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A B S T R A C T

Aims: The ocular surface is the very first barrier between the visual system and external environment. It protects
the eye from the exposure to various light sources that significantly emit in blue spectrum. However, the impact
of blue light on the ocular surface has been poorly explored so far. In this study, we investigated in vitro the
phototoxicity of blue light illumination in human epithelial cells of the ocular surface. We worked either in basal
conditions or under hyperosmolar stress, in order to mimic dry eye disease (DED) that is the most common
disease involving the ocular surface.
Results: Corneal and conjunctival epithelial cells suffered the most from violet-blue light but also from longer-
wave blue light. Exposure to blue wavebands significantly decreased cellular viability, impacted on cellular
morphology and provoked reactive oxygen species (ROS) over-production. Conjunctival epithelial cell line had a
greater photosensitivity than the corneal epithelial one. Hyperosmolar stress potentiated the blue light photo-
toxicity, increasing inflammation, altering mitochondrial membrane potential, and triggering the glutathione-
based antioxidant system.
Innovation: In human epithelial corneal and conjunctival cells of the ocular surface, we demonstrated the
harmful impact of blue light on viability, redox state and inflammation processes, which was modified by hy-
perosmolarity.
Conclusion: Blue light induced cell death and significant ROS production, and altered the expression of in-
flammatory genes and operation of the cellular defensive system. We established for the first time that hyper-
osmolar stress impacted phototoxicity, further suggesting that DED patients might be more sensitive to blue light
ocular toxicity.

1. Introduction

Today it is widely discussed that blue light may provoke an im-
portant ocular phototoxicity [1]. Various blue and UV light-induced
and/or -aggravated ocular pathologies have been recognized, including
photokeratitis, pterygium, cataract, and corneal and retinal degenera-
tion [2–6]. In particular, patients suffering from dry eye disease (DED)
frequently complain about the exacerbated photosensitivity and

increased symptoms of discomfort when exposed to various visible light
sources [7,8]. According to the TFOS DEWS II report [9], dry eye is a
multifactorial disease of the ocular surface characterized by a loss of
homeostasis of the tear film, and accompanied by ocular symptoms, in which
tear film instability and hyperosmolarity, ocular surface inflammation and
damage, and neurosensory abnormalities play etiological roles [10]. Today,
DED is the current leading reason for ophthalmological consultations
[11]; in dependence on the operational dry eye definition used and the

Abbreviations and sign: DED, Dry Eye Disease; HCE cell line, Human Corneal Epithelial cell line; HO, HyperOsmolar; HYP, Hoeschst/YO-PRO/PI; IOBA-NHC or IOBA
cell line, cell line from Normal Human Conjunctiva; IR, InfraRed; MMP, Mitochondrial Membrane Potential; PI, Propidium Iodide; RT, Room Temperature; UVt,
UltraViole; λ↑, excitation wavelength (for fluorescence readings); λ↓, emission wavelength (for fluorescence readings)
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characteristics of the population studied, its prevalence varies from 5
up to 45% [7].. DED was initially recognized as a disease of aging
people, however, the dry eye patients are currently getting younger
[12]. Since younger generations spend a significant part of their day
looking at various screens highly emitting in the blue spectrum [13,14],
this “rejuvenation” is not surprising. Indeed, there are numerous studies
describing the appearance and/or worsening of DED signs and symp-
toms in visual display users [15–18].

The global pathogenesis of DED as well as the relationship between
DED and exposure to visible light specifically are still not clear [19]. So
far many works were dedicated to the dangerous role of light in retinal
diseases; in particular, the detrimental effect of blue light on the retina
has been extensively investigated [20–22]. However, little attention has
been paid to the impact of blue light on the ocular surface, even though
the cornea, the conjunctiva and the tear film represent the very first
barrier between light and the entire visual system and are deeply in-
volved in the pathophysiology of dry eye [19]. Among various tissues
comprised in the ocular surface, cornea and conjunctiva are the struc-
tures the mostly exposed to the ambient environment and are probably
the most susceptible to blue light [23]. In our daily life, our eyes are
constantly illuminated by various types of artificial and natural sources,
mainly ranging from UVA (360 nm) to IRA (1400 nm) and providing
with an important blue irradiance. Several studies investigated the
impact of near UV and IR light on the ocular surface [24–28] but only
several ones analyzed the impact of blue light exposure [2,29–33].
Given our specialized practice in the clinical management of DED and
previous basic studies on ocular surface inflammation and toxicity
[34–37], we hypothesized about a potential harmful influence of blue
light on the triggering and evolution of DED. Thus, the aim of this in
vitro study was to investigate the impact of blue-light exposure on
human epithelial cells of ocular surface, cultured either in basal con-
ditions or additionally stressed by hyperosmolar conditions (HO) fre-
quently used as an in vitro model of dry eye [38]. In particular, we
studied the impact of various blue wavebands on cellular viability and
health, oxidative stress, mitochondrial function and inflammatory cy-
tokines expression.

2. Results

2.1. Wide blue wavebands induced oxidative stress but did not affect the
cellular viability

First, we investigated the phototoxicity of wide spectral illumina-
tion directly after the end of light exposure. For both HCE and IOBA cell
lines, neither blue (380–525 nm) nor yellow (538–662 nm) wavebands
did not alter the cellular viability, either in basal or in HO conditions, as
compared to the dark (Fig. 1). No morphological changes were ob-
served either (Supplementary Fig. S1). Accordingly, we did not find any
significant changes in fluorescent signals of markers of cellular pro-
liferation (Hoechst), apoptosis (YO-PRO) and necrosis (Propidium Io-
dide [PI]) (Supplementary Fig. S2). However, the level of hydrogen
peroxide (H2O2) was significantly increased under blue light exposure
while it was not observed under yellow light one (Fig. 1). Level of H2O2

in HCE was statistically higher than in IOBA. Moreover, HO pre-sti-
mulation further enhanced the production of H2O2 in HCE cells com-
pared to normal culture condition.

2.2. Narrow wavebands of blue light provoked an important cellular death

To determine which wavelengths are more phototoxic, we further
exposed cells to specific narrow-waveband (10 nm) illuminations of the
same irradiance as for the previously used wide spectra. HCE viability
significantly decreased at 420 nm (Fig. 2A), to greater extent in HO
than in basal conditions. The near-UV 390 nm, used more like a positive
control, drastically killed cells, as expected. Similarly, IOBA viability
significantly decreased at 420 and 390 nm, with a more important

decrease in HO conditions at 390 nm (Fig. 2B). Interestingly, IOBA cells
demonstrated two other significant changes: i) the viability modestly
increased at 480 nm under HO stress, ii) at 630 nm, viability in HO
conditions was lower than in normal ones (while not significantly dif-
fering from the HO dark control). Additionally measured HYP (Hoechst,
YO-PRO and PI) fluorescent signals were significantly increased at
390 nm but not at 420 nm; HO conditions amplified this increase for
HCE but inhibited it for IOBA (data not shown). Measured variations in
viability were in accordance with the observed morphological changes
appeared after exposure to various blue wavebands (Fig. S3).

2.3. HCE succeeded to recover after the exposure to 420 nm illumination
while IOBA did not

To assess the ability of cells to recover, we monitored the cellular
viability, cellular proliferation, and death rates 4 and 24 h in the dark
after the end of exposure. In HCE, the deleterious impact of 420 nm
exposure recovered with time after 4 h in the dark; however, it re-
mained more severe under HO stress (Fig. 2A). IOBA cells retained the
important impact of 420 nm illumination for both culturing conditions
whatever the observation time (Fig. 2B). Interestingly, IOBA viability
was significantly deteriorated by HO stress at 4 h, but not after 24 h of
recovery.

For both cell lines, the viability remained significantly decreased at
390 nm and demonstrated no difference between culturing conditions.
Because the deleterious effect under 390 nm was too important, for
both cell lines in a time-course analysis, it was not possible to restore
viability with time (Fig. 2A, B). HCE recovered after the exposure to
420 nm in normal conditions but not in HO conditions (Fig. 2C). Sur-
prisingly, HCE under HO stress demonstrated a small increase in via-
bility in 24 h after the recovery from 430 nm illumination. On the
contrary, in both conditions, IOBA viability significantly decreased in
time after the 420 nm illumination (Fig. 2D). There were also small
decreases for 430 nm in normal and for 480 nm in HO conditions.

Accordingly to viability rate, for both cell lines, rates of HYP
fluorescent staining remained highly elevated after the 390 nm illumi-
nation (data not shown); the values significantly varied over time only
for this wavelength (Fig. 3). During the recovery time, under normal
conditions, HCE proliferation (Hoechst staining) monotonically in-
creased in time while under HO conditions, the proliferation rate at
+ 24 h decreased as compared to +4 h (Fig. 3A1, B1). Accordingly,
their apoptosis level (YO-PRO) decreased over time in basal but not in
HO conditions (Fig. 3A2, B2). On the contrary, apoptosis rate continued
to increase in IOBA cells (Fig. 3C2, D2); cell proliferation dropped ei-
ther in basal or in HO culturing (Fig. 3C1, D1). For both cell lines, the
necrosis rate (PI) increased after 4 h of recovery then went down
(Fig. 3A3, B3, C3, D3).

2.4. Exposure to blue light induced oxidative stress and compromised the
mitochondria

Illuminations of 420 nm produced a significant increase in H2O2

level that was modulated by HO stress (Fig. 4A, B)·H2O2 rate after ex-
posure to 430 nm turned out to be mainly non-significant. In full
compliance with the measured values of cellular viability and death,
both cell lines displayed an important increase in the production of
H2O2 under positive-control 390 nm illumination. HO stress weakened
this production in HCE and strengthened it in IOBA. Follow-up of the
hydrogen peroxide rate showed that for both cell lines in both condi-
tions, H2O2 level significantly varied in time only after harmful 430,
420 and 390 nm illuminations (Fig. 4C, D; the values that did not vary
in time are not shown). In HCE and in IOBA in normal conditions, ROS
rate at 430 nm significantly decreased in time. Under HO stress, that
was 420 nm exposure that provoked time alterations of H2O2. In HCE,
recovery time allowed for its significant elimination while in IOBA, its
rate only went up. After the exposure to 390 nm, hydrogen peroxide



level remained highly elevated after either 4 or 24 h of recovery. For
both cell lines, it increased in 4 h of recovery and then decreased again
in 24 h. These variations were more important in IOBA than in HCE.

Directly after the end of light exposure, we then explored the level
of another important ROS, the mitochondrial superoxide anion (O2

• −).
The O2

• − rate was significantly increased after exposure to 430, 420
and 390 nm (Fig. 5A, B). We observed an important fluorescent staining
of oxidation products for the same wavelengths (Fig. 5C). For 390 nm,
under HO stress, the effect was weaker for HCE and stronger for IOBA.

Since we found a significant increase in mitochondrial oxidative
stress level, we then studied another marker of cellular health that is the
mitochondrial membrane potential (MMP). In IOBA in HO conditions,
we observed a significant decrease in MMP under 420 nm illumination.
Surprisingly, IOBA cell line demonstrated an unexpected increase of
MMP after 430 nm exposure that was even more pronounced under HO
stress. In basal conditions, IOBA also had a MMP increase at 480 nm
(Fig. 6B). In HCE, MMP significantly decreased in cells illuminated by
390 nm, with no difference between culturing conditions (Fig. 6A). The
same decrease took place in IOBA cells. The measured values were in
accordance with the observed fluorescent staining (Fig. 6C).

2.5. Blue light phototoxicity impaired the antioxidant defensive system

The highly important oxidative stress induced by light phototoxicity
may trigger off the antioxidant system scavenging for ROS species. HCE
demonstrated a modest significant increase in total glutathione (GSH)
in HO conditions at 420 nm. For both cell types at 390 nm, we observed
a significant increase in levels of both GSH and GSSG (oxidized

glutathione). Under HO stress, this increase was less pronounced in
HCE and more pronounced in IOBA cells (Fig. 5D1,2, E1,2). Interest-
ingly, in HCE, further calculated GSH/GSSG ratio did not demonstrate
any significant differences either between wavebands or between cul-
turing conditions (Fig. 5A3), but one should notice important disper-
sion of the results for the 390 nm. In IOBA, the ratio between total and
oxidized glutathione was significantly increased at 390 nm with no
difference between culturing conditions (Fig. 5B3).

2.6. Blue light induced changes in mRNA expression of cytokines and
antioxidants

Because of the important cellular death, we were not able to process
cells exposed to 390 nm light for the RT-qPCR (their number was not
sufficient).

In HCE in basal conditions, mRNA expression of IL-6 was sig-
nificantly up-regulated directly after exposure to 420 and 430 nm.
Under HO stress, the wavelength dependence of IL-6 seemed to be
qualitatively the same as in normal conditions. However, due to im-
portant fluctuations induced by HO medium, it appeared to be statis-
tically non-significant (Fig. 7A1). In both culturing conditions, CXCL8
was up-regulated at 420 nm exposure, to a greater extent under HO
stress (Fig. 7A2). Both TGFβ2 and CCL2 were down-regulated in normal
conditions under 420, 430 and 480 nm illuminations. In HO conditions,
the expression of both cytokines was significantly increased but with no
spectral dependence (Fig. 7A3, A4). One should notice that the varia-
tions of TGFβ2 expression were quite low.

In IOBA cells, IL-6 expression did not vary, either in normal or in HO

Fig. 1. Impact of wide-spectral illumination assessed
directly after the end of exposure. Cellular viability and
level of hydrogen peroxide generation (H2O2) measured
directly after 17 h of wide-spectral illumination. Control or
illumination conditions are denoted by obscurity (cells kept
in the dark), yellow (538–662 nm) and blue (380–525 nm).
Clear bars correspond to normal and hatched bars to hy-
perosmolar (HO) conditions of culturing. Results shown
represent the mean± SEM. Stars (*) refer to differences
with the correspondent dark control within the same cul-
turing condition and carets (^) refer to differences between
culturing conditions (normal vs. HO) within the same light
condition. Red signs correspond to an increase in values.
Statistical significance: p < 0.01 (**/^^), p < 0.001
(***/^^^), p < 0.0001 (****/^^^^).



Fig. 2. Impact of narrow-spectral illumination on cellular viability and its further recovery. (A, B) Cellular viability measured directly after 17 h of narrow-
spectral illumination (0 h), then in 4 (+4 h) or in 24 (+24 h) hours of recovery in the dark. Clear bars correspond to normal and hatched bars to hyperosmolar (HO)
conditions of culturing. Wavebands are represented by the correspondent colors; they are denoted on the color code scheme where each 10 nm spectral band is
designated by its central wavelength. Results shown represent the mean± SEM. Stars (*) refer to differences with the correspondent dark control within the same
culturing condition and carets (^) refer to differences between culturing conditions (normal vs. HO) within the same light condition. Red signs correspond to an
increase and blue signs to a decrease in values. Statistical significance: p < 0.05 (*/^), p < 0.01 (**/^^), p < 0.001 (***/^^^), p < 0.0001 (****/^^^^). (C, D) Time
course of viability recovery in normal or hyperosmolar conditions. Viability rates were measured directly after the end of exposure to light (0 h), then in 4 (+4 h) and
in 24 (+24 h) hours of recovery in the dark. Only the wavebands for which significant changes in time were observed are shown. Each 10 nm spectral band is
designated by its central wavelength. Results shown represent the mean± SEM. For points for which the error bars are shorter than the height of the symbol, error
bars are not drawn. Stars (*) refer to differences with values at 0 h time point and carets (^) refer to differences with values at + 4 h time point. Significances of
change are denoted near the plot of the correspondent waveband at the correspondent time point. Red signs correspond to an increase and blue signs to a decrease in
values. Statistical significance: p < 0.05 (*/^), p < 0.0001 (****/^^^^).



conditions (Fig. 7C1). CXCL8 was significantly down-regulated at 420
and 430 nm, with no difference between culturing conditions
(Fig. 7C2). TGFβ2 expression decreased for 420 and 430 nm exposure in
normal conditions. No statistically significant wavelength dependence

was observed under HO stress; however, the value for 420 nm was
greater than the one in the basal conditions (Fig. 7C3). The CCL2 values
of cycle threshold (Ct) being too high (~36–37), we did not consider
them as reliable and therefore did not present.

Fig. 3. Time changes in rates of cellular death after a narrow-spectral illumination. Time course of rates of cellular apoptosis (Hoechst – A1-D1, YO-PRO – A2-
D2) and necrosis (PI – A3-D3), in normal (A, C) and hyperosmolar (B, D) conditions. Measurements were done directly after the end of exposure to light (0 h), then in
4 (+4 h) and in 24 (+24 h) hours of recovery in the dark. Each 10 nm spectral band is designated by its central wavelength. Results shown represent the
mean± SEM. For points for which the error bars are shorter than the height of the symbol, error bars are not drawn. Stars (*) refer to differences with values at 0 h
time point and carets (^) refer to differences with values at + 4 h time point. Significances of change are denoted near the plot of the correspondent waveband at the
correspondent time point. Red signs correspond to an increase and blue signs to a decrease in values. Statistical significance: p < 0.05 (*/^), p < 0.01 (**/^^),
p < 0.001 (***/^^^), p < 0.0001 (****/^^^^). * ! or ^! mean that, according to the GraphPad notes, the individual p-value is greater than 0.05 in the third digit
following the point, the observed difference remaining still statistically significant.



Fig. 4. Time changes in H2O2 (hydrogen peroxide) production after a narrow-spectral illumination. (A, B) Rates of hydrogen peroxide (H2O2) were measured
directly after 17 h of narrow-spectral illumination (0 h), then in 4 (+4 h) or in 24 (+24 h) hours of recovery in the dark. Clear bars correspond to normal and hatched
bars to hyperosmolar (HO) conditions of culturing. Wavebands are represented by the correspondent colors; they are denoted on the color code scheme where each
10 nm spectral band is designated by its central wavelength. Results shown represent the mean± SEM. Stars (*) refer to differences with the correspondent dark
control within the same culturing condition and carets (^) refer to differences between culturing conditions (normal vs. HO) within the same illumination condition.
(C, D) Time course of hydrogen peroxide (H2O2) production in normal or hyperosmolar conditions. ROS levels were measured directly after the exposure to light
(0 h), then in 4 (+4 h) and in 24 (+24 h) hours of recovery in the dark. Only the wavebands for which significant changes in time were observed are shown. Each
10 nm spectral band is designated by its central wavelength. Results shown represent the mean± SEM. For points for which the error bars are shorter than the height
of the symbol, error bars are not drawn. Stars (*) refer to differences with values at 0 h time point and carets (^) refer to differences with values at + 4 h time point.
Significances of change are denoted near the plot of the correspondent waveband at the correspondent time point. Red signs correspond to an increase and blue signs
to a decrease in values. Statistical significance: p < 0.05 (*/^), p < 0.01 (**/^^), p < 0.001 (***/^^^), p < 0.0001 (****/^^^^). * ! or ^! mean that according to the
GraphPad calculations, the observed difference is still statistically significant, however, the correspondent p > 0.05.
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For both cell types, mRNA expression of NFκB did not demonstrate
any spectral dependence. Nevertheless, under HO stress, it was sig-
nificantly up-regulated at 420 nm for HCE and at 480 nm for IOBA as
compared with basal conditions (Fig. 7B1, D1).

In HCE in normal conditions, GPx1 expression slightly decreased at
420 nm. This value was significantly smaller than the one under HO
stress (Fig. 7B2). In both culturing conditions, SOD1 was up-regulated
at 420 and 430 nm, to a more extent in HO conditions at 420 nm
(Fig. 7B3). In IOBA, GPx1 was down-regulated at 420 and 430 nm in
both culturing conditions with no difference between them; SOD1 did
not vary (Fig. 7B2,D2).

3. Discussion

In clinical practice, environmental triggers such as light are known
to potentially damage the ocular surface and aggravate dry eye signs,
symptoms and the corresponding social impact [39]. This issue is even
more important since today, in addition to sunlight, our life is highly
illuminated by various light artificial sources. Here, we demonstrated in
vitro the noxious and specific effects of visible violet-blue light on
human epithelial cells of the ocular surface, and the influence of media
osmolarity on this phototoxicity.

The originality of our work was to investigate and compare the
phototoxicity on epithelial cells from the cornea and conjunctiva. These
two main tissues of the ocular surface are the most exposed to the
ambient environment and have fundamental roles in health and pro-
tection of the eye. In addition to the human corneal epithelial (HCE)
cell line, the most widely used one for the in vitro studies of dry eye
[40], we worked on a spontaneously immortalized epithelial cell line
from normal human conjunctiva (IOBA-NHC) [41] which retains most
of morphological and functional characteristics of human conjunctival
epithelium [42,43]. Moreover, it was reported that IOBA line had a
highly similar profile of biomarkers concerning cellular defense, com-
munication and development when compared to primary culture of
human conjunctival epithelial cells [42]. In order to mimic in vitro dry
eye conditions, HO stress was applied to these cells [38]. To make HO
media, we added 69mM of NaCl since greater values were reported to
induce an important cell death [38,44] and would probably bias the
impact of light phototoxicity. The measured osmolarity values were
within the range of the hyperosmolarity commonly used in experi-
mental settings (e.g. [38,45],). For both cell types, we decided to keep
the same composition of culture media, in order not to induce an ad-
ditional stress and to be able to assess the specific phototoxic effect. We
used the irradiance range of wide-spectral illuminations that well

Fig. 5. Rates of mitochondrial superoxide anion (O2
• −) and implication of glutathione-based antioxidant system immediately after the end of a narrow-

spectral illumination. (A, B) Level of mitochondrial superoxide anion (O2
• −) production. (C) Fluorescent images of O2

• − accumulation in HCE (C1,2) and IOBA
(C3,4) either in normal (norm – C1,3) or in hyperosmolar (HO – C2,4) conditions. Magnification: x20. Scale bar represents 20 µm. O2

• − aggregates stained with the
MitoSOX dye fluoresced in red and cell nuclei were counter-stained with DAPI (blue). No super-oxide reactive dye was added to the negative control (neg ctrl). (D, E)
Rates of total (GSH – D1, E1) and oxidized (GSSG – D2, E2) glutathione and their ratios (D3, E3). Clear bars correspond to normal and hatched bars to hyperosmolar
(HO) conditions of culturing. Wavebands are represented by the correspondent colors; they are denoted on the color code scheme where each 10 nm spectral band is
designated by its central wavelength. Results shown represent the mean± SEM. Stars (*) refer to differences with the correspondent dark control within the same
culturing condition and carets (^) refer to differences between culturing conditions (normal vs. HO) within the same illumination condition. Red signs correspond to
an increase and blue signs to a decrease in values. Statistical significance: p < 0.05 (*/^), p < 0.01 (**/^^), p < 0.001 (***/^^^), p < 0.0001 (****/^^^^).

Fig. 6. Mitochondrial membrane potential
status immediately after the end of a
narrow-spectral illumination. (A, B) Values
of measured mitochondrial membrane poten-
tial. Clear bars correspond to normal and hat-
ched bars to hyperosmolar (HO) conditions of
culturing. Wavebands are represented by the
correspondent colors; they are denoted on the
color code scheme where each 10 nm spectral
band is designated by its central wavelength.
Results shown represent the mean± SEM.
Stars (*) refer to differences with the corre-
spondent dark control within the same cul-
turing condition and carets (^) refer to differ-
ences between culturing conditions (normal vs.
HO) within the same illumination condition.
Red signs correspond to an increase and blue
signs to a decrease in values. Statistical sig-
nificance: p < 0.05 (*/^), p < 0.01 (**/^^),
p < 0.0001 (****/^^^^). (C) Fluorescent mi-
croscope images representing MMP status in
HCE (C1,2) and IOBA (C3,4) either in normal
(norm – C1,3) or in hyperosmolar (HO – C2,4)
conditions. MITO-ID® membrane potential dye
fluoresced in green and cell nuclei were
counter-stained with DAPI (blue).
Magnification: x20. Scale bar represents
20 µm. No MITO-ID® dye was added to the
negative control (neg ctrl). CCCP corresponds
to cells with added carbonyl cyanide 3-chlor-
ophenylhydrazone, to abolish MMP.



approximate the real-life conditions (Supplementary Fig. S4B1, B2).
Indeed, according to recent measurements performed in the R&D de-
partment of Essilor (publication currently in preparation), we can easily

be exposed to 4.89mW/cm2 of a 380–780 nm ambient light when being
outside on a sunny slightly cloudy day. This measurement corresponds
to the entire visible solar spectrum (380–780 nm) while the irradiances

Fig. 7. Changes in mRNA expression levels measured immediately after the end of a narrow-spectral illumination. (A) IL-6, IL-8, TGFβ2, CCL2, (B) NFκB,
GPx1, SOD1 in HCE; (C) IL-6, IL-8, TGFβ2 (D) NFκB, GPx1, SOD1 in IOBA. Clear bars correspond to normal and hatched bars to hyperosmolar (HO) conditions of
culturing. Wavebands are represented by the correspondent colors; they are denoted on the color code scheme where each 10 nm spectral band is designated by its
central wavelength. Results shown represent the mean± SEM. Stars (*) refer to differences with the correspondent dark control within the same culturing condition
and carets (^) refer to differences between culturing conditions (normal vs. HO) within the same illumination condition. Red signs correspond to an increase and blue
signs to a decrease in values. Statistical significance: p < 0.05 (*/^), p < 0.01 (**/^^), p < 0.001 (***/^^^), p < 0.0001 (****/^^^^).



of its blue (380–500 nm) and yellow (500–600 nm) spectral parts are
1.28mW/cm2 and 1.4 mW/cm2 respectively.1 We set the time of illu-
mination at 17 h since it is the average duration of wakefulness per day.
This study demonstrated the phototoxicity of such wide-spectral blue
illumination on the ocular surface in terms of increased ROS generation
level.

Next, we explored the impact of narrow 10 nm wavebands situated
within the large blue spectrum to better understand the specific wa-
velength dependency of phototoxicity. As we were limited to 5 various
wavelengths that could be used simultaneously (illumination system
constraint), we chose the most violet blue one that was also supposed to
serve as a positive control (390 nm), the blue light whose toxicity is
currently widely discussed (420 and 430 nm), the turquoise blue im-
plicated in circadian rhythms (480 nm), and also the red light (630 nm).
The part of the plate was always kept in the dark for the control con-
dition.

We demonstrated the significant decrease in viability for blue-illu-
minated cells. Morphologically, both cell lines noticeably collapsed at
390 nm and presented alterations at 420 and sometimes at 430 nm,
even if the viability rate for the latter did not show a significant
quantitative decline. These results are in line with those of Niwano
et al., Ayaki et al. and Lee et al. who found a significant decrease in the
viability of rabbit corneal epithelial cell lines [31], primary cultures of
human ocular cells [30] and HCE cell line [29] respectively illuminated
by 410 ± 10 nm waveband (in average). As opposed to HCE line, no
recovery after exposure was observed in 420 nm-illuminated IOBA
cells; moreover, their morphological alterations appeared to be more
important than in HCE. Together these results may suggest that con-
junctival cells are more prone to blue light phototoxicity than the
corneal ones. This higher photosensitivity of IOBA cell line would be
logical taking into account the ocular immunology. Indeed, the con-
junctival epithelium is very rich in highly interconnected im-
munocompetent cells, which makes the conjunctiva the first location of
the ocular inflammatory response. One of the main roles of the con-
junctiva is to protect the “noble” corneal structure and to preserve its
integrity and transparency that are essential for the correct visual
function. On the contrary, the cornea benefits from the immune privi-
lege (few immune cells, no blood vessels) and from the inhibition of
inflammatory reactions. Thus, the conjunctiva naturally participates in
the inflammation process to a much greater extent than the cornea and
is therefore more responsive to phototoxic stress [46–48]. To better
understand the pathways of occurring cellular death, we calculated the
ratios between YO-PRO (apoptosis) and PI (necrosis) signals at various
times after the end of illumination (Supplementary Fig. S6). For both
cell types at 390 nm, this ratio significantly increased at least at the end
of the 24 h recovery. Thus, we concluded about the prevailing role of
apoptosis in the post-illumination phototoxic processes. Additional HO
stress did not allow HCE line to restore viability as it was possible in
normal conditions; it also impacted the proliferation and apoptosis rate.
In IOBA after 4 h of recovery, we observed the amplification of pho-
totoxicity by concomitant HO stress suggesting that light exposure
could enhance ocular surface damage observed in DED, further em-
phasizing the commonly observed susceptibility of dry eye patients to
blue light exposure.

Oxidative stress and excessive ROS generation are widely con-
sidered as key factors in the pathogenesis of ocular surface diseases, and
notably in DED [39,49–52]. Indeed, in our model we observed an im-
portant increase in O2

• − rate in mitochondria, the main source of
electrons for reduction of molecular oxygen to O2

• − [53]. We than

showed that H2O2, a specie that is poorly reactive but critical for sig-
naling systems [53,54], followed exactly the same trend but to a greater
extent (the smaller rates of superoxide anion were probably due to the
fact that O2

•− was transformed into other ROS species). Since H2O2

production demonstrated very important values, we than followed its
rate in time. The peak observed for 390 nm in 4 h after exposure cor-
related with the previously detected peak of necrosis at that time point.
At 420 nm, H2O2 rate remained steady while it significantly decreased
at 430 nm, highlighting the greater toxicity of 420 nm illumination as
compared to the 430 nm one. Our results concerning the ROS produc-
tion are in agreement with those of Lee [29] and Ayaki [30]. Interest-
ingly, in some experiments (cellular death rates and ROS production) in
normal culturing conditions, the rates of immediate HCE cells’ re-
sponses were stronger than IOBA cells’ ones while there was no such a
difference after recovery time. We therefore propose that in IOBA cells,
the phototoxic process takes more time to activate the response of the
same order than in HCE. Thus, the IOBA cell defense system cannot be
switched on enough quickly making the conjunctival cells more sensi-
tive to the impact of light. Indeed, the conjunctival tissues are more
protected by eyelids than the corneal ones; that means that naturally
the conjunctiva is supposed to be less illuminated by light than the
cornea and may therefore posses a less adapted defense system.

Since oxidative stress is a result of an imbalance between free ra-
dical generation and scavenging, we further explored the functioning of
ROS-eliminating system. In order to increase their antioxidant capacity
[55], both cell lines triggered off their glutathione-based antioxidant
system by increasing the levels of GSH and GSSG. As opposed to HCE,
IOBA cells illuminated by blue-violet light demonstrated a significant
increase in GSH/GSSG ratio, which is considered to determine the
oxidant/anti-oxidant balance [56,57]. It suggests that in IOBA, the
conjunctival anti-oxidant system was impaired, in agreement with al-
ready discussed greater photosensitivity of IOBA cells. Also, because
ROS accumulation is known to be produced in mitochondria, we then
checked the state of the mitochondrial membrane potential. In keeping
with the previous results, for more violet exposures, we detected the
loss of MMP that is considered to be a sensitive indicator of mi-
tochondrial damage [58,59]. Surprisingly, IOBA cells demonstrated a
significantly increased MMP after the 430 nm illumination. Even if the
disruption of MMP is frequently considered as an important landmark
in apoptotic signaling [60], numerous studies reported an increase in
MMP as the very first response to stress. They suggest that mitochon-
drial hyperpolarization and ROS production precedes the decrease in
MMP and represents an early event in apoptosis; the underlying cellular
mechanism is though still incompletely understood (reviewed in
[61,62]). Thus, the literature led us to suppose that 430 nm illumina-
tion may provoke early signs of cytotoxicity. MMP elevation was ob-
served in various cell types (e.g., in T cells, HeLa cells, fibroblasts and
astroglial cells, for more detail see [63–66]); however, no data are
available concerning mitochondrial hyperpolarization in cells of the
ocular surface. Together, our results suggest that 430 nm light, while
being definitely less dangerous than its more short-wavelength visible
counterparts, is still phototoxic to the ocular surface.

Combination of light exposure with HO stress is one of the main
innovative points of our study. While being enough harmful for IOBA,
in HCE, additional hyperosmolarity provides with a priming effect sti-
mulating the HCE defense system and allowing cells for better struggle
against phototoxicity. This effect may be explained by the hormesis
theory [67] according to which, exposure to low continuous or higher
intermittent doses of a stress agent, that would otherwise be harmful at
larger or chronic doses, promotes favorable biological adaptations
which protect against greater subsequent stress [68]. This concept is
particularly extended to the mitochondria (mitohormesis) supposing
that mild perturbations in mitochondrial homeostasis coordinate nu-
clear and cytosolic responses that make the whole cell less susceptible
to future perturbations [68] (reviewed in [69,70]). Thus, we suggest
that preexisting hyperosmolar stress provoked a mild oxidative stress

1Measurements were done at 10 a.m. in the center Paris at the end of May;
the measurement setup was installed on the 5th floor, the detector orientation
corresponded to the −15° of the head lowering; given values represent the
average of irradiances measured in the four main directions (North, Est, South,
West).



which further played a role of perturbation necessary for mitohormesis.
As a result, this process made HCE cells more adapted for struggling
against phototoxicity. Nevertheless, this trigger factor turned out to be
outside the hormetic zone for more sensitive conjunctival cells, thus
providing IOBA with more important cytotoxicity.

Last, we investigated the mRNA expression for genes whose reg-
ulation is widely implicated in DED. Chemokine CXCL8, one of the
major mediators of the inflammatory response, and proinflammatory
cytokine IL-6 are important biomarkers of ocular surface inflammation
and DED [71]. While being expectedly up-regulated in blue-illuminated
HCE, in IOBA, CXCL8 expression went down. We ascribed this fact to a
possible negative loop regulation that turned on when highly stressed
IOBA cells produced CXCL8 in excess amount. Two other cytokines
implicated in the ocular surface homeostasis and inflammation are
CCL2 and TGFβ2. The former is produced by a variety of cell types,
either constitutively or after induction by oxidative stress [72,73]. Our
team has previously studied the induced expression of chemokines in
the inflamed ocular surface; more particularly, in case of ocular surface
toxicity induced by benzalkonium chloride, the deregulation of CX3CL1
and CCL2 in the conjunctival epithelium was demonstrated [37]. To-
gether with TGFβ2, one of the most important ligands involved in
modulation of cell behavior in ocular tissues [74], these markers were
down-regulated in normal conditions. However, additional HO stress
probably broke down the negative loop regulation leading to a sig-
nificant increase in their expression. HO also slightly increased the
expression NFκB, a protein complex that controls transcription of DNA,
cytokine production, and cell survival, in accordance with previous
studies where NFκB was reported to have a role in HO-induced cellular
signaling [38,75]. In HCE, the observed mRNA up-regulation of SOD1,
one of the main antioxidant enzymes [57,76], meaning a setting-up of
cellular defense system, even better adjusted under HO hormetic effect.
On the opposite, in IOBA, no changes for SOD1 together with down-
regulation of GPx1 led again to a greater phototoxicity in this cell line.
Together, these experiments allowed to observe the blue-light-induced
alterations in mRNA expression of biomarkers implicated in the in-
flammatory response and antioxidant defense of ocular surface cells.

To sum up, we hypothesize that when blue light reaches the cell, it
primarily impacts the mitochondria, increasing the rate of superoxide
anion and changing its membrane potential. O2

• − is then transformed
into hydrogen peroxide by means of superoxide dismutase·H2O2 is
further partially expulsed from the cell thus increasing the level of
extracellular ROS. In cytosol, hydrogen peroxide is eliminated by means
of glutathione-based defensive system. In addition, induced oxidative
stress affects the regulation of inflammatory cytokines and of genes
responsible for the functioning of the antioxidant system. One should
note that the majority of harmful effects observed in this work were not
detected after exposure to the control red light, thus confirming the
blue wavelength specificity of the presented phototoxic effects.
Moreover, it is worth to note that our findings are in line with recent in
vivo results of Lee et al. who reported that overexposure to blue light
induced oxidative damage and apoptosis to the cornea, probably re-
sulting in increased ocular surface inflammation and dry eye [2].

Our work demonstrates the deleterious effects of blue light on the
eye, not only on the retina but on the ocular surface. In vivo studies may
confirm the present in vitro results including the role of various cell
types such as goblet cells [77,78] or potentially beneficial treatments
like contrived tear products currently available on the market. Our
findings corroborate the daily photosensitivity observed in DED pa-
tients in clinical practice, and show that they might be more prone to
blue light phototoxicity. Wearing glasses that would filter out the blue
wavebands the most toxic for the ocular surface and highly present in
the given illumination conditions (like sunlight, office illumination,
light from screens etc.) might provide DED patients with an important
relief. In parallel, precisely adjusting the color spectrum in computer/
smartphone displays could also improve the symptoms and quality of

life in patients with dry eye. Thus, a clinical study that would in-
vestigate such benefits is worth to be done.

4. Materials & methods

4.1. Cell lines

The human corneal epithelial cell line (HCE, RCB-1384; Riken Cell
Bank, Tsukuba, Japan) was cultured in DMEM/F12 no phenol red
buffer (i.e., without photosensitizer), supplemented with 10% fetal
bovine serum (FBS), 1% penicillin (10,000 units/mL) and streptomycin
(10,000 μg/mL) as described previously [40]. The IOBA-NHC cell line
derived from normal human conjunctival epithelium [41] was cultured
in DMEM/F12 no phenol red buffer supplemented with 1 g/mL bovine
pancreas insulin, 2 ng/mL mouse epidermal growth factor (EGF), 0.1 g/
mL cholera toxin from vibrio cholerae, 5 g/mL hydrocortisone suitable
for cell culture, 10% fetal bovine serum (FBS), 1% penicillin (10,000
units/mL) and streptomycin (10,000 μg/mL) as described previously
[37]. DMEM/F12 no phenol red (i.e., without photosensitizer), FBS,
penicillin and streptomycin were purchased from Gibco (Life technol-
ogies, Carlsbad, CA, USA); insulin, EGF, cholera toxin and hydro-
cortisone were purchased form Sigma Aldrich (St. Louis, MO, USA).
Both cell lines were cultured under classic conditions (moist atmo-
sphere, 5% CO2, 37 °C); cells from passages 2–15 were used. Cells were
seeded in black 96-well plates (Greiner Bio-One GmbH, Kremsmünster,
Austria) 24 h before the beginning of light exposure, to achieve 60–70%
confluence. We choose this confluence since it was reported that con-
fluent cells (90–100%) may demonstrate no reduction in viability after
the light exposure [31]. Moreover, if the cells have already reached the
full confluence by the beginning of illuminatoin, they would undergo
certain cell death independently on light impact, thus making it com-
plicated to discern the purely phototoxic effect.

4.2. Hyperosmolar conditions

Hyperosmolar media were prepared by adding 69mM of sodium
chloride (Sigma-Aldrich, St. Louis, MO, USA) to supplemented media.
Osmolarity values of normal (basal) and hyperosmolar (HO) media
were measured with an osmometer (Roebling 13DR, Berlin, Germany):

HCE(basal) 315mOsm, HCE(HO) 442mOsm (HCE ) 127mOsm
IOBA(basal) 324mOsm, IOBA(HO) 455mOsm (IOBA ) 131mOsm

HOstress

HOstress

= = ⇒ △ =

= = ⇒ △ =

4.3. Light emitting devices and protocol

4.3.1. Wide-spectral illuminations – WL-Box device
Cells were exposed to either blue (380–525 nm) or yellow

(538–662 nm) light provided by a custom-made xenon-based device;
the average irradiance was 1.15mW/cm2 (Supplementary Fig. S3A1,2,
B1,2).

4.3.2. Narrow-spectral illuminations – BL-Box device
Cells were exposed to 5 various 10 nm-wide light wavebands pro-

vided by a custom-made LED-based fibered device as described pre-
viously [20]. The central wavelengths of these wavebands were 390,
420, 430, 480 and 630 nm; their irradiances were 1.05, 1.13, 1.16, 1.11
and 1.53mW/cm2 respectively (Supplementary Fig. S3A3, B3).

Cells in black 96 well-plate were exposed to either wide (WL-Box) or
narrow (BL-Box) wavebands of light for 17 h; for each experiment, one
subdivision of a well plate was maintained in darkness. Seven hours
before the exposure beginning, cell basal media were either changed to
the hyperosmolar ones, or just renewed (Fig. S3C). Except for the
follow-up time experiments, all the assessments of light phototoxicity
were performed immediately after the end of illumination. When time



changes were monitored (for cell viability, proliferation and death rates
and for hydrogen peroxide production), after the end of light exposure,
cells were kept in dark under standard conditions (moist atmosphere,
5% CO2, 37 °C) for either 4 or 24 h.

4.4. Quantification of cell viability and H2O2 generation

The CellTiter-Glo® Assay and the ROS-Glo™ H2O2 Assay (Promega,
Madison, WI, USA) were multiplexed according to the manufacturer's
protocol. Briefly, cells were incubated with H2O2 Substrate Solution for
3 h before the end of exposure. Then, half of the supernatant of the
illuminated well plate (plate N1) was carefully transferred to another
well plate (plate N2), without touching the adherent cells. Then, the
CellTiterGlo Detection Solution was added to the plate N1 and the ROS-
Glo Detection Solution was added to the plate N2. Both plates were
incubated at room temperature (RT) in the dark for 20min before lu-
minescence reading on an Infinite M1000 microplate reader (Tecan,
Männedorf, Switzerland). Luminiscence values were normalized with
respect to control cells considered as 100% viable. For ROS quantifi-
cation, the values were also normalized with respect to viability.

4.5. Cell death assays - HYP (Hoechst/YO-PRO/PI) test

The apoptotic cells are permeable for YO-PRO®-1 (Invitrogen,
Eugene, Oregon, USA) while remaining non-permeable to Propidium
Iodide (Interchim, Montluçon, France) which only stains necrotic cells
[79,80]. Hoechst 33342 (Invitrogen, Eugene, Oregon, USA) is a DNA-
intercalating agent that may therefore represent the cellular prolifera-
tion. Unlike propidium iodide, it is not excluded by live or apoptotic
cells. It has been observed that short exposure of cells to low con-
centrations of Hoechst leads to strong rapid labeling of apoptotic cells
while live cells require much longer incubation time to obtain com-
parable fluorescence intensity. Thus, Hoechst labeling has been also
proposed as an assay of apoptosis [81]. The reagents were mixed to-
gether in the PBS (Gibco, Life technologies, Carlsbad, CA, USA) at the
following concentrations: Hoechst – 1/1000, YO-PRO – 1/150, PI – 1/
15000. Such a mixing was possible since the tree dyes have different
excitation/emission spectra (Fig. S5). At the end of light exposure, the
well plate was centrifuged at 1500 rpm during 5min. Media were
carefully replaced with100 μl of prepared solution; the well plate was
then incubated for 30min at RT in the dark. Further, 100 μl of PBS were
added to wells; the well plate was centrifuged again (1500 rpm, 5min)
and supernatants were replaced with 100 μl of fresh PBS. Finally, the
fluorescent signals were read on an Infinite M1000 microplate reader
(Tecan, Männedorf, Switzerland) in the following order, to avoid cross-
excitations if there were any (hardly probable): Hoechst - λ↑=350 nm,
λ↓=461 nm; YO-PRO - λ↑=491 nm, λ↓=509 nm; PI - λ↑=535 nm,
λ↓=617 nm. Measured values were normalized with respect to control
cells considered as 1 and also to viability.

4.6. Quantification of O2
• − generation

Superoxide anion levels were quantified using the MitoSOX™ Red
Mitochondrial Superoxide Indicator kit (Life Technologies, Carlsbad,
CA, USA). MitoSOX reagent working solution (5 μM) was prepared by
diluting MitoSOX reagent stock solution (5mM in DMSO (Sigma
Aldrich, St. Louis, MO, USA)) in DMEM/F12 no phenol red buffer. At
the end of light exposure, media were replaced with 100 μl of MitoSOX
reagent working solution; the well-plate was then incubated for 10min
at 37 °C in the dark. Cells were further carefully washed 3 times with
warm PBS; finally 100 μl of PBS was added to wells. The fluorescent
signal was read on an Infinite M1000 microplate reader (Tecan,
Männedorf, Switzerland): λ↑ =510 nm, λ↓ =580 nm. Measured va-
lues were normalized according to control cells considered as 1 and also
according to viability.

4.7. Mitochondrial membrane potential assessment

Mitochondrial membrane potential was measured using the Mito-ID
membrane potential cytotoxicity kit (Enzo Life Sciences, Farmingdale,
NY, USA). Carbonyl cyanide 3-chlorophenylhydrazone (CCCP, working
solution was prepared in DMEM/F12 no phenol red buffer) was added
30min before the end of light exposure to a few wells to abolish the
mitochondrial membrane potential as a positive control (final con-
centration in wells was 8 μM). At the end of light exposure, the MitoID
dye solution prepared according to the manufacturer's protocol was
directly dispensed into each well; the well-plate was then incubated for
30min at RT in the dark. The fluorescent signal was read on an Infinite
M1000 microplate reader (Tecan, Männedorf, Switzerland): λ↑
=490 nm, λ↓ =590 nm. Measured values were normalized with re-
spect to control cells considered as 1.

4.8. Measurement of glutathione

The rate of reduced and oxidized forms of glutathione was measured
with the GSH/GSSG-Glo™ Assay kit (Promega, Madison, WI, USA). At
the end of light exposure, cells were treated either with Total or
Oxidized Glutathione Reagent for 5min under shaking at RT. Luciferin
Generation Reagent was then added to all the wells; the well-plate was
incubated for 30min at RT before adding the Luciferin Detection
Reagent. Luminescence was read on a microplate reader Infinite M1000
microplate reader (Tecan, Männedorf, Switzerland). Measured values
were normalized with respect to control cells considered as 1 and also
with respect to viability. The ratio GSH/GSSG was calculated according
to the manufacturer's protocol.

4.9. Imaging

Cells were fixed with 4% paraformaldehyde-PBS (Sigma-Aldrich)
for 10min, then washed twice with PBS and imaged with the inverted
Nikon TiE microscope (image recording via Metamorph 7.7). Images
were then processed with the Fiji software (ImageJ version).

4.10. RT-qPCR

After the end of illumination, cells were washed and lysed; total
RNA was extracted using a NucleoSpin RNA XS extraction kit
(Macherey-Nagel, Düren, Germany). RNA quality and quantity were
assessed using a ND-1000 spectrophotometer (Thermo Scientific,
Waltham, Massachusetts, USA). cDNA was further synthesized from
equal amounts of RNA using Multiscribe reverse transcriptase (TaqMan
Reverse Transcription Reagents, Applied Biosystems, Life Technologies,
Carlsbad, CA, USA) according to the manufacturer's protocol. Finally,
cDNA were diluted in DNAse/RNAse free water (Gibco) to a final
concentration of 5 ng/μl. Real-time quantitative PCR was performed
with 25 ng of cDNA added to a 15 μl solution of Applied Biosystems
Mastermix (TaqMan Universal PCR Master Mix) and primers to a final
volume of 20 μl. All primers and reagents were purchased from Applied
Biosystems: GAPDH (Hs02786624_g1), HPRT1 (Hs02800695_m1),
IL-6 (Hs00174131_m1), CXCL8 (Hs00174103_m1), TGFβ2
(Hs00234244_m1), CCL2 (Hs00234140_m1), NFκB1 (Hs00765730_m1),
GPx1 (Hs00829989_gH), SOD1 (Hs00533490_m1). Target cDNA was
amplified using the 7300 Real-Time PCR system (Applied Biosystems).
Changes in mRNA expression were calculated as ΔΔCt = ΔCtilluminated –
ΔCtcontrol with ΔCt =Cttarget_gene –CtHK_gene. Ct means cycle threshold and
HK_gene means housekeeping gene (HPRT for HCE and GAPDH for
IOBA). Non-illuminated cells cultured in basal conditions were taken as
controls.

4.11. Statistical analysis

All experiments were repeated at least three times in technical



replicate. Statistical analyzes were performed using GraphPad
(GraphPad Software, La Jolla, CA, USA). One- or two-way ANOVA
analysis with repeated (time follow-up experiments) or non-repeated
measures followed by False Discovery Rate multiple correction (two-
stage step-up method of Benjamini, Krieger and Yekutieli, false dis-
covery rate Q = 0.05) were used. All data are presented as
mean± SEM. Differences were considered significant when p < 0.05
(*/^), p < 0.01 (**/^^), p < 0.001 (***/^^^) or p < 0.0001 (****/^^^^).
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