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Daily blue-light exposure shortens lifespan and causes brain
neurodegeneration in Drosophila
Trevor R. Nash1,4, Eileen S. Chow1,4, Alexander D. Law 2, Samuel D. Fu1, Elzbieta Fuszara 3, Aleksandra Bilska3, Piotr Bebas 3,
Doris Kretzschmar2 and Jadwiga M. Giebultowicz1*

Light is necessary for life, but prolonged exposure to artificial light is a matter of increasing health concern. Humans are exposed to
increased amounts of light in the blue spectrum produced by light-emitting diodes (LEDs), which can interfere with normal sleep
cycles. The LED technologies are relatively new; therefore, the long-term effects of exposure to blue light across the lifespan are not
understood. We investigated the effects of light in the model organism, Drosophila melanogaster, and determined that flies
maintained in daily cycles of 12-h blue LED and 12-h darkness had significantly reduced longevity compared with flies maintained
in constant darkness or in white light with blue wavelengths blocked. Exposure of adult flies to 12 h of blue light per day
accelerated aging phenotypes causing damage to retinal cells, brain neurodegeneration, and impaired locomotion. We report that
brain damage and locomotor impairments do not depend on the degeneration in the retina, as these phenotypes were evident
under blue light in flies with genetically ablated eyes. Blue light induces expression of stress-responsive genes in old flies but not in
young, suggesting that cumulative light exposure acts as a stressor during aging. We also determined that several known blue-
light-sensitive proteins are not acting in pathways mediating detrimental light effects. Our study reveals the unexpected effects of
blue light on fly brain and establishes Drosophila as a model in which to investigate long-term effects of blue light at the cellular
and organismal level.
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INTRODUCTION
Natural light is essential for the entrainment of circadian clocks,
which leads to temporal coordination of physiology and behavior.
However, emerging evidence suggests that increased exposure to
artificial light is a risk factor for sleep and circadian disorders.1,2

With the prevalent use of LED lighting and device displays,
humans are subjected to increasing amounts of light in the blue
spectrum since commonly used LEDs emit a high fraction of blue
light, often peaking at 460 nm (these lights appear white due to
the addition of broad-spectrum yellow garnet phosphor).3 Blue
light may affect human eyes,4 and recent data suggest that
extraocular light may impact human brain physiology.5 However,
the consequences of daily exposure to blue-enriched light across
the lifespan are not known.6

Research on model organisms suggests that visible light may
have a range of detrimental effects. A single acute blue-light
exposure causes photoreceptor death in the retina of mice and
flies.7–9 There are reports that light may shorten longevity in
Drosophila,10–12 but the mechanisms underlying the effects of
light on lifespan have not been pursued. Here, we characterized
the effects of different light exposures on the mortality and aging
phenotypes in Drosophila. We report that adult flies maintained in
cycles of 12h light and 12h darkness show symptoms of
accelerated aging, such as impaired locomotor performance,
brain neurodegeneration, and reduced lifespan compared with
flies reared in constant darkness. We identified blue light as
responsible for these aging phenotypes and investigated the
involvement of light-responsive pathways in mediating the
detrimental effects of blue light on the brain.

RESULTS
Blue light and aging
To investigate whether light affects Drosophila longevity, we first
compared the lifespan of white (w1118, hereafter w) adult flies kept
in daily cycles of 12-h white fluorescent light alternating with 12 h
of darkness (L:D) or in constant darkness (D:D). Survival of flies in D:
D was significantly extended compared with those in L:D (Log-rank
test, p < 0.0001) and their median lifespan was extended by 42%
(Fig. 1a). The difference in mortality could be caused by delayed
aging or by other factors. Aging in flies is associated with slower
climbing up the vial walls, which can be measured by using the
rapid iterative negative geotaxis (RING) assay.13 To determine
whether the lifespan extension of D:D flies was associated with
delayed aging, we measured vertical locomotion by RING. Middle-
aged (30-day-old) males kept in D:D had significantly better
average climbing ability than flies kept in L:D (Fig. 1b), suggesting
that reduced lifespan of L:D flies may be due to accelerated aging.
The lack of pigment granules in the retina makes w flies sensitized
to light;14 therefore, we also tested whether the longevity of wild-
type Canton S (CS) flies was affected by light. Indeed, the lifespan
of CS males and females was significantly reduced in L:D compared
with D:D (Log-rank test, p < 0.0001), albeit not as strongly as in w
flies (Fig. 1c). Consistent with these results, 30-day-old CS flies in L:
D showed a trend toward reduced average climbing ability, which
became statistically significant at a later age of 50 days (Fig. 1d).
The spectral composition of light used in the above experi-

ments showed a substantial blue component (Supplementary Fig.
1a); therefore, we tested the contribution of blue wavelengths
commonly used in human environments (LED with peak
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wavelength at ~460 nm) to the lifespan reduction. Lifespan was
measured in flies kept in daily cycles of 12-h blue LED light and
12 h of darkness (B:D), or white LED light with blue wavelengths
blocked by a yellow filter (W–B:D) (Supplementary Fig. 1b). To
equalize the amount of exposure across light sources, all light
sources hereafter were adjusted to emit similar photon flux
density (PFD) as L:D, ranging from 20 to 30 µmol m−2 s−1, at the
level where flies were kept. Compared with flies aged in D:D, the
median lifespan of w flies was reduced by ~50% in B:D but only by
4% in W–B:D light (Fig. 2a). Likewise, blue light caused a more
dramatic (~30%) reduction in the median lifespan of CS flies
compared with W–B light, which shortened median lifespan by
~10% (Fig. 2b). We also determined that the lifespan reduction of
both w and CS flies corresponded to increased intensity of blue
light (Fig. 2c, d). Pairwise comparisons of mortality curves showed
a dose-dependent effect, namely, increasing PFD from 4 to 11,
from 11 to 17, and from 17 to 24 µmol each caused a significant
increase in mortality (Log-rank tests with Bonferroni multiple
correction, p < 0.0001). Taken together, these results suggest that
irradiation by blue wavelengths is mainly responsible for the
reduced longevity of flies exposed to light.
Blue light activates Rhodopsin 1, the prevalent opsin in the fly

retina, which then requires exposure to orange light in order to
regenerate.15 To test whether lack of orange light may contribute
to the reduced lifespan, we kept flies under B:D alone or B:D of
similar intensity with the addition of orange LED light (peak at
600 nm, 1.5 µmol m−2 s−1) to allow for Rhodopsin regeneration.
Median lifespan of both w and CS flies was not extended by the
addition of orange light (Fig. 2e), suggesting that defects in
rhodopsin processing are not responsible for the reduced lifespan
of flies maintained in blue light. It was reported that blue-light-
induced photoreceptor death is ameliorated by mutations in the
gene encoding Rhodopsin 1 (ninaE), which disrupt phototransduc-
tion;9 therefore, we tested the effects of blue light on the lifespan
of ninaE7 and ninaE8 mutants, both with reduced rhodopsin
levels.9,16 The lifespan of white-eyed ninaE8 flies was shortened
significantly in B:D compared with D:D (Log-rank test, p < 0.0001)
with median lifespan reduced by 21% (Fig. 2f). The lifespan of red-
eyed ninaE7 flies was also shortened significantly in B:D compared

with D:D (Log-rank test, p < 0.0001), with median lifespan reduced
by 9% (Fig. 2f). The fact that the magnitude of lifespan reduction
was smaller in mutants with impaired phototransduction than in w
or CS flies suggests that phototransduction may partially
contribute to the detrimental effects of blue light.
Blue light acts in the entrainment of the circadian clock even at

low intensities;17 however, we reasoned that levels of blue light
that negatively affect longevity could have damaging effects on
the clock. To test this, we recorded locomotor activity of flies held
in L:D or B:D cycles for 5 days and then transferred to D:D for
5 days. Flies in both L:D and B:D showed prominent morning and
evening activity peaks; however, B:D flies were more active
throughout the entire light phase, especially at younger ages
(Supplementary Fig. 2). Upon transfer to D:D, young flies from
both regimes showed strong free-running circadian rhythms
(Supplementary Fig. 2), suggesting that light used in this study is
not damaging to the clock. Given these results, we then tested
whether disruption of the circadian clock increases the suscept-
ibility to blue light, as it is known that an intact clock confers
resistance to many stresses.18,19 We determined that the lifespan
of flies with disrupted clocks due to a mutation in the core clock
gene period (per01) was not reduced in B:D compared with w
control flies with an intact clock (Supplementary Fig. 3),
suggesting that a functional clock is not protective against the
blue-light exposure used in our experiments.
It has been reported that mammalian and fly retinal photo-

receptor cells subjected to acute strong blue light become
damaged;9,20 therefore, we asked whether photoreceptor cells are
affected by daily 12-h exposure to moderate blue light. The fly
retina consists of ~800 identical units called ommatidia, contain-
ing 6 outer and 2 inner photoreceptor cells (PR), each possessing a
rhabdomere consisting of tightly packed microvilli where the
phototransduction occurs. We examined histologically the health
of the PRs in w and CS flies kept in D:D or B:D by counting the
number of identifiable rhabdomeres (arrows, Fig. 3) on the same
area of retinal cross sections in different conditions. At the age of
35 days, w and CS flies in D:D showed the regular arrangement of
PRs with the dark rhabdomeres clearly distinguishable (Fig. 3a, b).
In contrast, retinal degeneration and disorganized rhabdomeres

Fig. 1 White fluorescent light shortens fly lifespan and decreases mobility. a Adult white (w) flies aged in constant darkness (D:D) have a
significantly extended lifespan compared with those aged in white fluorescent light (L:D) (Log-rank test, p < 0.0001). b Average climbing ability
was significantly lower in 30-day-old w males kept in L:D versus those kept in D:D (unpaired t test, p= 0.0066). c Canton S (CS) adult flies aged
in D:D have a significantly extended lifespan compared with those aged in L:D (Log-rank test, p < 0.0001). d Average climbing ability was lower
but not significant in 30-day-old CS males kept in L:D versus those kept in D:D, and significantly lower in 50-day-old CS males kept in L:D
versus those kept in D:D (unpaired t test, p= 0.0434). For longevity experiments in (a, c), N= 100 for each genotype and light condition.
Numbers above bars indicate the sample size in each light condition. Error bars show standard error of the mean (SEM)
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were evident at this age in flies kept in B:D (Fig. 3a, b). A
quantification confirmed a significant reduction in the average
number of distinct rhabdomeres in both w and CS flies in B:D
relative to D:D (Fig. 3c, d). By comparing rhabdomere loss between
genotypes in B:D, we determined that it was more significant
(unpaired t test, p= 0.0018) in w flies than in CS flies with normal
eye pigmentation. This is consistent with higher PR degeneration
reported previously in w flies in unspecified light conditions.21

Since PR damage occurred even in wild-type flies with normal
eye pigmentation, we next asked whether deeper brain tissues are
affected by blue-light exposure. To examine the central brain,
heads of CS flies aged in D:D or B:D for 52 days were sectioned to
measure the size of vacuoles indicative of neuronal loss. A
significant increase in the average area of brain vacuolization was
detected in CS flies in B:D compared with age-matched flies in D:D
(Fig. 4).

Fig. 2 Light in the blue spectrum is responsible for the decrease in fly lifespan. Lifespan of w a and CS b flies is dramatically reduced in B:D
compared with D:D (Log-rank test, p < 0.0001), but minimally reduced in flies aged under white LEDs lacking blue wavelengths by means of a
yellow filter (W–B:D). Median lifespan of w c and CS d flies in B:D is reduced with increasing photon flux density (PFD). Statistics shown are
from pairwise comparisons of the corresponding mortality curves that showed a dose-dependent effect, increasing PFD from 4 to 11, from 11
to 17, and from 17 to 24 µmol each, causing a significant increase in mortality (Log-rank tests with Bonferroni multiple correction, p < 0.0001).
Note that the y axis does not start at 0 to highlight these differences in median lifespan. e Survival of w and CS males kept in B:D or in B:D with
added orange light (B+O:D). f Mortality curves of the white-eyed ninaE8 and red-eyed ninaE7 mutants in B:D and D:D. In all of the above
experiments, N= 100 for each genotype and light condition
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The observation that blue-light exposure leads to damage in
both PR and the brain raised the question of whether PR
degeneration is causally involved in brain neurodegeneration, or
alternatively, whether blue light affects the brain independent of
the retinal status. To address this, we used eyes-absent (eya2)
mutants,22 which do not develop compound eyes and thus lack
PRs. The lifespan of eya2 flies was significantly shortened in B:D
compared with D:D (Log-rank test, p < 0.0001), with median
lifespan reduced by 37% for males and 42% for females (Fig. 5a).
In contrast, median lifespan was reduced by only 6% and 4%,
respectively, in males and females kept in white light with blue
wavelengths blocked (W–B:D) compared with flies kept in D:D (Fig.
5a). Climbing ability was also severely compromised in eya2 flies in
B:D compared with D:D (Fig. 5b). As in flies with normal eyes, this
behavioral deficit was associated with a significant degree of brain
degeneration, measured as an increased area of vacuoles in B:D
eya2 flies (Fig. 5c, d). In an additional experiment, we measured the

lifespan of another mutant lacking PRs, sine oculis (so1), and found
that their lifespan was also significantly shortened by blue light;
the median lifespan of so1 in B:D was reduced by 19% compared
with D:D (Supplementary Fig. 4). Together, these data suggest that
accelerated mortality and locomotor impairments of flies main-
tained in B:D may occur independently of retinal damage. We
hypothesize that brain neurodegeneration is a culprit in accel-
erating aging; however, other organs not studied here may be also
involved.
To begin investigating molecular pathways mediating the

damaging action of blue light on the brain, we first considered
cryptochrome, the blue-light-sensitive photoreceptor protein
encoded by the gene cry. In flies, the CRY protein is the major
light sensor for the entrainment of the circadian clock,23,24 and it is
involved in modulation of neuronal activity and behavior by blue
light.25,26 To test whether CRY could mediate the phototoxicity of
blue light, we measured the lifespan of flies with genetically
manipulated cry expression held in B:D or D:D. We found that
neither a null mutation in the cry gene nor overexpression of cry
affected survival in B:D conditions (relative to D:D) compared with
their respective controls (Supplementary Fig. 5a), suggesting that
CRY is not involved in the lifespan alterations caused by blue light.
In addition to cry, we tested whether the recently identified
Rhodopsin 7 (Rh7) plays a role in inducing the aging phenotypes.
RH7 protein is sensitive to blue light and its mRNA is weakly
expressed in both the brain and the retina.27 We determined that
median lifespan was similarly shortened in B:D relative to D:D,
both in Rh71 mutants and in flies overexpressing Rh7, compared
with their respective controls (Supplementary Fig. 5b), suggesting
that this chromoprotein is not involved in mediating the effects of
daily blue-light exposure on longevity. We note that it is still
possible that removing all photoreceptive pathways (i.e., cry and
rhodopsins together) could reduce blue-light-induced damage.
What are the proximate causes of premature aging of flies in B:

D? Our recent RNA-seq study comparing the diurnal transcriptome
in heads of young and old flies demonstrated that several stress-
response genes are upregulated in heads of 55-day-old w flies
kept in L:D 12:12 cycles, and their maximal expression over a 24-h
period occurred after 12 h of light exposure.28 These genes also
become induced in young flies kept in L:D but subjected to
oxidative stress by treatment with 100% oxygen.28 Given our
observation that L:D shortens the lifespan in flies (Fig. 1), and
reports that blue light induces oxidative stress in retinal cells9,20

and in the nematode Caenorhabditis elegans,29 we tested whether
blue light increased the expression of genes known to be induced
by oxidative stress. The expression of selected stress-response
genes was measured in heads of day 5 or day 35 w flies
maintained in B:D and collected at the end of their daily 12 h of
blue-light exposure. To discern the effects of light, we collected
simultaneously 5- or 35-day-old w flies maintained in D:D; these
flies are expected to show average expression of diurnal genes
due to the absence of clock entrainment by light. Some of the
known oxidative stress-response genes (Gclc, GstO1) were not
upregulated in B:D; however, expression of several other genes

Fig. 3 Retinal photoreceptors degenerate under blue light in flies
with white or red eyes. Representative retinal cross sections of 35-day-
old w a and CS b males in D:D and B:D. Red arrows point to
identifiable rhabdomeres. c, d The average number of rhabdomeres is
significantly reduced in 35-day-old w and CS males in B:D compared
with D:D (unpaired t test, ****p < 0.0001). Numbers above bars indicate
the sample size in each light condition. Error bars show SEM

Fig. 4 Blue-light exposure leads to neurodegeneration in the aging fly brain. a Representative brain sections showing brain vacuoles (red
arrows) in 52-day-old CS males in D:D compared with B:D. b Average area of vacuoles is significantly higher in B:D (unpaired t test, p= 0.0165).
Numbers above bars indicate the sample size in each light condition. Error bars show SEM
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was significantly increased in 35-day-old flies in B:D compared
with age-matched D:D controls (Fig. 6a). These included cnc (the
fly homolog of the transcription factor Nrf2), thioredoxin reductase
Trxr-1, glutathione S transferases GstD1 and GstD2, and several
heat-shock proteins: Hsp23, Hsp68, and Hsp70. Most of the
examined genes (with the exception of Gclc, Trxr-1, and GstD2)
did not increase expression in 35-day-old D:D flies compared with
5-day-old D:D flies, suggesting that blue light plays a much bigger
role in upregulation of stress-response genes than aging by itself.
We also observed strong upregulation of the metabolic gene,
lactate dehydrogenase (Ldh), which is known to increase with
aging and stress.28 Importantly, none of the examined genes
showed an increase in 5-day-old flies kept in B:D compared with D:
D, suggesting that the cumulative action of blue light over many
days is needed to induce stress-response genes, or that response
to blue light is age-dependent (Fig. 6a). To explore these
possibilities further, we tested survival of flies exposed to B:D or
D:D for a set number of days and then switched to the opposite
conditions. We kept w flies in B:D throughout their life, or for the
first 25 or 30 days of adult life followed by a transfer to D:D, and
compared their lifespan. As shown in Fig. 6b, exposure for the first
25 days of adulthood caused some flies to die within a few days,
but most of the remaining flies survived nearly as long as flies that
were always kept in D:D. However, exposing flies to B:D for the
first 30 days of adulthood (only 5 days longer than in the previous
experiment) followed by a transfer to D:D resulted in the majority
of flies dying shortly after the switch to D:D. These flies had a
median lifespan of 34 days, similar to the 33 days of controls kept
continually in B:D. In a reverse experiment, we kept flies in D:D for
30 days and then exposed them to B:D for the rest of their lives.
The median survival of these 30-day-old flies was 21 days after the
switch to B:D, while the median lifespan of young flies exposed to
B:D was 34 days. These results suggest two conclusions. First, blue
light has cumulative damaging effects, but the damage can be
halted upon removal of this type of stress, provided that it does
not accumulate beyond a certain irreversible threshold that causes
death. Second, blue-light damage affects flies differently across
their lifespan with vulnerability to this part of the visible spectrum
increasing with age. In other words, blue-light-induced damage
seems to accumulate faster with advancing age.

DISCUSSION
Understanding the effects of blue light on various life processes is
becoming an increasingly important health issue as humans are
exposed to more blue-enriched LED illumination for most of the
day, or even at night due to shift work and light pollution in large
cities.6 However, long-term consequences of increased daily blue-
light exposure across the human lifespan are not known. In this
study, we demonstrate that daily exposure to 12 h of visible light
in the blue part of the spectrum accelerates aging in Drosophila.
Light causes not only retinal damage but also neurodegeneration
in the central nervous system, which may be involved in the
premature decline in climbing ability and early mortality. Our data
also suggest that susceptibility to light increases with age and
repetitive exposure to blue light induces the expression of stress-
response genes.
The detrimental effects of light on longevity have been

reported recently in C. elegans;29 exposing these nematodes to
white light or different parts of the light spectrum significantly
reduced their lifespan,29 suggesting a broad susceptibility to light
in this species, albeit with stronger effects of shorter wavelengths.
Our data suggest that blue light is driving the aging phenotypes in
flies since it dramatically reduced the lifespan, while light in the
500–700-nm range with similar photon flux only minimally
affected longevity compared with D:D.
Numerous studies reported that light in the blue spectrum

causes damage to retinal cells in vitro and in vivo in mammals and
Drosophila.7,9,30 While these studies employed acute strong light,
we show that photoreceptor cells of aging flies degenerate in
response to 12 h of daily exposure to moderate blue light. This
degeneration was more pronounced in w flies than in age-
matched CS flies, presumably due to a lack of the screening red
pigment in the former genotype.21 Blue-light-induced degenera-
tion of fly retinal photoreceptors appears to involve the
phototransduction cascade, as retinal damage is mitigated by
mutations that impair phototransduction.9 We show here that this
may not be the case for organismal aging, because these
mutations only partially rescue the lifespan reduction caused by
blue light. Likewise, addition of orange light, which is known to
deactivate rhodopsin, did not rescue the lifespan. Thus, it appears

Fig. 5 Flies lacking retina show reduced lifespan and brain neurodegeneration in blue light. a Lifespan of eyes-absent mutant (eya2) flies is
significantly reduced in B:D compared with D:D (Log-rank test, p < 0.0001 for males and females), but is similar in W–B:D conditions (N= 100
for each light condition). b Aged eya2 males show a significant reduction in the average vertical climbing ability in B:D compared with D:D
(unpaired t test, p= 0.0009). c Representative brain sections showing brain vacuoles (red arrowheads) in 52-day-old eya2 males in D:D and B:D.
d The average area of brain vacuolization of 52-day-old eya2 males was significantly increased in B:D compared with D:D (unpaired t test, p=
0.0352). Numbers above bars indicate the sample size in each light condition. Error bars show SEM
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that the effects of light on retinal versus organismal aging may be
mediated by different mechanisms.
A surprising outcome of our study is that blue light not only

damaged the retina, but also caused neurodegeneration in the
brain. A significant age-specific increase in the area of vacuoles
indicative of neuronal death was observed in brains of flies in B:D
compared with age-matched flies in D:D. In addition, we
demonstrate that blue-light-induced damage to the brain occurs

whether or not the retina is present, suggesting that light can
affect the brain directly and independently of the visual system
degeneration. To address possible blue-light-activated pathways
in the brain, we tested the involvement of the photoreceptive
proteins CRY and RH7, both of which are expressed in the brain,
and determined that neither loss nor overexpression of either
protein significantly affected fly survival in blue light. Further
studies will be required to dissect the input pathways mediating
the effects of blue light on the brain. We note that the effects of
light on extra-retinal tissues may not be limited to invertebrates.
There are reports that the exposure of rats or mice to constant
light for several months was associated with a significant
reduction in the number of dopaminergic neurons.31,32 In
addition, transcranial blue light may impact human brain activity.5

Taken together, these data suggested that the question of
possible detrimental effects of light on brain aging deserves more
attention.
We hypothesize that light-induced brain neurodegeneration

may be the main cause of the decreased vertical mobility and
reduced lifespan. However, at this time, we cannot exclude the
possibility that other fly tissues could be affected by blue light and
contribute to the accelerated aging. For example, the study on C.
elegans showed that mitochondria in the muscles were damaged
by constant light exposure.29

Several studies determined that blue-light exposure results in
the generation of reactive oxygen species (ROS) in the retina of
mice20 and flies9 and even in skin cells.33 Light exposure that
shortens the lifespan of C. elegans also increases ROS levels and
induced an unfolded protein response.29 The expression of
selected stress-response genes was induced by light in worms29

and in photoreceptor cells of the fly retina.34 Our data are
consistent with these findings in that we detected increased
expression of several stress-response genes in the heads of 35-
day-old flies in B:D. These included cnc gene, the fly homolog of
the transcription factor Nrf2, which was also shown to be
upregulated in response to blue light in murine retinal pigment
epithelium cells.35 Importantly, expression of stress-response
genes was not elevated in young flies in B:D compared with
D:D, which is consistent with our data showing that mortality-
inducing stress requires multiple cycles of blue light and is age-
dependent. In summary, our data suggest that blue light needs to
be added to a range of environmental stressors that become
increasingly harmful with repetitive exposure.
Flies are used extensively to understand the mechanisms of

aging in laboratories across the world, but the specifics of light
conditions in terms of intensity and spectral composition are
usually not provided. Our study suggests that the light used in fly
facilities may critically affect experimental outcomes and should
be reported in aging studies to facilitate the consistency of the
results coming from different labs. Our discovery that lifetime
exposure to artificial light may cause extra-retinal damage and
reduce longevity in a complex model organism provides a novel
opportunity to understand the molecular mechanisms of the
increasingly evident harmful side of light.

METHODS
Fly maintenance and genotypes
Drosophila melanogaster was maintained on diet containing yeast (35 g/l),
cornmeal (50 g/l), and molasses (5%) at 25 ± 1 °C. The genotypes used in
this study are described in Supplementary Table 1. Flies used in the
experiments were mated and separated by sex when 1–2 days old. Fly
colonies were reared in cycles of 12 h of fluorescent light alternating with
12 h of darkness (L:D). Experimental adult flies were maintained in constant
darkness or daily cycles of 12-h light from specified light sources.

Fig. 6 Flies maintained in blue light show induction of stress-
response genes by day 35. a Expression levels of the indicated
stress-response genes in heads of 5- and 35-day-old w males
maintained in B:D or D:D. For each gene measured, values from
qPCR are reported as fold change relative to expression in young
flies in D:D set as 1. Statistics by 2-way ANOVA (****p < 0.0001; **p <
0.01; *p < 0.05). Bars show the average of two biorepeats; error bars
show SEM. b Median lifespan of w flies exposed to B:D and/or D:D
for the durations indicated by blue or black bars. Flies kept in B:D for
the first 30 days of adulthood and then transferred to D:D had a
similar median survival to those kept in B:D throughout their entire
life, while flies kept in B:D for the first 25 days of adulthood were
able to survive much longer (Log-rank test, p < 0.0001). Flies kept in
D:D for the first 30 days of adulthood experienced an increased
mortality rate upon transfer to B:D. Mortality curves for each
condition are shown on the right
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Light treatments
Light emitted from different sources was measured at the level where flies
were kept by using an SQ-120: Electric Calibration Quantum Sensor
(Apogee) and expressed as photon flux density (PFD). The spectrum of
each light source was measured with a P100-2-VIS-NIR, optical fiber C
(Ocean Optics). During the light phase of the standard L:D cycle in the fly
room, flies were exposed to white fluorescent light with an average PFD of
25 µmol m−2 s−1. In addition, all light sources used in specific experiments
are described in Supplementary Table 2. Control flies were kept in constant
darkness throughout their adult lifespan and were handled under red light.

Longevity and behavioral testing
For each genotype and light condition, lifespan was measured by using at
least 100 males or 100 females held in groups of 25 in narrow fly vials
(Genesee Scientific) with mortality recorded and fresh diet provided every
2–3 days. Mortality curves were statistically analyzed by using the Log-rank
test in GraphPad Prism 6. As a behavioral aging biomarker, we tested
climbing ability by using the RING assay as described.36 Briefly, for each
group tested, three vials (without diet), each containing 25 flies, were
tapped down (groups being compared were tapped simultaneously) to
bring all flies to the bottom of each vial, initiating a rapid negative geotaxis
response. Fly upward movement was video recorded, and images were
captured 4 s after tapping. These images were analyzed by using NIH
ImageJ software to calculate the flies’ average climbing height in each vial.
Statistical significance between groups was determined with unpaired t
tests by using GraphPad Prism 6. To assess locomotor activity, adult males
were held individually in glass tubes placed in Drosophila Activity Monitors
DAM2 or DAM5 (Trikinetics), and activity counts were measured every
15min. Flies were monitored for five 24-h cycles of L:D or B:D, followed by
five 24-h intervals of D:D. Activity data were analyzed by using ClockLab
version 2.72 (Actimetrics). Flies were deemed rhythmic if their activity
during D:D resulted in an ~24-h periodogram amplitude peak breaking the
99% confidence line, and a Fast Fourier Transform power of 0.04 or above.

Photoreceptors and brain health
To assess retinal degeneration, we quantitatively determined photorecep-
tor cell survival on paraffin cross sections of the eye by counting the
number of rhabdomeres. The severe disorganization of the ommatidia in
some of the conditions made it difficult to identify which of the
rhabdomeres belonged to an ommatidia, and we therefore did not count
rhabdomeres per ommatidia. Instead, we counted the number of
identifiable rhabdomeres in an area of 160 × 160 pixels in images taken
at the same magnification (×40) and resolution (1920 × 1440 pixels). To
ensure that measurements were done at similar level of the eye, we used
images where the anterior–posterior diameter was about 864 pixels and
placed the area to be counted in the middle of the image. To quantify
light-induced neurodegeneration in the brain, we measured the average
area of all vacuoles seen on sections of the brain as described previously.37

Analyses were done double-blind, and statistical significance determined
with unpaired t tests by using GraphPad Prism 6.

RNA extraction and qRT-PCR
Frozen heads were separated from bodies by vortexing tubes in liquid
nitrogen and with stainless-steel sieves with mesh- opening sizes of 710
and 425 µm. Each sample of 50 heads was homogenized in TRIzol (Thermo
Fisher) with a Kontes handheld motorized pestle. RNA was extracted
according to the manufacturer’s instructions, and samples were treated
with rDNAse I (Takara) followed by phenol/chloroform extraction. RNA was
precipitated with ethanol and sodium acetate. cDNA was synthesized from
1 µg of total RNA with the Maxima First Strand cDNA Synthesis Kit (Thermo
Fisher). Quantitative real-time polymerase chain reaction (PCR) was
performed with Power SYBR Green PCR Master Mix (Thermo Fisher) on a
StepOnePlus Real-Time PCR System (Applied Biosystems). Relative expres-
sion of genes of interest was calculated by using DCP2 as the reference
gene and 2−ΔΔCT data analysis. All primers (Integrated DNA Technologies)
were verified to have >90% efficiency; sequences can be found in
Supplementary Table 3.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
(and its supplementary information files). Any additional material is available from
the corresponding author.

Received: 8 May 2019; Accepted: 16 September 2019;

REFERENCES
1. Chang, A. M., Aeschbach, D., Duffy, J. F. & Czeisler, C. A. Evening use of light-

emitting eReaders negatively affects sleep, circadian timing, and next-morning
alertness. Proc. Natl Acad. Sci. USA 112, 1232–1237 (2015).

2. Green, A., Cohen-Zion, M., Haim, A. & Dagan, Y. Evening light exposure to
computer screens disrupts human sleep, biological rhythms, and attention abil-
ities. Chronobiol. Int. 34, 855–865 (2017).

3. Tsao, J. Y., Coltrin, M. E., Crawford, M. H. & Simmons, J. A. Solid-state lighting: an
integrated human factors, technology, and economic perspective. IEEE 98,
1162–1179 (2010).

4. Behar-Cohen, F. et al. Light-emitting diodes (LED) for domestic lighting: any risks
for the eye? Prog. Retinal Eye Res. 30, 239–257 (2011).

5. Sun, L. et al. Human brain reacts to transcranial extraocular light. PLoS ONE 11,
e0149525 (2016).

6. Hatori, M. et al. Global rise of potential health hazards caused by blue light-
induced circadian disruption in modern aging societies. NPJ Aging Mech. Dis. 3, 9
(2017).

7. Kuse, Y., Ogawa, K., Tsuruma, K., Shimazawa, M. & Hara, H. Damage of
photoreceptor-derived cells in culture induced by light emitting diode-derived
blue light. Sci. Rep. 4, 5223 (2014).

8. Osborne, N. N., Nunez-Alvarez, C. & del Olmo-Aguado, S. The effect of visual blue
light on mitochondrial function associated with retinal ganglions cells. Exp. Eye
Res. 128, 8–14 (2014).

9. Chen, X. et al. Cytochrome b5 protects photoreceptors from light stress-induced
lipid peroxidation and retinal degeneration. NPJ Aging Mech. Dis. 3, 18 (2017).

10. Shen, J. et al. Toxic effect of visible light on drosophila life span depending on
diet protein content. J. Gerontol. A Biol. 74, 163–167 (2019).

11. Shibuya, K., Onodera, S. & Hori, M. Toxic wavelength of blue light changes as
insects grow. Plos ONE 13, e0199266 (2018).

12. Hori, M., Shibuya, K., Sato, M. & Saito, Y. Lethal effects of short-wavelength visible
light on insects. Sci. Rep. 4, 7383 (2014).

13. Rhodenizer, D., Martin, I., Bhandari, P., Pletcher, S. D. & Grotewiel, M. Genetic and
environmental factors impact age-related impairment of negative geotaxis in
Drosophila by altering age-dependent climbing speed. Exp. Gerontol. 43,
739–748 (2008).

14. Stark, W. S. & Carlson, S. D. Blue and ultraviolet light induced damage to the
Drosophila retina: ultrastructure. Curr. Eye Res. 3, 1441–1454 (1984).

15. Wang, T. & Montell, C. Phototransduction and retinal degeneration in Drosophila.
Pflug. Arch. 454, 821–847 (2007).

16. Washburn, T. & Otousa, J. E. Molecular defects in Drosophila Rhodopsin Mutants.
J. Biol. Chem. 264, 15464–15466 (1989).

17. Busza, A., Emery-Le, M., Rosbash, M. & Emery, P. Roles of the two Drosophila
CRYPTOCHROME structural domains in circadian photoreception. Science 304,
1503–1506 (2004).

18. Krishnan, N., Davis, A. J. & Giebultowicz, J. M. Circadian regulation of response to
oxidative stress in Drosophila melanogaster. Biochem. Biophys. Res. Commun. 374,
299–303 (2008).

19. Krishnan, N., Kretzschmar, D., Rakshit, K., Chow, E. & Giebultowicz, J. The circadian
clock gene period extends healthspan in aging Drosophila melanogaster. Aging 1,
937–948 (2009).

20. Organisciak, D. T. & Vaughan, D. K. Retinal light damage: mechanisms and pro-
tection. Prog. Retinal Eye Res. 29, 113–134 (2010).

21. Ferreiro, M. J. et al. Drosophila melanogaster White Mutant w(1118) undergo
retinal degeneration. Front. Neurosci. 11, 732 (2018).

22. Bonini, N. M., Leiserson, W. M. & Benzer, S. The eyes absent gene—genetic-
control of cell-survival and differentiation in the developing drosophila eye. Cell
72, 379–395 (1993).

23. Stanewsky, R. et al. The cryb mutation identifies cryptochrome as a circadian
photoreceptor in Drosophila. Cell 95, 681–692 (1998).

24. Emery, P. et al. Drosophila CRY is a deep brain circadian photoreceptor. Neuron
26, 493–504 (2000).

25. Fogle, K. J. et al. CRYPTOCHROME-mediated phototransduction by modulation of
the potassium ion channel beta-subunit redox sensor. Proc. Natl. Acad. Sci. USA
112, 2245–2250 (2015).

T.R. Nash et al.

7

Published in partnership with the Japanese Society of Anti-Aging Medicine npj Aging and Mechanisms of Disease (2019)     8 



26. Baik, L. S., Recinos, Y., Chevez, J. A. & Holmes, T. C. Circadian modulation of light-
evoked avoidance/attraction behavior in Drosophila. Plos ONE 13, e0201927 (2018).

27. Senthilan, P. R., Grebler, R., Reinhard, N., Rieger, D. & Helfrich-Forster, C. Role of
rhodopsins as circadian photoreceptors in the Drosophila melanogaster. Biology 8,
pii: E6. (2019).

28. Kuintzle, R. C. et al. Circadian deep sequencing reveals stress-response genes that
adopt robust rhythmic expression during aging. Nat. Commun. 8, 14529 (2017).

29. De Magalhaes Filho, C. D. et al. Visible light reduces C. elegans longevity. Nat.
Commun. 9, 927 (2018).

30. Hunter, J. J. et al. The susceptibility of the retina to photochemical damage from
visible light. Prog. Retinal Eye Res. 31, 28–42 (2012).

31. Romeo, S. et al. Bright light exposure reduces TH-positive dopamine neurons:
implications of light pollution in Parkinson’s disease epidemiology. Sci. Rep. 3,
1395 (2013).

32. Romeo, S. et al. Fluorescent light induces neurodegeneration in the rodent
nigrostriatal system but near infrared LED light does not. Brain Res. 1662, 87–101
(2017).

33. Nakashima, Y., Ohta, S. & Wolf, A. M. Blue light-induced oxidative stress in live
skin. Free Radic. Biol. Med. 108, 300–310 (2017).

34. Hall, H., Ma, J. Q., Shekhar, S., Leon-Salas, W. D. & Weake, V. M. Blue light induces a
neuroprotective gene expression program in Drosophila photoreceptors. BMC
Neurosci. 19, 1 (2018).

35. Takayama, K. et al. Nuclear factor (erythroid-derived)-related factor 2-associated
retinal pigment epithelial cell protection under blue light-induced oxidative
stress. Oxid. Med. Cell. Longev. 2016, 8694641 (2016).

36. Krishnan, N. et al. Loss of circadian clock accelerates aging in neurodegeneration-
prone mutants. Neurobiol. Dis. 45, 1129–1135 (2012).

37. Sunderhaus, E. R. & Kretzschmar, D. Mass histology to quantify neurodegenera-
tion in Drosophila. J. Vis. Exp. 15, 118 (2016).

ACKNOWLEDGEMENTS
The authors thank Oksana Ostroverkhova, Eli Meyer, James Strother, Jim Pearson, and
Tom Giebultowicz for help with obtaining and characterizing light sources. We thank
David Hendrix, Rosalyn Fey, and Barbara Gvakharia for reading the paper. We thank
Patrick Emery, Jeff Hall, Paul Hardin, and Subhash Katewa for sharing fly stocks. Other
stocks used in this study were obtained from the Bloomington Drosophila Stock
Center (NIH P40OD018537). This work was supported by the National Institute of
Aging of NIH under award numbers R01 AG045830 and R56 AG062621 to J.M.G.

AUTHOR CONTRIBUTIONS
J.M.G., E.S.C., and T.R.N. conceived the project; J.M.G., T.R.N., and E.S.C. designed the
experiments; T.R.N., E.S.C., A.D.L., S.D.F., E.F., A.O., and D.K. performed the experiments;
J.M.G., E.S.C., P.B., and D.K. wrote the paper with input from all authors.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41514-019-0038-6.

Correspondence and requests for materials should be addressed to J.M.G.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2019

T.R. Nash et al.

8

npj Aging and Mechanisms of Disease (2019)     8 Published in partnership with the Japanese Society of Anti-Aging Medicine

https://doi.org/10.1038/s41514-019-0038-6
https://doi.org/10.1038/s41514-019-0038-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Daily blue-light exposure shortens lifespan and causes brain neurodegeneration in Drosophila
	Introduction
	Results
	Blue light and aging

	Discussion
	Methods
	Fly maintenance and genotypes
	Light treatments
	Longevity and behavioral testing
	Photoreceptors and brain health
	RNA extraction and qRT-PCR

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




