the neuroprotective or damaging effect of different characteristics of LED

light on RGCs, because the isolation of RGCs is known to be difficult and the commercial

RGC-5 line has been withdrawn [13]. Moreover, pure RGCs are very vulnerable to certain

environmental stimuli and are hard to maintain over a long period of time in a normal ambi-

ent environment. Therefore, we were going to study for similar cells like RGCs that could

endure our study environment and could represent RGCs. Actually, RCGs have two basic

characteristics: one is mitochondrial-rich and the other is neuronal cells. To carry out this

study, we used a mouse kidney collecting duct cell, the M-1 cell, which is well-known as a

mitochondrial-rich cell type [14], and mouse brain CD1 cortex neuronal cells, a neuronal cell

line.

The main goal of this study was to evaluate the effects of different characteristics of LED

light on similar cells like RGCs indirectly, by extrapolating from its effects on M-1 and CD1

cells; this was done in terms of functional and histological alterations induced by different

LED light exposure, using the experimental methods described below.

Materials and methods

Cell preparation

M-1 (ATCC1 CRL-2038™) cells were cultured in a nurturing blend of Dulbecco’s modified

Eagle’s medium and Ham’s F12 medium, in a 1:1 ratio, enriched with 2.5 mM L-glutamine

and carefully adjusted to maintain 15 mM HEPES, 0.5 mM sodium pyruvate, and 1.2 g/L

sodium bicarbonate. The culture medium was further fortified with 0.005 mM dexamethasone

and 5% fetal bovine serum to support cellular growth and viability. The cultures were main-

tained at 37˚C in a humidified atmosphere comprising 5% CO2 and 95% air.

293T cells, originating from human embryonic kidney epithelial cells, were selected to jux-

tapose mitochondrial concentrations with those of M-1 cells. 293T cells were cultivated in Dul-

becco’s modified Eagle’s medium supplemented with 2.5 mM L-glutamine, enriched with 15

mM HEPES, 0.5 mM sodium pyruvate, and 1.2 g/L sodium bicarbonate. This medium was fur-

ther fortified with penicillin/streptomycin (Sigma, US) and 10% fetal bovine serum to sustain

cellular growth and vitality. Subsequently, both cell lines were incubated under identical con-

ditions, at 37˚C in a humidified environment with 5% CO2 and 95% air. Mitochondria in M-1

and 293T cells were discerned utilizing Mito-ID green.

Mouse brain CD1 cortex neuronal cells (M-CX-400, Lonaz, Walkersville, MD 21793–0127,

USA) were cultured in PNGMTM Primary Neuron Growth Medium BulletKitTM (CC-4461).

The cultures were meticulously maintained at 37˚C in a humidified atmosphere of 5% CO2

and 95% air.
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Each vial of cortical cells contained an approximate count of 4 million viable cells. These

cells were evenly distributed into 50 wells of a 96-well plate, adhering to recommended plating

densities and utilizing the provided medium.

Within about 4 days of cultivation, the cells established a complex neurite network, with

debris markedly reduced by the 7th day. Following the initial 2-hour media change post-seed-

ing, further media changes were not advised until day 7. For extended cultivation, a 50%

media renewal with fresh, pre-warmed medium was performed every 3 days thereafter.

Cellular assays were conducted after 12 days of sustained cultivation to assess their func-

tional characteristics and responses under experimental conditions.

LED lamp preparation

The experimental illuminating system included a 6 inch 15W down LED light and quantum

dot bulb custom made by King Star Lighting (King Star, Incheon, Korea) characteristics of the

bulbs are shown in Fig 1. As the bulbs went from LED 1 to LED 4, CRI values decreased and

CCT values increased; the light spectrum and CIE 1931 color space were different at different

settings. The major difference in lighting spectra from LED 1 to LED 4 was that the amount of

red waves decreased and the amount of blue waves increased. The majority of values were sim-

ilar between quantum dot (QD) and LED 1, however, the distribution of the lighting spectrum

differed between the two LEDs. The spectrum of QD light was more focally distributed and

contained a higher proportion of red wave, near-infrared, light, than did that of LED 1

(Fig 1B).

Fig 1. Values of several light emitting diodes (LEDs) used in this study. (A) A quantum dot (QD) LED was installed

on the ceiling of a customized CO2 incubator. QD LED was turn on state (Botton) (B) Specifications of the LEDs which

were used in this study. From LED1 to LED4, the CRI value decreased and the CCT value increased. Most values were

similar in QD LED and LED1, but the distributions of the light spectra were different between the two LEDs. The QD

LED spectrum was more focally distributed and contained a greater proportion of red waves than that of LED1. (QD:

quantum dot LED, PPFD: photosynthetic photon flux density, CRI: color rendering index, CCT: correlated color

temperature, Lux: Illuminance).

https://doi.org/10.1371/journal.pone.0306656.g001

PLOS ONE The effects of light emitting diodes on mitochondrial function

PLOS ONE | https://doi.org/10.1371/journal.pone.0306656 August 30, 2024 3 / 16

https://doi.org/10.1371/journal.pone.0306656.g001
https://doi.org/10.1371/journal.pone.0306656


The experimental illumination system was situated at the top of the CO2 incubator and the

temperature of the system was maintained at 37˚C and humidity of system was also main-

tained over 96% to mimic cell culture conditions. The illumination system irradiated the basal

surface of the plates (black) and was positioned 35 cm directly above the light source. After

inserting the LED bulb and turning on the power in the incubator, the temperature inside the

wells rose over the course of 30 minutes and then remained almost unchanged for the rest of

the incubation time. The incubator was equipped with an auto cooling system (Vision Labora-

tory Instruments, Korea, www.visionbionex.com). Cells that were kept in the dark and incu-

bated in the same incubator as the exposed cells were used as a control group. The exposure

times were 0, 1, 1.5, 2, 4, 6 and 24 hours.

Cell viability assay

1) Trypan blue staining. 5x105 cells per well were seeded onto a 6-well plate and allowed

to incubate overnight. Cell viability was assessed using trypan blue dye exclusion method with

a hemocytometer. Following trypsinization, cells were treated with a 0.4% trypan blue solution

(Sigma) for 10 minutes, and more than 300 cells were scored under inverted microscopy. Both

viable and nonviable cells were enumerated. The relative survival rate was calculated using the

formula: Cell viability (%) = [OD (treatment groups)/OD (negative control)] X 100%.

2) LDH assay. Cells were seeded into 96-well plates and permitted to adhere overnight.

Following this initial incubation period, they were exposed to LED light for the appropriate

durations. In triplicate wells, additional cells were plated to serve as spontaneous LDH activity

controls (treated with water) and maximum LDH activity controls (treated with 10X Lysis

Buffer). Fifty microliters of cell culture supernatant from each well were carefully transferred

into a non-sterile, clear 96-well multiwell plate (Nunc, Thermo Fisher Scientific, Waltham,

MA). To initiate the reaction, fifty microliters of reaction mixture from the Pierce LDH Cyto-

toxicity Assay kit (Thermo Fisher Scientific) were then added to each well. The plates were

shielded from light and incubated at room temperature for 30 minutes to allow the reaction to

proceed. Following incubation, the reaction was halted by adding 50 μL of stop solution.Quan-

tification of LDH release was achieved by measuring absorbance at both 490 nm and 680 nm

using a microplate reader. Subsequently, the obtained data were exported to Microsoft Excel

(Microsoft Corp., Redmond, WA) for further processing. Normalization to the control condi-

tion (0 hours) was conducted before subsequent analysis in Prism 5.0 (GraphPad, La Jolla,

CA). For the determination of LDH activity, the background absorbance at 680 nm was sub-

tracted from the absorbance at 490 nm prior to the calculation of percent cytotoxicity. [(LDH

at 490nm)—(LDH at 680nm)]. To determine percent cytotoxicity, we subtracted the LDH

activity of the spontaneous LDH release control (water-treated) from the LDH activity of the

chemical-treated sample. This difference was then divided by the total LDH activity. [(maxi-

mum LDH release control activity) (spontaneous LDH release control activity)], and the result

was multiplied by 100:

% cytotoxicity
¼ ½ðLED� exposed LDH activity � spontaneous LDH activityÞ=ðmaximum LDH activity
� spontaneous LDH activityÞ� X 100

Mitochondrial function analysis

1) WST-1 cell proliferation assays. The WST-1 assay capitalizes on the enzymatic activity

of mitochondrial succinate-tetrazolium reductase, which catalyzes the cleavage of tetrazolium

salts into a soluble formazan dye. This process occurs exclusively in viable cells and is directly

correlated with cellular metabolic activity. Cells were initially seeded into 96-well plates,
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allowing them to adhere overnight, before being subjected to various light exposures. Subse-

quently, the WST-1 assay was conducted immediately after light exposure durations of 1, 1.5,

2, and 4 hours. Upon completion of light exposure, 10 μl of Cell Proliferation Reagent (www.

donginls.com) was added to each well, followed by an incubation period of 0.5–1 hour at 37˚C

in darkness. After incubation, the resulting formazan dye was quantified by measuring its

absorbance at 450 nm using a microplate reader.

2) ATP assay. The colorimetric ATP assay was conducted according to the manufactur-

er’s instructions (BioVision, cat. # k354). In summary, 10 μl of both samples and standards

were dispensed into 96-well plates preloaded with the ATP reaction mixture. Incubation was

carried out at room temperature in darkness for 30 minutes.

Subsequently, the plates were subjected to reading using a microplate reader, measuring

absorbance at 570 nm. All ATP assays were monitored for a duration of 4 hours.

3) ROS measurement. ROS levels were quantified using BioVision’s ROS Detection

Assay Kit. Cells were seeded into 96-well plates, with a recommendation for using a black plate

with a clear bottom for optimal fluorescence measurement. Following overnight incubation to

allow for adherence, the media was aspirated, and the cells were gently washed with 100 μl of

ROS Assay Buffer. Subsequently, 100 μl of 1X ROS Label, diluted in ROS Assay Buffer, was

added to each well, and the cells were incubated for 45 minutes at 37˚C in darkness. To remove

excess ROS Label, 100 μl of ROS Assay Buffer or PBS was added, and the cells were exposed to

light for durations of 1, 1.5, 2, and 4 hours. The experimental setup included appropriate con-

trols, along with blank wells containing only media or buffer. In one control experiment, cells

were treated with 100 μM H2O2 for 4 hours prior to analysis.Fluorescence was then measured

at Ex/Em = 495/529 nm in endpoint mode, in the presence of compounds and controls, to

assess ROS levels accurately.

4) TIRF (Total internal reflection fluorescence microscope) image. M-1 cells were

exposed to control, QD LED, LED1, LED2, LED3 and LED 4 irradiation for 2 hours and Mito-

green 530 were treated after LED exposure. Coverslips were carefully mounted onto the sam-

ples, facilitating the imaging process of Mito-green 530 fluorescence using a TIRF microscope.

(lg-TIRFM, TIRF Labs, NC, USA). Three images of TIRF were analyzed: original image, color

coded image and zoom in image [15].

Statistical analysis

All data is expressed as mean ± SEM. Student’s t-test was used for two-group comparisons

using Statistical Package for the Social Sciences (SPSS) for Windows (version 21.0, SPSS, Inc.,

Chicago, IL, USA). A P-value < 0.05 was considered statistically significant.

Results

Cellular viability differed according to type of LED exposure in M-1 cells

Cellular proliferation impairment and functional impairments of mitochondria were observed

when M-1 cells were exposed to lower CRI and higher CCT LED light. This discovery was fol-

lowed by an investigation into whether mitochondrial destruction caused cellular death.

Therefore, we used trypan blue and LDH assays (Fig 2), which are widely used to detect cell

death.

In the QD LED, LED1, and LED2 groups, cell viability was maintained for a certain period

of time which corresponded to increased cellular proliferation and decreased ROS generation.

In the LED3 and LED4 groups, cellular viability decreased after irradiation; viability was nota-

bly worse in the LED4 group (Fig 2).

PLOS ONE The effects of light emitting diodes on mitochondrial function

PLOS ONE | https://doi.org/10.1371/journal.pone.0306656 August 30, 2024 5 / 16

http://www.donginls.com
http://www.donginls.com
https://doi.org/10.1371/journal.pone.0306656


The results of LDH assays revealed a similar reverse pattern as seen in the trypan blue assays

(Fig 2). Like in trypan blue staining, LDH assays showed that higher CRI and lower CCT LED

caused less cell death.

Microscope images of the QD LED, LED2, and LED4 groups were taken toreveal cell den-

sity, which indicates cellular viability, in the same area of the well in each group after 2 hours

Fig 2. Cellular viability in M-1 cells according to type of LED and duration of LED lighting. The trypan blue assay and LDH assay

were used in M-1 cells to assess cellular viability according to different classes of LED lights and different exposure times. Microscopic

image of M-1 cells 2 hours after LED illumination with QD LED, LED 2, LED 4. Black scale bar: 100 μm, (* p< 0.05, **p< 0.01).

https://doi.org/10.1371/journal.pone.0306656.g002
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irradiation. Cellular viability decreased in the order QD LED > LED2 > LED4, as seen in the

trypan blue results (Fig 2).

Mitochondrial function is altered by the character of LED light in M-1 cells

We used M-1 cells, a mitochondria-rich mouse kidney collecting cell line that can be used to

represent mitochondria-rich vertebrate cells [13], we confirmed this fact by comparing them

with epithelial human embryonic kidney 293T cells by immunostaining with an MITO-ID

green kit. Fluorescence microscopy revealed that there were more mitochondria in M-1 cells

than in 293T cells (Fig 3A–3H).

LED light exposure affected cellular proliferation according to results of WST- 1 assays

(Fig 4). With exposure to QD LED light, cellular proliferation occurred from 1 to 6 hours and

finally decreased compared to baseline (p<0.05). This proliferation occurred relatively earlier

than it did with other LEDs. In the LED1 group, cellular proliferation occurred from 2 to 6

hours and also finally decreased compared to baseline (p<0.05). In the LED2 group, cellular

proliferation was seen from 2 to 6 hours, as in LED1, however, the amount of proliferation was

tiny. In the LED3 group, cellular proliferation was rare and proliferation decreased from 6

hours onwards, and there was no increase in cellular proliferation at the beginning of illumina-

tion and proliferation decreased gradually to the 24 hours point in the LED4 group.

Results of ATP assay were shown in Fig 4. In the QD LED, increasing ATP occurred from 1

to 4 hours (p<0.05). In the LED 1, amount of ATP were almost similar and slight increasing of

ATP was shown at 2 hours (p<0.05). In the LED 2 & LED 3, there were slight elevation of ATP

at 1 hour but after then amount of ATP decreased and, there was no increase in amount of

ATP from beginning to end of illumination in the LED 4.

Fig 3. Morphological characteristic of M-1 cells compared to 293T cells and morphological characteristic of mouse brain CD1 cortical neuronal cells.

Abundant mitochondria identified by immunostaining with MITO-ID green in M-1 cells (A,B,E,F) compared to relatively few mitochondria in 293T cells

(green: mitochondria) (C,D,G,H). Typical characteristics of nerve cells, including nuclei and axons, were present in CD1 cells (I). A and C: mito-ID green

detection stain; B and D: Hoechst33342 nuclear stain; E and G: Light microscope view; F and H: Merge image.(A,B,E,F images for M-1 cells and C,D,G,H

images for 293T cells) (White scale bar: 20 μm, black scale bar: 50 μm).

https://doi.org/10.1371/journal.pone.0306656.g003
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Changes in mitochondrial functioning which is represented by ROS were observed and cor-

responded well with the cellular proliferation results. In the QD LED and LED1 groups, there

was no increased ROS generation from the beginning of illumination to 6 hours and finally

increased at 24 hours; however, in the LED2, LED3, and LED4 groups, ROS generation

Fig 4. Mitochondrial functional assays in M-1 cells according to different LEDs and duration of application of LED light. Two types of

mitochondrial functional assay (WST-1 and ROS level) and ATP assay were carried out with different classes of LED light (A) and for different periods of

time in M-1 cells. The ATP assay was performed in quadrupicate and replicated at least three times using distinct cell harvests. Output was measured at 1,

1.5, 2, 4, 6, and 24 hours. (* p< 0.05, **p< 0.01, ***p<0.0001).

https://doi.org/10.1371/journal.pone.0306656.g004
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increased starting at the beginning of illumination (p<0.05), even though there was little dif-

ference at 2 hours and 4 hours, and finally increased at 24 hours (Fig 4).

Mitochondrial appearance image of control, QD LED and LED 4 groups were taken using

TIRF at 530nm after 2 hours irradiation. Appearance of mitochondria between control and

QD LED group were shown similar pattern, whereas the appearance of mitochondria of LED

4 were larger and grape like pattern which is typically shown in mitophagy (Fig 5).

Cellular proliferation is altered by LED light in mouse brain CD1 cortex

neurons

Neuronal cells are more vulnerable than other cells in the same environment. Therefore, we

measured cellular proliferation using the WST-1 assay for 4 hours in CD1 cortical neuronal

cells exposed to different types of LED light. The results showed that cellular proliferation

decreased with lower CRI values, higher CCT values, and longer duration of illumination and

cellular proliferation was noticeably showed in QD LED and decreased cellular proliferation

was showed in LED4 (Fig 6). These results were similar to the M-1 cell proliferation results.

Discussion

Artificial LED lighting is becoming increasingly prevalent in the domestic lighting market

because LEDs require low energy consumption and LEDs have benefit to change color easily.

By 2016, the European Union had phased out traditional incandescent light sources from store

shelves, with LED lighting emerging as the predominant choice for domestic illumination

[12]. However, the distinctive spectral and energetic characteristics of white LED bulbs com-

pared to other household lighting options have prompted concerns regarding their potential

impact on human health, particularly on ocular safety [12]. The most prevalent LED lighting

Fig 5. Mitochondrial morphology in M-1 cells according to control, QD LED and LED4. M-1 cells were exposed to control. (A), QD LED (B) and LED 4 (C)

irradiation for 2 hours and mitochondrial morphology was observed using TIRF microscopy at 530 nm. The images were shown original mitochondria (upper

panel), color coded image (middle panel) an zoom-in image (bottom panel) of red square at middle panel. Scale bar, 1 pixel: 160 nm.

https://doi.org/10.1371/journal.pone.0306656.g005
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variant, the phosphor-conversion (PC) LED, employs a blue-light-emitting LED chip coated

with a yellow phosphor layer to produce white light [16]. Despite the apparent normalcy of the

resulting white light to human perception, a notable peak of blue light spanning from 460 to

500 nm is emitted within the white light spectrum, raising considerations about its potential

effects [12, 17]. Therefore, some previous studies investigated the possibility that white LEDs

could cause eye or retinal injury [12, 17]. These were mostly review articles that simply

researched the relationship between white LED light and retinal injury. However, these days,

LED lighting has been coming out in various generations [18] and the quality of an LED can

be classified with CCT and CRI values, except factors involving luminous efficiency. Moreover,

glaucoma patients have some trouble with visual impairment and low quality of life comparing

to normal person [19–21] and glaucoma patient may have more time under artificial light,

especially LED because of their visual impairment. Therefore, we wanted to investigate the

relationship between LED quality and eye effect, especially RGC health indirectly using M-1

and CD-1 cells.

The CCT serves as a primary benchmark in assessing the tonal quality of white light, often

characterizing it as either ’Hot’ or ’cold,’ evoking distinct sensory associations. Warm white

illumination exudes a cozy ambiance with its subtle yellow-orange hue, typically manifesting

with a CCT below 3500K. Conversely, cold white light tends towards cooler hues reminiscent

of blue tones, featuring CCT ranges from 5500K upwards [12]. Therefore, a low CCT value

means that the color put out by a light is near red and hot, whereas a high CCT value means

that the color emitted is near blue and cold.

The CRI stands as another vital traditional performance metric for assessing color quality.

It is a well-known color metric that is used to reproduce highly saturated colors of objects illu-

minated by a white light [18]. A superior white light source should faithfully render the true

colors of its illuminated surroundings, a critical aspect particularly in indoor lighting

Fig 6. Mitochondrial activity assay in CD-1 cells according to LED type and duration of LED exposure. The WST-1 assay (B) was carried out in CD-1 cells.

WST-1 was measured after 0 (baseline), 1, 1.5, 2, and 4 hours of LED illumination. (* p< 0.05, **p< 0.01).

https://doi.org/10.1371/journal.pone.0306656.g006
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applications. Furthermore, research by Raynham et al. suggests that adequate color rendition

enhances road safety by improving color contrast, particularly in low ambient lighting scenar-

ios such as outdoor settings [22]. Originating from the Commission Internationale de l’Eclai-

rage (CIE) in 1971 [23], the CRI underwent refinement to its present iteration in 1995 [24].

With a maximum value of 100 signifying optimal color rendering and -100 representing the

poorest rendition, the CRI serves as a pivotal tool for evaluating lighting quality [25]. By defini-

tion, daylight has a CRI of 100, therefore, the main goal of artificial lighting is achievement of

higher CRI and lower CCT values. Scientists and engineers who work on LED lighting have

tried to invent high-CRI LEDs with good luminous efficacy [18, 26].

The major finding of our study was that cultured cells exposed to higher CRI and lower

CCT LED lights exhibited more normal mitochondrial function as assessed by cellular prolif-

eration and ATPase activity, more balanced and low ROS production, and less cell death than

cells exposed to lower CRI and higher CCT lights. A lower CCT value means that light is near

red in wavelength and a higher CRI value means that the character of the light is similar to that

of sunlight and has a higher proportion of red waves, which is true for traditional incandescent

lighting. Shang et al also showed similar results. They revealed that white LED at domestic

lighting level which have more blue light can induce photochemical injury of retina [17].

Although we did not use RGCs in this study, it seems to be suggested that high-quality LED

lighting may induce normal mitochondrial functions and less cellular toxicity in RGCs,

because we found similar cellular results from M-1 cell and CD1 cortex neuronal cells which

were cells with two typical characteristics of RGCs.

The presence of high concentration of ROS can overpower the cell’s innate defense systems,

potentially leading to various outcomes such as the generation of internal antioxidants [27]

and the initiation of pathways associated with programmed cell death. One pivotal role of ROS

lies in mediating vital cellular functions like apoptosis, which holds significance in maintaining

cellular balance as well as in numerous pathological conditions [28]. Numerous studies have

demonstrated apoptosis as the primary mechanism underlying Retinal Ganglion Cell (RGC)

death, with its activation stemming from various processes. The most important organelle in

controlling ROS and oxidative stress is the mitochondria.

Mitochondria are cytoplasmic organelles that regulate both metabolic and apoptotic signal-

ing pathways. Their major functions include generating energy in the form of adenosine tri-

phosphate (ATP), regulating cellular calcium homeostasis, balancing ROS production and

detoxification, mediating apoptotic cell death, and carrying out synthesis and metabolism of

various key molecules such as fatty acids [29–31]. Mitochondrial dysfunction leads to diverse

pathologies in a multitude of human disease states [32].

The quantity of mitochondria within cells fluctuates based on the metabolic requirements

of those cells. Mitochondria-rich cells have more mitochondria than do adjacent cells from the

same epithelium; such cells include kidney collecting duct cells in vertebrates, amphibian uri-

nary bladder cells, and amphibian epidermal cells [14]. Moreover, central nervous system

(CNS) neurons require abundant mitochondria; approximately 90% of the ATP generated by

mitochondria is dedicated to sustaining the intricate membrane dynamics crucial for the prop-

agation of action potentials and the survival of neurons. Notably, within the retina, unmyelin-

ated Retinal Ganglion Cell (RGC) axons harbor a particularly abundant population of

mitochondria, emphasizing their pivotal role in supporting neuronal function and viability

[33–35] and in the inner segments of photoreceptors [36]. Mitochondrial density can be

changed according to local energy demands. In the unmyelinated prelaminar and laminar

regions of the optic nerve, where the maintenance of membrane potential demands significant

energy expenditure, a notable abundance of voltage-gated Na+ channels is observed [37]. Con-

sequently, this region exhibits the highest concentration of mitochondria, alongside structural
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cytoskeleton proteins, reflecting their pivotal role in energy metabolism, with a significant

decrease in their concentration occurring more posteriorly with optic nerve myelination [38].

There are several crucial risk factors of mitochondrial dysfunction. Aging, genetics,

increased IOP, ischemia, and light are the most common factors associated with mitochondrial

dysfunction [29, 39, 40]. Light of different wavelengths interacts differently with the four pri-

mary mitochondrial protein complexes responsible for ATP generation. Blue light potentially

has a negative influence on mitochondria in RGCs. Exposure to blue light can lead to a reduc-

tion in mitochondrial dehydrogenase activity and a decline in redox potential. This disruption

results in decreased ATP production and elevated levels of ROS, both of which are indicative

of oxidative stress. This may be of significance in glaucoma, where it’s probable that the mito-

chondria of RGCs are already compromised, rendering them more vulnerable to the effects of

blue light. Long–wavelength or red light influences mitochondrial complex IV, also known as

cytochrome oxidase, enhancing ATP production rates and mitigating ROS levels. This process

yields several advantageous factors [9, 31, 41, 42]. Moreover, damaged mitochondria are selec-

tively turned over in eukaryotic cells via mitophagy, autophagosome engulfs to damaged mito-

chondria and appearance of mitochondria are changed larger and grape-like pattern [43, 44].

These results suggest that LED light that includes more red and near-infrared wavelengths and

that is similar to natural sunlight, which is represented by high CRI and low CCT values, has

positive effects on mitochondrial physiology and cellular viability.

Another interesting finding is that the wavelength and the spectral power distributions

(SPDs) of light may be important for mitochondrial function and may represent crucial risk

factors that contribute to photochemical retinal injury. When we compared QD LED and LED

1 light, we noticed that many specifications were similar between the two except for the

amount of near-infrared light and Lux (luminous flux received by a surface)(Fig 2). QD LED

light had more near-infrared wavelengths and less Lux. Cells exposed to QD LED light had

more cellular activity, ATP level and less ROS than did those exposed to LED1 light, although

cells exposed to LED1 light had elevated cellular activity and low ROS generation compared to

the other LED lights. One possible reason for this finding concerns SPDs, and another is that

light is a particle [45]. In the same situation, more focal near-infrared wavelength light from an

LED may be beneficial to mitochondrial physiological functioning and an excessive number of

particles of light may have a negative effect on the mitochondria, especially near-blue wave

light. Shang et al. also noted that SPDs and wavelength were very important to cell survival in

vivo [17].

It is very difficult to make LED lights that fit the above conditions, such as narrow focal

wavelength and low Lux. However, QD lights, a third-generation LED technology, makes it

relatively easy. This is because QD LEDs are capable of fine spectral tuning via by size control

and narrow-band emissions [25].

A final interesting finding of our study is that the duration of light irradiation is important.

According to our results, after 24 hours of LED irradiation, ROS activation and associated cell

death were increased in all groups regardless of the type of LED used. This is very important

nowadays because many people remain at work for a long time, some people work more at

night time, and personal computers, smartphones, tablet PCs, etc. are used by a very large

number of people. As time goes on, the amount of time that we all spend under artificial light-

ing such as LED lighting will continue to increase. Therefore, the cumulative time that we are

exposed to light irradiation will increase, so the chance of cellular damage will also increase.

Therefore, it is essential that we further investigate the safe duration of usage, intensity, and

characteristics of artificial light, especially LED light. Moreover, our study may be the first step

for safety mandates concerning artificial light usage.
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A limitation of this study is that we did not use primary RGCs cells. This was because, as

mentioned previously, primary cultured RGCs cells cannot survive in our study conditions,

such as the long time in cell culture and long exposure to LED irradiation like in real world

conditions. Thus, we used M-1 cells and CD-1 cells, which represented 2 major characteristics

of RGCs. Finally, it is necessary to confirm our results in an in vivo study including a retinal

explant model [46].

Conclusion

Glaucoma has been associated with the function of an important cytoplasmic organelle, the

mitochondrion, which could be affected by light. High-quality LEDs used for an adequate

amount of time could improve physiological mitochondrial function and reduce cellular dam-

age. Therefore, further investigation into high-quality LED lighting and a better understanding

of the properties of LEDs may facilitate the development of novel neuroprotective/regenerative

therapeutic strategies for common, difficult to treat CNS neurodegenerative disease states, as

well as conditions that result from mitochondrial dysfunction related to oxidative stress in

addition to glaucoma.
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