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Abstract 11 

The wavelength-dependent impact of light has been mainly studied focusing on retina. In particular, 12 
an opposite effect of the two ends of the visible spectrum was observed, with blue wavelengths 13 
being harmful and red wavelengths being protective. However, few studies on the cornea indicate 14 
that the increasing exposition to artificial light due to digital devices is linked to an increase in 15 
computer vision syndrome affecting the cornea. In this study, we aim at deciphering the impact of 16 
blue and red LED light on a primary culture of corneal endothelial cells, by looking at cell death and 17 
proliferation, and at DNA replication and DNA breaks. Our results show that exposure to blue light at 18 
5.35 J/cm²(455 nm) induces the inhibition of DNA replication and cell proliferation, and the 19 
formation of DNA breaks, highlighted by the formation of γH2AX foci and DNA fragmentation. 20 
Addition of red light at 0.3 J/cm² (630 nm) to blue light mitigates the formation of DNA damage and 21 
delays the kinetics of formation and repair of the damage. Interestingly, exposure of the corneal cells 22 
to red light alone induces the formation of γH2AX foci that do not correspond to DNA breaks, but to 23 
DNA replication forks in proliferative cells. Our results highlight the wavelength-dependent effect of 24 
light on the cornea, and point out that the formation of γH2AX foci is not always representative of 25 
DNA breaks. This emphasizes the importance of light spectrum in eye health, an important issue in 26 
today's changing light environment. 27 

 28 
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1. Introduction 30 

Despite being necessary for the vision, excessive exposure to light can be detrimental. Nowadays, the 31 
exposure of the population to artificial light, mostly digital devices composed of light emitting diodes 32 
(LED), is growing. Such LED devices emit a light with a high proportion of blue wavelengths, and few 33 
red wavelengths[1]. The wavelength-dependency of light-induced damage has mainly been 34 
evaluated on the retina, where exposure to blue light induces photoreceptor cell death while red 35 
light does not affect retinal cell viability [2,3].  36 

The induction of DNA damage is one of the mechanisms involved in the decrease of cell viability, by 37 
altering DNA replication [4,5], and by promoting cell death [6,7]. Several forms of DNA damage have 38 
been characterized: structural changes affecting stability, oxidative damage to nucleotides, single-39 
strand breaks and double-strand breaks (DSB). DNA damage occurs continuously in every cells and its 40 
accumulation overtime participates to cellular ageing or oncogenesis [8]. Visible light has been 41 
shown to damage DNA in several eye tissues in a wavelength-dependent manner[9,10]. Previous 42 
results on retinal pigment epithelial (RPE) cells have shown that blue and red light have a 43 
wavelength-dependent effect on the DNA damage formation and repair mechanism [11].  44 

The cornea is the first component of the eye receiving the incident light. It is a structure composed of 45 
three layers: an epithelium that lays on a basal membrane (the Bowman’s membrane), a stroma that 46 
represents 90% of the cornea, and an endothelium that lays on another basal membrane, the 47 
Descemet’s membrane[12]. As a result of the increasing exposure to artificial light, more than 50% of 48 
the regular digital device users suffer from the so-called computer vision syndrome (CVS). CVS 49 
manifests itself as ocular irritation, burning, and dry eye syndrome, thus affecting the ocular surface 50 
and the cornea [13,14]. The study of the effect of visible light on the cornea has pointed out a 51 
wavelength-dependent response of the corneal tissue, with blue, green and red light affecting 52 
differently the properties of the bilayer membrane of the corneal tissue, as shown on total corneal 53 
extracts [15]. Moreover, the phototoxicity of ultra-violet (UV) wavelengths on the cornea has been 54 
extensively studied [16,17], and UV irradiation has been shown to induce DNA damage, and more 55 
particularly cyclobutane pyrimidine dimers [18].  56 

Unlike previous studies that focused on UV exposure, this study focuses on visible light. Furthermore, 57 
its main aim is to decipher the effect of the two extremities of the visible spectrum (blue and red 58 
wavelengths). This was done on a primary culture of corneal endothelial cells, by looking at the cell 59 
viability and the induction of DNA breaks. The effect of the exposure to blue and red light are 60 
analyzed separately and following a simultaneous exposure, to investigate the importance of the 61 
spectral composition of the light on corneal cells.  62 

2. Material & Methods 63 

2.1. Cell culture 64 

Bovine corneal endothelial (BCE) cells were a primary culture of corneal endothelial cells obtained 65 
from fresh cow eyes as described in Chifflet et al. [19]. BCE cells were cultured at 37°C, 5% CO2, on 66 
12-well plates with (for immunostaining) or without (for Comet Assay) glass coverslips. For 67 
experiments proposes the cells were seeded at 130 000 cells/cm². Cells were grown in MEM medium 68 
(Gibco™ 10370-047) supplemented with 10% fetal bovine serum (FBS), 0.5% penicillin/ streptomycin/ 69 
fungizone and 5 ng/mL Fibroblast Growth Factor, for two weeks to reach 100% confluence. 70 
Treatment of cells with etoposide (ETP) was used as a positive control for the induction of DNA 71 
breaks (Figure S1). The culture medium was replaced by phenol red-free DMEM/F12 (Gibco™ 11039-72 



021) containing 100 µM ETP (Alexis Corporation 270-209-M100). Cells were incubated for 2 h, then 73 
rinsed with phosphate buffer saline (PBS) containing Ca2+ and Mg2+ before fixation with 4% 74 
paraformaldehyde (PFA) for 10 min. To study proliferation, cells were used at passage 3. To study 75 
DNA damage on non-proliferative cells, cells were used at passage 7.  76 

2.2. Light exposure 77 

After replacing the culture medium with phenol red-free medium (DMEM/F12, Gibco™ 11039-021), 78 
BCE cells were exposed to LED light in an incubator with blue (455 nm, Joyland, D50SWD-B) and red 79 
(630 nm, Qasim, QA-SL0001-EU) LED strips on the top shelf at 46 cm over the cells. Cells were 80 
exposed for 2 h to blue light alone, red light alone, or blue and red lights simultaneously, then left in 81 
the dark in the incubator for 0 h, 1 h, 2 h, or 3 h. The light irradiance was 0.7 mW/cm² for blue light, 82 
0.04 mW/cm² for red light and0.74 mW/cm² for blue+red light. This resulted in an exposure dose of 83 
5.35 J/cm² (calculated as the radiant intensity in W/cm² multiplied by the time of exposure in 84 
seconds) for blue light, 0.3 J/cm² for red light and 5.65 J/cm² for blue+red lights (ratio blue/red 0.05, 85 
equivalent to a white LED 8000K). Cells not exposed to light were left in the dark in the incubator 86 
after medium replacement. The temperature of the incubator was monitored and maintained at 87 
37°C throughout the light exposure to avoid any potential thermal effect of the exposure. 88 

Images of the irradiated cells are provided as Figure S2. 89 

2.3. Immunostaining 90 

Cells grown on coverslips and exposed to light or ETP were rinsed in PBS containing Ca2+ and Mg2+ 91 
before fixation with 4% paraformaldehyde (PFA) for 10 min. The coverslips were then rinsed with PBS 92 
and stored at 4°C before immunostaining that was made within a week. For immunostaining, cells on 93 
coverslips were permeabilized with 0.3% Triton X-100 for 15 min at room temperature, then rinsed 94 
with PBS. They were incubated with the primary antibody (anti-γH2AX Ser139, Millipore 05-636, 1: 95 
500; anti-Ki67, NovusBio NB500-170, 1: 100) in PBS with 1% Bovine Serum Albumin (BSA) for 1 h at 96 
room temperature. The coverslips were incubated for 1 h with the fluorophore-coupled secondary 97 
antibody (1: 200 in PBS with 1% BSA). Finally, they were incubated for 5 min with DAPI (4',6 98 
diamidino-2-phenylindole) (1: 1000 in PBS), then mounted on slides with Fluoromount (Sigma, 99 
F4680-25ML). 100 

2.4. EdU staining 101 

To perform EdU staining of the BCE cells, we used the Click-iTTM Plus EdU Cell Proliferation Kit for 102 
Imaging, Alexa FluorTM 488 dye (Invitrogen, C10637). 10 µM of EdU was added to the culture medium 103 
15 min before cell fixation with 4% PFA for 10 min. Coverslips were then permeabilized with 0.3% 104 
Triton X-100 for 15 min at room temperature, then rinsed with PBS followed by 2 rinses with PBS+ 105 
3% BSA. Coverslips were incubated for 30 min with the Click-iT® Plus reaction cocktail following 106 
manufacturer protocol. Then they were rinsed with with PBS+ 3% BSA and PBS before continuing 107 
with the primary antibody for the immunostaining as described above.   108 

2.5. Comet Assay 109 

The Comet Assay protocol was adapted from Olive and Banáth[20]. Briefly, glass slides were coated 110 
with 1% low melting point agarose (Invitrogen, 15517-014) in dH2O. BCE cells were detached with 111 
Trypsin-EDTA 0.25% (Gibco™, 25200-056), retrieved in culture medium, centrifugated 5 min at 1,000 112 
rpm and then resuspended in cold PBS. Cell density was adjusted to 8.104 cells/mL with PBS, then 0.1 113 
mL of cell solution was added to 1 mL of 1% agarose at 40°C and laid on the agarose-coated slide. 114 
After gelling of the agarose for 2 min, an alkaline lysis was performed overnight at 4°C (1.2 M NaCl, 115 



100 mM Na2EDTA, 0.1% sodium lauryl sarcosinate, adjust pH at 10 with NaOH 1 M). Slides were 116 
immersed in TAE 1X solution (Gibco™, 15558-042) for 20 min before eletrophoresis for 40 min at 0.6 117 
V/cm. Slides were rinsed in dH2O and then stained with 2.5 µg/mL propidium iodure (Sigma, P4864-118 
10ML) for 20 min before final rinse with dH2O. Comets were imaged using the 20x objective of the 119 
fluorescent microscope Olympus BX51.  120 

2.6. Image analysis 121 

Images were obtained using a fluorescent microscope (Olympus BX51) with 4x, 20x, and oil 122 
immersion 40x objectives. All images were analyzed with the ImageJ software. For proliferative cells 123 
(in Figure 2), quantification of the number of γH2AX foci was done using the “Find Maxima” tool. For 124 
non-proliferative cells (in Figure 4), analysis of γH2AX foci was performed using the "Speckle 125 
Inspector" tool, which enables to only take into account foci located in a cell nucleus and to obtain 126 
the number and the size of the foci. Briefly, γH2AX and DAPI labeling images were binarized and used 127 
in "Speckle Inspector" as secondary objects for γH2AX and primary objects for DAPI. The following 128 
settings were used: primary objects (nuclei) must have a minimum size of 1000 px, and secondary 129 
objects (γH2AX foci) must be between 1 and 1000 px. Objects on the edges of the image were 130 
excluded. Analysis of the comet assay images was done using the "OpenComet" plugin [21] to obtain 131 
the Comet Tail Length and the Tail Moment. Counting of the apoptotic nuclei was done manually on 132 
5 images per coverslips taken with the 20x objective. Countings of the DAPI-, EdU- and Ki67-stained 133 
cells were done on the images taken with the 4x objective (1 image per coverslip), using the "Find 134 
Maxima" tool. The number of apoptotic nuclei, EdU- or Ki67-positive cells was divided by the total 135 
number of DAPI nuclei. 136 

2.7. Statistical analysis 137 

All statistical analyses were performed with the GraphPad Prism software. We used the non-138 
parametric Kruskal-Wallis test followed by Dunn’s post-tests. Results are expressed as Median 139 
(Interquartile Range – IQR); NE, B, B+R and R correspond to non-exposed, blue light-exposed, 140 
blue+red lights-exposed and red light-exposed cells, respectively. Statistical analyses are shown on 141 
tables 1 to 8.  142 

3. Results 143 

3.1. Wavelength-dependent impact of light exposure on cell death and proliferation 144 

The effect of the exposure to light on corneal cells was first observed on cell viability. DAPI staining of 145 
the cells highlighted the presence of numerous apoptotic nuclei that seemed to be more frequent for 146 
blue and blue+red exposed cells (Figure 1A). Quantification of the proportion of apoptotic nuclei 147 
showed an increase for blue and blue+red lights that was significant only for blue+red lights at 2 148 
hours (3.124 (IQR= 1.744) % apoptotic nuclei for non-exposed (NE) cells, 4.823 (IQR= 0.27) for blue 149 
(B) at 3 h, and 4.963 (IQR= 0.696) for blue+red (B+R) at 2h) (Figure 1B, statistical analysis on Table 1). 150 
We used anti-Ki67 staining as a proliferation marker and clearly observed an immediate inhibition of 151 
cell proliferation that persisted 4h after exposure to blue light, and which was not restoredby the 152 
addition of red light (12.63 (IQR= 2.55) % Ki67-positive cells for NE, 0.006653 (IQR= 0.01369) and 153 
0.01911 (IQR= 0.02903) for B at 0 and 3h, 0.00 (IQR= 0.0136) and 0.00 (IQR= 0.00) for B+R at 0 and 154 
3h) (Figure 1A, 1C, statistical analysis on Table 2). On the other hand, exposure to red light showed 155 
no impact on cell death or proliferation (3.519 (IQR= 0.207) % apoptotic nuclei and 8.848 (IQR= 156 
3.175) % Ki67-positive cells for red (R) at 3 h).  157 

 158 



  A 

B 

vs. NE B +0h B +1h B +2h B +3h 
B+R 
+0h 

B+R 
+1h 

B+R 
+2h 

B+R 
+3h R +0h R +1h R +2h R +3h 

NE   ns ns ns ns ns ns * ns ns ns ns ns 
B +0h     ns ns ** ns ns ** * ns ns * ns 
B +1h   ns * ns ns ** ns ns ns ns ns 
B +2h   

  
ns ns ns ns ns ns ns ns ns 

B +3h * ns ns ns * ns ns ns 
B+R 
+0h   ns ** * ns ns * ns 
B+R 
+1h   ns ns ns ns ns ns 
B+R 
+2h   ns ** * ns ns 
B+R 
+3h   ns ns ns ns 

R +0h   ns ns ns 
R +1h   ns ns 
R +2h   ns 
R +3h                           

A (horizontal) vs B (vertical) A>B A<B 
 159 

Table 1: Statistical analysis of the percentage of apoptotic nuclei depending on the lighting condition (non-160 
exposed – NE, blue – B, blue+red – B+R, red – R) and the time after exposure. Kruskal-Wallis test followed by 161 
Dunn’s post-tests. H(13)= 22.80. n≥ 2 coverslips per condition. ns: non-significant, *p<0.05, **p<0.01. In yellow: 162 
horizontal condition is superior to vertical condition. In grey: horizontal condition is inferior to vertical 163 
condition.  164 

A 

B 

vs. NE B +0h B +1h B +2h B +3h 
B+R 
+0h 

B+R 
+1h 

B+R 
+2h 

B+R 
+3h R +0h R +1h R +2h R +3h 

NE   ** ** * * ** * ** *** ns ns ns ns 
B +0h     ns ns ns ns ns ns ns ** * ns ns 
B +1h       ns ns ns ns ns ns * * ns ns 
B +2h         ns ns ns ns ns * ns ns ns 
B +3h           ns ns ns ns * ns ns ns 
B+R 
+0h             ns ns ns ** * * ns 
B+R 
+1h               ns ns * ns ns ns 
B+R 
+2h                 ns * * ns ns 
B+R 
+3h                   *** ** * * 

R +0h                     ns ns ns 
R +1h                       ns ns 
R +2h                         ns 
R +3h                           

A (horizontal) vs B (vertical) A>B A<B 
 165 



Table 2: Statistical analysis of the percentage of Ki67-positive cells depending on the lighting condition (non-166 
exposed – NE, blue – B, blue+red – B+R, red – R) and the time after exposure. Kruskal-Wallis test followed by 167 
Dunn’s post-tests. H(13)= 31.45. n= 3 coverslips per condition. ns: non-significant, *p<0.05, **p<0.01, 168 
***p<0.001. In yellow: horizontal condition is superior to vertical condition. In grey: horizontal condition is 169 
inferior to vertical condition.  170 

 171 

3.2. Wavelength-dependent impact of light exposure on DNA replication and damage 172 

The above results showed an inhibition of cell proliferation by blue light, which could also translate 173 
into an alteration of DNA replication. To test this hypothesis, we studied the incorporation of EdU in 174 
BCE cells added 15 min before cell fixation. As a replication stress during the S-phase can lead to the 175 
collapse of replication forks resulting in DNA breaks [5], and the exposure to blue light has already 176 
been shown to induce DNA damage [22], we used the staining of γH2AX to detect the presence of 177 
DNA damage following light exposure. Phosphorylation of H2AX is an early event in the presence of 178 
DNA DSB and is thus used as a marker of DNA damage [23]. Note that the subsequent 179 
dephosphorylation of H2AX is a sign of DSB repair. Simultaneous EdU and γH2AX staining showed 180 
that for non-exposed cells and cells exposed to red light, numerous cells displayed an incorporation 181 
of EdU, showing ongoing DNA replication (Figure 2A). Interestingly, EdU-positive nuclei also 182 
contained a high number of γH2AX foci, with a spatial correlation between γH2AX and EdU foci. On 183 
the contrary, BCE cells exposed to blue or blue+red lights showed no DNA replication sites but 184 
displayed numerous γH2AX foci (see the complete kinetics in Figure S3). Quantification of the 185 
percentage of EdU-positive nuclei confirmed the inhibition of DNA replication by blue light (2.831 186 
(IQR= 1.204) % EdU-positive cells for NE, 0.009568 (IQR= 0.008181) for B at 1 h, 0.006203 (IQR= 187 
0.009775) for B+R at 1 h, 4.063 (IQR= 5.315) for R at 1 h) (Figure 2B, statistical analysis on Table 3). 188 
The counting of γH2AX foci highlighted the presence of a high number of DNA replication-related foci 189 
in red light-exposed cells, while the number of γH2AX foci induced by blue and blue+red lights is not 190 
significantly higher than in non-exposed cells (144.7 (IQR= 47.6) γH2AX foci for NE, 258 (IQR= 65.7) 191 
for B at 1 h, 171 (IQR= 52) for B+R at 1 h, 342.3 (IQR= 38) for R at 1 h) (Figure 2C, statistical analysis 192 
on Table 4). 193 

A 

B 

vs. NE B +0h B +1h B +2h B +3h 
B+R 
+0h 

B+R 
+1h 

B+R 
+2h 

B+R 
+3h R +0h R +1h R +2h R +3h 

NE   ** ** ** ** * *** ** ** ns ns ns ns 
B +0h     ns ns ns ns ns ns ns *** ** ** ** 
B +1h       ns ns ns ns ns ns ** ** ** * 
B +2h         ns ns ns ns ns *** *** ** ** 
B +3h           ns ns ns ns ** ** ** * 
B+R 
+0h             ns ns ns ** ** ** * 
B+R 
+1h               ns ns **** *** *** ** 
B+R 
+2h                 ns *** ** ** * 
B+R 
+3h                   ** ** ** * 

R +0h                     ns ns ns 
R +1h                       ns ns 
R +2h                         ns 



R +3h                           
A (horizontal) vs B (vertical) A>B A<B 

 194 

Table 3: Statistical analysis of the percentage of EdU-positive cells depending on the lighting condition (non-195 
exposed – NE, blue – B, blue+red – B+R, red – R) and the time after exposure. Kruskal-Wallis test followed by 196 
Dunn’s post-tests. H(13)= 57.02. n= 6 coverslips per condition. ns: non-significant, *p<0.05, **p<0.01, 197 
***p<0.001, ****p<0.0001. In yellow: horizontal condition is superior to vertical condition. In grey: horizontal 198 
condition is inferior to vertical condition. 199 

  A 

B 

vs. NE B +0h B +1h B +2h B +3h 
B+R 
+0h 

B+R 
+1h 

B+R 
+2h 

B+R 
+3h R +0h R +1h R +2h R +3h 

NE   ns ns ns ns ns ns ns ns ** ** ** * 
B +0h   ns ns ns ns ns ns ns ns ns ns ns 
B +1h   ns ns ns ns ns ns ns ns ns ns 
B +2h   

  
ns ns ns ns ns ns ns ns ns 

B +3h ns ns ns ns * ns * ns 
B+R 
+0h   ns ns ns ** * * ns 
B+R 
+1h   ns ns ** * ** ns 
B+R 
+2h   ns ** ** ** * 
B+R 
+3h   ** * * ns 

R +0h   ns ns ns 
R +1h   ns ns 
R +2h   ns 
R +3h                           

A (horizontal) vs B (vertical) A>B A<B 
 200 

Table 4: Statistical analysis of the number of γH2AX foci depending on the lighting condition (non-exposed – 201 
NE, blue – B, blue+red – B+R, red – R) and the time after exposure. Kruskal-Wallis test followed by Dunn’s post-202 
tests. H(13)= 30.44. n= 3 coverslips per condition. ns: non-significant, *p<0.05, **p<0.01. In yellow: horizontal 203 
condition is superior to vertical condition. In grey: horizontal condition is inferior to vertical condition. 204 

 205 

3.3. Correlation between γH2AX foci and DNA breaks depending on the wavelength 206 

As several in vivo studies have shown the harmlessness of an exposure to red light[1,24], the 207 
presence of many γH2AX foci induced by red light was intriguing. Recent studies have shown that the 208 
presence γH2AX foci could be independent of the presence of DNA damage [25]. In order to decipher 209 
whether the observed γH2AX foci were actually corresponding to DNA breaks, we evaluated the DNA 210 
fragmentation. The results of the Comet Assay on cells exposed to light and fixed 1 and 3 h after 211 
exposure showed that both blue and blue+red lights triggered the formation of a visible comet tail 212 
while the comets of cells exposed to red light were more rounded (Figure 3A). These observations 213 
were confirmed by the analysis of the tail length and the tail moment. Evaluation of tail length 214 
showed that exposure to red light induced no significant DNA damage compared to non-exposed 215 
cells (11 (IQR= 22.25) px for NE, 19 (IQR= 17.5) and 10 (IQR= 14) for R at 1 and 3 h, respectively), 216 



while blue light induced DNA damage at 1 h that decreased at 3 h (34 (IQR= 18.5) px and 25 (IQR= 217 
16.5) for B at 1 and 3 h, respectively). Such damage was mitigated by the addition of red light at 1 h, 218 
results at 3 h being similar for blue and blue+red (22.5 (IQR= 18.75) px and 26.5 (IQR= 24.25) for B+R 219 
at 1 and 3 h, respectively) (Figure 3B, statistical analysis on Table 5). The analysis of the tail moment 220 
further supported this result (Figure 3C, statistical analysis on Table 6). This parameter, that takes 221 
into account the tail length and its DNA content, also indicated that the tail moment was not 222 
significantly different between NE and red exposed cells after 1 h of exposure (0.4411 (IQR= 2.8893) 223 
for NE, 1.183 (IQR= 1.7971) for R at 1 h) and was significantly decreased at 3 h after red light 224 
exposure (0.402 (IQR= 0.82137)). On the contrary blue light increased the tail moment (3.473 (IQR= 225 
3.115) and 1.929 (IQR= 3.066) for B at 1 and 3 h, respectively). This parameter was also decreased by 226 
the addition of red light to blue light at 1 h (2.039 (IQR= 2.6398) and 2.378 (IQR= 2.9956) for B+R at 1 227 
and 3 h, respectively). These results indicated that although the γH2AX foci observed after blue light 228 
exposure corresponded to DNA damage, this was not the case for red light exposure.  229 

A difference in the kinetics of DNA damage formation and repair between the exposure to blue and 230 
blue+red lights was also visible. The tail length and the tail moment for blue light increased 1 h after 231 
exposure and decreased 3 h after exposure. On the contrary, the ones for blue+red lights exposure 232 
stayed higher than the control at 1 and 3 h (Figure 2B, 2C).    233 

A 

B 

vs. NE B +1h B +3h B+R +1h B+R +3h R +1h R +3h 
NE   **** **** **** **** ns * 

B +1h     *** **** ** **** **** 
B +3h       ns ns ** **** 

B+R +1h         ns * **** 
B+R +3h           ** **** 

R +1h             *** 
R +3h               

A (horizontal) vs B (vertical) A>B A<B 
 234 

Table 5: Statistical analysis of Tail Length depending on the lighting condition (non-exposed – NE, blue – B, 235 
blue+red – B+R, red – R) and the time after exposure. Kruskal-Wallis test followed by Dunn’s post-tests. 236 
H(7)=136.8. n≥ 69 comets per condition. ns: non-significant, *p<0.05, ***p<0.001, ****p<0.0001. In yellow: 237 
horizontal condition is superior to vertical condition. In grey: horizontal condition is inferior to vertical 238 
condition. 239 

A 

B 

vs. NE B +1h B +3h B+R +1h B+R +3h R +1h R +3h 
NE   **** **** *** **** ns ** 

B +1h     ** **** ** **** **** 
B +3h       ns ns *** **** 

B+R +1h         ns * **** 
B+R +3h           *** **** 

R +1h             *** 
R +3h               

A (horizontal) vs B (vertical) A>B A<B 
 240 



Table 6: Statistical analysis of Tail Moment depending on the lighting condition (non-exposed – NE, blue – B, 241 
blue+red – B+R, red – R) and the time after exposure. Kruskal-Wallis test followed by Dunn’s post-tests. 242 
H(7)=141.0. n≥ 69 comets per condition. ns: non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. In 243 
yellow: horizontal condition is superior to vertical condition. In grey: horizontal condition is inferior to vertical 244 
condition.  245 

 246 

3.4. Light-induced γH2AX foci formation in non-proliferative cells 247 

The previous results showed an effect of light on the formation of γH2AX foci on proliferative cells, 248 
highlighting that red light-induced γH2AX foci corresponded to replication sites and not to DNA 249 
breaks. On the contrary, γH2AX foci induced by blue light corresponded to DNA damage. In vivo, 250 
human corneal endothelial cells display a limited proliferative capacity [26], thus we used confluent 251 
BCE cells at passage 7 to ensure the absence of proliferation in our cell culture, as no DNA replication 252 
was observe from passage 6 (Figure S4). The number and size of γH2AX foci were analyzed, the 253 
number of γH2AX foci being proportional to the number of DSB, and bigger foci representing a 254 
coalescence of multiple foci into one repair hub [27,28].  255 

Non-exposed cells displayed few γH2AX foci, whereas cells exposed to blue, blue+red, and red lights 256 
often had several foci in each nucleus (Figure 4A). The analysis of the number of foci per nucleus 257 
(Figure 4B, statistical analysis on Table 7) and the size of the foci (Figure 4C, statistical analysis on 258 
Table 8) revealed a different kinetics according to the wavelength of light used, as observed above 259 
with the Comet assay. Exposure to blue light induced the significant formation of γH2AX foci that 260 
peaked at 1 h after exposure (2 (IQR= 4) foci/nucleus for NE, 4 (IQR= 5) for B at 1 h) before becoming 261 
comparable to the non-exposed cells at 3 h (2 (IQR= 4) foci/nucleus for B at 3 h). The size of the foci 262 
induced by blue light was maximum after the end of the exposure (5 (IQR= 14) px for NE, 7 (IQR= 15) 263 
for B at 0 h), showing a rapid induction of DNA damage followed by its repair. Addition of red to blue 264 
light led to the formation of fewer γH2AX foci compared to exposure to blue light alone (3 (IQR=6), 4 265 
(IQR=5) and 3 (IQR=5.75) foci/nucleus for B at 0, 1 and 2 h respectively, and 2 (IQR=4), 3 (IQR= 4) and 266 
3 (IQR= 5) for B+R at 0, 1, and 2 h respectively). The peak of the number and size of the foci was also 267 
delayed, with a maximum 2 h and 1 h after exposure to blue+red lights, respectively (3 (IQR= 5) 268 
foci/nucleus at 2 h and 6 (IQR= 13) px at 1 h). Interestingly, exposure to red light triggered the 269 
appearance of numerous γH2AX foci in BCE cells that remained unchanged 3 h after exposure. The 270 
number of foci induced by red light was greater than the one in the other conditions (up to 6 (IQR=7) 271 
foci/nucleus). Moreover, the size of these γH2AX foci induced by red light was also bigger than the 272 
ones found in non-exposed cells (7 (IQR= 16) pix for R at 0 h, against 5 (IQR= 14) for NE) or the ones 273 
induced by the exposure to blue (7 (IQR= 15) px at 0 h) and blue+red lights (6 (IQR= 15) px at 0h) and 274 
their size did not decrease. This showed that red light-induced formation of γH2AX foci also 275 
happened in the absence of DNA replication. 276 

A 

B 

vs. NE B +0h B +1h B +2h B +3h 
B+R 
+0h 

B+R 
+1h 

B+R 
+2h 

B+R 
+3h R +0h R +1h R +2h R +3h 

NE   **** **** **** **** **** ** **** **** **** **** **** **** 
B +0h **** ns **** **** **** ** **** **** **** **** **** 
B +1h **** **** **** **** **** **** **** **** **** **** 
B +2h **** **** **** *** **** **** **** **** **** 
B +3h           ns **** **** **** **** **** **** **** 
B+R **** **** **** **** **** **** **** 



+0h 
B+R 
+1h **** ** **** **** **** **** 
B+R 
+2h ** **** **** **** **** 
B+R 
+3h                   **** **** **** **** 

R +0h **** **** *** 
R +1h **** ns 
R +2h **** 
R +3h                           

A (horizontal) vs B (vertical) A>B A<B 
 277 

Table 7: Statistical analysis of the number of γH2AX foci per nucleus depending on the lighting condition (non-278 
exposed – NE, blue – B, blue+red – B+R, red – R) and the time after exposure. Kruskal-Wallis test followed by 279 
Dunn’s post-tests. H(13)=7413. n≥ 2892 analyzed cells per condition. ns: non-significant, **p<0.01, 280 
****p<0.0001. In yellow: horizontal condition is superior to vertical condition. In grey: horizontal condition is 281 
inferior to vertical condition. 282 

A 

B 

vs. NE B +0h B +1h B +2h B +3h 
B+R 
+0h 

B+R 
+1h 

B+R 
+2h 

B+R 
+3h R +0h R +1h R +2h R +3h 

NE   **** **** ns **** * * ns **** **** **** **** **** 
B +0h * **** **** **** **** **** **** ** ** * *** 
B +1h **** **** **** **** **** * **** **** **** **** 
B +2h **** ns ns ns **** **** **** **** **** 
B +3h           **** **** **** **** **** **** **** **** 
B+R 
+0h ns ns **** **** **** **** **** 
B+R 
+1h ns **** **** **** **** **** 
B+R 
+2h **** **** **** **** **** 
B+R 
+3h                   **** **** **** **** 

R +0h ns ns ns 
R +1h ns ns 
R +2h ns 
R +3h                           

A (horizontal) vs B (vertical) A>B A<B 
 283 

Table 8: Statistical analysis of the γH2AX area depending on the lighting condition (non-exposed – NE, blue – B, 284 
blue+red – B+R, red – R) and the time after exposure. Kruskal-Wallis test followed by Dunn’s post-tests. 285 
H(13)=1414. n≥ 8311 analyzed foci per condition. ns: non-significant, *p<0.05, **p<0.01, ***p<0.001, 286 
****p<0.0001. In yellow: horizontal condition is superior to vertical condition. In grey: horizontal condition is 287 
inferior to vertical condition.  288 

 289 



4. Discussion 290 

Our results show that exposure to blue light decreases cell viability by inhibiting cell proliferation, 291 
DNA replication and inducing DNA breaks. In our paradigm, the dose of red light is not sufficient to 292 
prevent the blue light-induced inhibition of the cell proliferation. Nevertheless, addition of red light 293 
to blue light mitigates the formation of DNA damage and delays the DNA damage formation and 294 
repair kinetic. We also show that exposure to red light alone induces the formation of numerous big 295 
and long lasting γH2AX foci that do not correspond to DNA breaks. In proliferative cells, these foci 296 
form at DNA replication sites, as red light does not affect the proliferation of the cells. These results 297 
indicate that lights of different wavelengths can have different biological effects on DNA damage, 298 
repair and replication,and highlight the importance of the spectral composition of the light that 299 
reaches exposed cells.  300 

In this study, we use a primary cell culture of corneal cells. These cells are naturally daily exposed to 301 
light and display a limited genomic alteration compared to immortalized cell lines classically used for 302 
the study of DNA damage [29]. The four time points used to observe effect of light exposure (0-3 h 303 
after exposure to light) have been determined based on several papers studying the kinetic of γH2AX 304 
foci formation, which show that the number of γH2AX foci peaks in the first 3 h following the 305 
exposure to various stress (irradiation, X-rays, α-particles) [30–32] and notably UV-C where a first 306 
peak of γH2Ax foci is observed 1 h post exposure [33]. In our paradigm, the peak of γH2AX foci 307 
formation follows the exposure to blue and blue+red lights at 1 h and 2 h respectively, being 308 
coherent with the data found in the literature. 309 

4.1. Blue light is deleterious for corneal cell viability 310 

The inhibition of DNA replication and cell proliferation by the exposure to blue light is clearly showed 311 
here. Such a result is in accordance with other studies on corneal epithelial cells (HCE-2) in which an 312 
exposure to blue LED light (465–475 nm) slows down the rate of closure in a corneal wound healing 313 
model and increases cell death in a dose-dependent manner [34]. The observed effects induced by 314 
blue light in vitro on DNA and proliferation could also contribute to long term negative effect such as 315 
CVS. Indeed, it has been shown in vivo that chronic exposure to blue light (450 nm, 1,000 lx) 12 h a 316 
day for 28 days induces a negative impact on rat ocular surface, that could manifest as dry eye [35].  317 

In the cornea, blue light (410 and 480 nm) has already been shown to induce the production of 318 
reactive oxygen species and to decrease the viability of corneal epithelial cells in vitro at doses 319 
superior to 5 J/cm² [36]. The capacity of blue light to induce DNA damage has also been previously 320 
observed in vitro in human keratinocytes (415 nm) [22], human retinal pigment epithelial cells (468 321 
nm) [37], and a primary culture of rat retinal cells [10]. Thus, the induction of DNA damage, indicated 322 
by γH2AX foci formation and DNA fragmentation, following the exposure of the corneal endothelial 323 
cells to blue light is in accordance with already published results on various cell types.  324 

It is to note that the observed effects of blue light on DNA damage induction and cell proliferation 325 
might be cell type-dependent and dose-dependent. Taoufik et al. have shown on human gingival 326 
fibroblasts exposed to blue LED at 162 J/cm² that blue light does not immediately inhibits DNA 327 
replication, and suggested that the inhibition of cell proliferation is not caused by DNA damage 328 
induction in these cells [38].   329 

4.2. Red light does not induce DNA breaks 330 

The role of red light is more complex. Without prior or simultaneous exposure to another stress 331 
(such as blue light), our results clearly show the formation of γH2AX foci. Similar results have been 332 
obtained from other research teams on fibroblasts [39] or retinal pigment epithelial cells [37]. These 333 



authors suggested that red light induces DNA damage. However, our results from the Comet Assay 334 
and the study done by Wang et al. disagree with this point of view. Wang et al. conclude that 335 
exposure of human dermal fibroblasts cells to several doses of red light (633 nm at 320, 640, and 336 
1280 J/cm²) does not induce the formation of DNA damage in the form of cyclobutane pyrimidine 337 
dimers or 6-4 photoproducts [40]. These results raise the question of the actual matching between 338 
the formation of γH2AX foci and the presence of DSB. It is to note that recent studies highlight the 339 
limits of the use of γH2AX staining as a marker of DSB [25,41]. The presence of γH2AX foci has also 340 
been associated with DNA distortion [42] and with replication stress in UV-treated S-phase cells [43], 341 
responses that are unrelated to the presence of DSB.  342 

In replicative cells, the overlap between γH2AX foci and EdU staining observed after the exposure of 343 
BCE cells to red light is thus coherent with the formation of γH2AX foci at DNA replication forks. This 344 
is consistent with the fact that a replication stress during the S-phase can lead to the collapse of 345 
replication forks resulting in DNA breaks [5]. Red light-induced γH2AX foci could watch over DNA 346 
replication [44] by labelling stalled replication forks before DSB formation, and having the ability to 347 
promote replication forks stability, restart, and DSB repair if the fork collapses by enabling the 348 
gathering of DNA synthesis resources [45–47]. This highlights a potential protective mechanism 349 
triggered by the exposure to red light. 350 

In vivo studies [2,24] and the repeated use of low-level red light therapy in myopic patients [48,49] 351 
point out the safety of the exposure to red light for the eye and notably the retina. In concordance 352 
with this, the formation of γH2AX foci observed in non-replicative BCE cells could correspond to a 353 
preventive activation of the DNA repair machinery.  354 

4.3. Addition of red light to blue light partially protects from DNA damage 355 

While exposure to blue light is detrimental for the cells, addition of red light mitigates the DNA 356 
damage in our results, by reducing the global amount of γH2AX foci in non-replicative cells. Hence, 357 
the immediate formation of γH2AX foci induced by red light could trigger the fast repair of the first 358 
blue-light induced DNA damage. A similar protective effect of red light on blue-light induced damage 359 
has been shown in corneal epithelial cells in vitro in which red light reduces blue-light-induced cell 360 
death [34]. The protective effect of red light is also widely used for skin wound healing in a process 361 
called photobiomodulation. Low level red or near infrared light therapy helps following UV-induced 362 
damage or burned skin through enhancement of DNA repair mechanisms [39,50,51] and through 363 
enhancement of cell proliferation [52]. Such action of red light on the DNA repair pathway is in 364 
accordance with our findings. Nevertheless, in our paradigm, the dose of red light is not sufficient to 365 
enhance cell proliferation or prevent light-induced cell death. It is to note that we use a dose of 0.3 366 
J/cm² of red light, whereas a red light-induced enhancement of cell proliferation is observed in the 367 
literature at doses of 2.4 J/cm² on fibroblasts [53] and 3 J/cm² on human adipose-derived stem cells 368 
[54]. 369 

 370 

5. Conclusion 371 

To conclude, the light effect on DNA damage and cell proliferation is wavelength-dependent. Both 372 
extremities of the visible spectrum show opposite effects, blue light being deleterious and red light 373 
being protective. This points out the importance of the spectral composition of the light in cell’s 374 
effects and suggests that an enrichment in red wavelengths could be beneficial to prevent long-term 375 
light-induced damage. This is clearly seen in our study and is its major novelty, together with the 376 
effect of red light on DNA break and repair. The molecular mechanisms behind the effects seen after 377 



exposure to red light need to be fully investigated, using longer kinetics, for instance. In addition, 378 
although other authors have shown that human corneal cells behave in the same way as the bovine 379 
cells used in this study [34], the findings described here should be investigated in cells of human 380 
origin and on in vivo models in order to use this study to assess the risk to the human cornea. 381 

 382 
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Figure captions 1 

Figure 1: Effect of the exposure to light on cell death and cell proliferation. A. Staining of proliferative cells 2 
using anti-Ki67 antibody (red) and DAPI (blue) in BCE cells exposed to blue (B), blue+red (B+R) or red (R) lights, 3 
or non-exposed (NE), and fixed at different time following light exposure: 0, 1, 2 and 3 hours. Arrows indicate 4 
apoptotic nuclei. Scale bar= 20 µm. B. Quantification of the proportion of apoptotic nuclei depending on the 5 
lighting condition and the time after exposure. n≥ 2 coverslips per condition. C. Quantification of the 6 
proportion of Ki67-positive cells depending on the lighting condition and the time after exposure. The number 7 
of apoptotic nuclei and Ki67-positive cells was divided by the total number of counted nuclei. n= 3 coverslips 8 
per condition. Graphs represent the median with the interquartile range. Statistical analysis of the graphs is 9 
shown in Table 1 and 2. 10 

Figure 2: Correlation between replicative foci and γH2AX foci depending on the light exposure. A. Anti-γH2AX 11 
(red), EdU (green) and DAPI (blue) staining of BCE cells exposed to blue (B), blue+red (B+R) or red (R) lights, or 12 
non-exposed (NE), and fixed at 1h after light exposure. EdU was added to the culture medium 15 min before 13 
cell fixation. Scale bar= 20 µm.B. Quantification of the proportion of EdU-stained cells depending on the 14 
lighting condition and the time after exposure. The number of EdU-stained cells was divided by the total 15 
number of counted nuclei. n= 6 coverslips per condition. C. Quantification of number of γH2AX foci depending 16 
on the lighting condition and the time after exposure. n= 3 coverslips per condition. Graphs represent the 17 
median with the interquartile range. Statistical analysis of the graphs is shown in Table 3 and 4. 18 

Figure 3: Comet Assay on cells exposed to light. A. Representative comets of BCE cells exposed to blue (B), 19 
blue+red (B+R) or red (R) lights, or non-exposed (NE), and fixed at 1h and 3h after light exposure.  Scale bar= 20 20 
µm. B. Distribution of Comet Tail Length depending on the lighting condition and the time after exposure. n≥ 69 21 
comets per condition. C. Distribution of Tail Moment (Tail length times Tail DNA %) depending on the lighting 22 
condition and the time after exposure. n≥ 69 comets per condition. Violin plots show the median (red line) and 23 
the quartiles (dotted lines). Statistical analysis of the graphs is shown in Table 5 and 6.  24 

Figure 4: Effect of the exposure to light on the presence of DNA damage foci in cells. A. Staining of DNA 25 
damage using anti-γH2AX antibody (red) and DAPI (blue) in BCE cells exposed to blue (B), blue+red (B+R) or red 26 
(R) lights, or non-exposed (NE), and fixed at different time following light exposure: 0, 1, 2 and 3 hours.  Scale 27 
bar= 20 µm. B. Distribution of the number of γH2AX foci per nucleus depending on the lighting condition and 28 
the time after exposure. n≥ 2892 analyzed cells per condition. C. Distribution of the size of the γH2AX foci 29 
depending on the lighting condition and the time after exposure. n≥ 8311 analyzed foci per condition. Violin 30 
plots show the median (red line) and the quartiles (dotted lines). Statistical analysis of the graphs is shown in 31 
Table 7 and 8.  32 


















