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The prevalence of artificial lights not only improves the lighting conditions for modern soci-
ety, but also poses kinds of health threats to human health. Although there are regulations
and standards concerning light pollution, few of them are based on the potential contribu-
tion of improper lighting to diseases. Therefore, a better understanding of the health threats
induced by light pollution may promote risk assessment and better regulation of artificial
lights, thereby a healthy lighting environment. This review is based on a careful collection
of the latest papers from 2018 to 2022 about the health threats of light pollution, both epi-
demiologically and experimentally. In addition to summing up the novel associations of
light pollution with obesity, mental disorders, cancer, etc., we highlight the toxicological
mechanism of light pollution via circadian disruption, since light pollution directly inter-
feres with the natural light-dark cycles, and damages the circadian photoentrainment of
organisms. And by reviewing the alternations of clock genes and disturbance of melatonin
homeostasis induced by artificial lights, we aim to excavate the profound impacts of light
pollution based on accumulating studies, thus providing perspectives for future research

and guiding relevant regulations and standards.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

diance intensity but also the spectrum and timing of light
pollution are the potential factors influencing its association
with health outcomes, which promotes artificial light at night

Light pollution is an emerging environmental issue that
comes along with intensified urbanization and industrial-
ization. The threats to human health from light pollution
have increased dramatically in the past decades (Davies and
Smyth, 2018), and it is estimated that today over 80% of
the world’s population has been impacted by the prevalence
of light pollution in different forms (Falchi et al., 2016). Ac-
cording to recent epidemiological research, not only the ra-
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(ALAN) and blue light becoming the most popular cases of
light pollution (Fonken and Nelson, 2016; Helbich et al., 2020;
Maggio et al., 2019; Walker et al., 2020a). Now the potential
health impacts of light pollution have been broadened from
sleep disorders to many high-concerned diseases like obe-
sity (Abay and Amare, 2018; Esaki et al., 2021), mental dis-
orders (Kim et al., 2018; Namgyal et al., 2020), and cancers
(Clarke et al., 2021; Johns et al., 2018; Ritonja et al., 2020). For
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example, some studies discovered the potential association
of outdoor/indoor ALAN with breast cancer in Spain and the
United States (Garcia-Saenz et al., 2018; Xiao et al., 2020b). The
relationship between light pollution and neurodegeneration,
with evident early symptoms of Alzheimer’s under dim light
at night (dLAN), has also been reported (Kim et al., 2018). On
the other hand, the discrepancy among studies can never be
avoided. The associations mentioned above were questioned
in some cases (Johns et al., 2018; Ritonja et al., 2020). Even for
those widely-accepted health outcomes, i.e., sleep, the exper-
imental processes were indeed affected by various parame-
ters including time/duration, light wavelength, and the choice
of animal model (Batra et al., 2020; Masis-Vargas et al., 2020).
Thus, discriminating key factors from those confounders will
be essential to identify the actual and direct consequences
of light pollution. Considering the toxicological mechanism
of light pollution, the circadian rhythm is by far the most
significant target which is related to a variety of health out-
comes and also under the cooperation of multiple regulatory
factors, especially melatonin homeostasis. However, there ex-
ists a huge knowledge gap on how light pollution affects de-
tailed processes of circadian photoentrainment, patterning of
molecular clocks, and melatonin homeostasis.

This review aims to focus on the research advances in the
health impacts of light pollution in the recent five years. Af-
ter basic introduction of light pollution, we summarized the
latest updates in uncovering the links between light pollu-
tion and highly concerned health effects (e.g. cancer, obesity,
and mental disorders) and relevant toxicological mechanisms.
As always, essential roles of disrupted circadian rhythm were
highlighted in the causal chain of such health outcomes. Ef-
forts of countries on regulating and controlling light pollution
were also discussed. The scope of the light pollution in this
review is limited to the ALAN and blue light since other kinds
have not been well documented.

1. Light pollution: forms, spectrum and
intensities

Although artificial lights have brought many benefits
to modern society, the pollution tends to occur when
lighting becomes unnecessary, inefficient, and annoying
(Chepesiuk, 2009). According to International Dark-Sky Asso-
ciation (2022), light pollution is defined as, “the inappropriate
or excessive use of artificial light that can have serious
environmental consequences for humans, wildlife, and our
climate”. The illuminance of a full moon sky under clear
conditions is naturally around 0.1-0.3 lux (Gaston et al,
2013), however, even the dim lights in a parking lot and
residential side streets could be 10 lux and 5 lux respectively
(Gaston et al., 2013). In urban areas, such low levels of lighting
at night are ubiquitous, and in some places, the illuminance
could even be as high as 150 lux, far brighter than needed
(Kyba et al., 2014). Moreover, researchers estimated a spread-
ing rate of 2.2% for light pollution per year, which indicates a
rapid expansion of pollution in the near future (Kyba et al.,,
2017).

Light pollution can occur in a variety of forms. Major com-
ponents of outdoor light pollution include glare, skyglow, light

trespass, and clutter (Table 1). For example, skyglow is widely
noticed by astronomers due to its disturbance towards ce-
lestial observation. Direct or reflected upward artificial lights
scattered in the lower atmosphere, creating a low-intensity
(~0.15 lux) diffuse background light in the sky, thus form-
ing skyglow (Gaston et al., 2013). Because of light scattering,
the influence scope of skyglow is much larger than areas of
lighting sources. Therefore, it is speculated that the negative
effects of outdoor light pollution on human health and the
ecosystem might be more extensive than expected.

Light pollution is also prevalent indoors, directly increas-
ing the health risks of improper lighting on human health. In
addition to light trespassing from the outside, people have a
growing number of digital devices emitting different types of
light. Devices such as smartphones and laptops emitting blue
light are commonly seen at home, as well as lamps and over-
head lights emitting white lights. Light-emitting diodes (LEDs)
are of particular concern, as the global market share of LEDs
for lighting has increased from 5% to over 60% over the last
decade and is expected to exceed 80% by 2025 (Gaffuri et al,,
2021). At the same time, LEDs provide a narrow light spectrum
peaking at blue light (460-500 nm) (Helbich et al., 2020). In con-
trast, natural light is full-spectrum and dynamic (Fig. 1). The
wavelength and intensity of natural light change over time,
providing well-timed lighting information to living organisms.
Thus, how to maximally mimic the intensity and spectrum
of natural light without sacrificing the visual and biological
needs of lighting, has become a challenge for designing artifi-
cial lights

2. Typical health threats of light pollution
2.1.  Recent evidence in epidemiological studies

With the advanced satellite-based remote sensing technology,
worldwide cohorts can be built up and epidemiological studies
provide a great number of causal information for researchers.
As a result, novel associations between light pollution and
some common health concerns, such as obesity, cancers, and
mental disorders, have been suggested, although sleep disor-
der is still the main negative effect. Table 2 summarized the
updated observational research on light pollution in the re-
cent five years (2018-2022).

Human obesity was verified to be positively related to both
indoor and outdoor ALAN (Abay and Amare, 2018; Esaki et al.,
2021; Park et al., 2019; Zhang et al., 2020), even though the as-
sociation was stronger in women than in men. As reported by
Zhang et al. (2020), the odd ratio (OR) of developing obesity un-
der outdoor ALAN was higher than 1 for both men and women,
indicating positive association, while the OR was higher in
women (OR = 1.19, 95% confidence interval (CI) = 1.04-1.36)
than in men (OR = 1.12, 95% CI = 1.00-1.25). In addition,
the positive relationship between night light intensity and
women’s body weight was nonlinear, since only high stages of
light intensities were significantly related to obesity and over-
weight (Abay and Amare, 2018).

Breast cancer is by far the most studied type of cancer con-
cerning light pollution, but their causal relationship remained
somewhat uncertain due to the discrepancy among studies.
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Table 1 - Major types of outdoor light pollution.

Type Detailed description Typical scenario
Glare Strong, dazzling light resulting in visual discomfort. Car headlamps at night.
Skyglow Mluminated night sky resulted from reflection and Brightened night sky where the contrast of stars

scattering of artificial light.
Light trespass

Clutter
and distraction.

Exterior, spilt light casting where it is unwanted.

Excessive grouping of lighting, generating confusion

against dark background reduces.

Streetlight illuminates an indoor area through the
window.

A cluster of business lights stem from poor
placement design.

Light Pollution
Definition by IDA: the inappropriate or excessive use of artificial light that can
have serious environmental consequences for humans, wildlife, and our climate.
g Form \ [/ Intensity N Spectrum \
Glare + Full moon sky: 0.1-0.3 lux Full-spectrum
Skyglow

Outdoor
Light trespass

{

* Skyglow: 0.15 lux
* Lighted parking lot: 10 lux

Clutter * Residential streetlight: 5 lux
¢+ Certain urban area at night:
Indoor { Smartphone >150 lux
Laptop

\ * Laptop screen: ~1500 lux /

Dynamic

5000 K-6500 K

Daylight <|:

Peak at blue
Single wavelength
7400 K-3000 K

Fig. 1 - Illuminance characteristics of light pollution. IDA: International Dark-Sky Association.

Garcia-Saenz et al. (2018) reported that outdoor ALAN expo-
sure with blue light spectrum had an odd ratio of 1.47 with
breast cancer based on cases of over 1,000 Spanish women.
Xiao et al. (2021) discovered a significant stage-specific as-
sociation between overall breast cancer risk and increased
ALAN level in different races of women. For Black women,
the statistical significance existed only in the localized can-
cer stage (Hazard Ratio (HR) = 1.45, 95% CI = 0.99-2.14), but
it was regional cancer stage in White women (HR = 2.42, 95%
CI=1.07-5.45). The same team also focused on the risk in post-
menopausal women participants and found a stronger asso-
ciation for estrogen receptor positive breast cancer than for
estrogen receptor negative subtype (Xiao et al., 2020b). How-
ever, in some other studies, no relationship was identified be-
tween breast cancer and outdoor/indoor ALAN (Clarke et al,,
2021; Johns et al., 2018; Ritonja et al., 2020). For instance,
Johns et al. (2018) used self-reported ALAN types to examine
the night light intensity of participants and found no asso-
ciation, while the light spectrum of ALAN was unknown in
their study. Ignoring this characteristic might be the predom-
inant limitation in this study because substantial data have
proved that blue light could greatly affect the melatonin sys-
tem and circadian rhythms (Lockley et al., 2003; Chang et al.,
2015). Apart from breast cancer, Garcia-Saenz et al. (2018) re-
ported a strong association between blue outdoor ALAN and
prostate cancer in men, with a high odd ratio of 2.05, 95%
CI = 1.38-3.03. The team also reported a positive association
between blue light ALAN and colorectal cancer, while such a
relationship was not observed for longer wavelengths (Garcia-
Saenz et al., 2020). In addition, a positive association between

ALAN and thyroid cancer incidence was found in a large USA
cohort study, and the hazard ratio was stronger in women
(HR = 1.91, 95% CI =1.26-2.6) than in men (HR = 1.29, 95%
CI = 0.86-1.94) (Zhang et al., 2021).

The association with mental disorders including depres-
sion is another recent hotspot for the health issues of ALAN,
which has been confirmed by multiple studies in South Ko-
rea (Min and Min, 2018b), Japan (Obayashi et al., 2018), and the
Netherlands (Helbich et al., 2020). Paksarian et al. (2020) in-
vestigated the possible association of outdoor ALAN with var-
ious types of mental disorders among US adolescents, and ob-
tained high odd ratios (OR >1) for bipolar disorder (OR = 1.19,
95% CI = 1.05-1.35), specific phobias (OR = 1.18,95% CI = 1.11-
1.26), and major depressive disorder or dysthymia (OR = 1.07,
95% CI = 1.00-1.15) (Paksarian et al., 2020). In one cross-
sectional research, indoor ALAN was significantly related to
manic symptoms in bipolar disorder patients (OR = 2.15, 95%
CI = 1.09-4.22) (Esaki et al., 2020).

There are also longitudinal studies investigating the
association between bedroom ALAN and incident dia-
betes (Obayashi et al, 2020) and carotid atherosclerosis
(Obayashi et al., 2019) based on the Japanese HEIJO-KYO co-
hort. The results showed that ALAN was causally related
to both diseases, and the strong relationship remained for
diabetes even when the indoor ALAN decreased to 3 lux.
Sorensen et al. (2020) investigated the contribution of out-
door light intensity to the risk factors of cardiovascular dis-
ease and found that body mass index (BMI), systolic blood
pressure (SBP), and low-density lipoprotein (LDL) but not FPG
(fasting plasma glucose) were positively associated with in-



Table 2 - Observational studies discussing relationships between light pollution and common health problems (2018-2022).

Health problem Research year Setting Population demographics Assessment of lighting condition Main results and conclusions Reference
Obesity 2008 and 2013. Nigeria. 18,667 women (2008) and Satellite-based outdoor ALAN Nonlinear relationship was reported for night  Abay and
14,919 women (2013). intensity. light intensity and body weight. Amare, 2018
2003-2009 and USA and Puerto 43,722 women. Self-reported indoor ALAN in All ALAN exposure types were positively Park et al., 2019
follow-up at Rico. different types. associated with obesity (BMI >30), and
2015. sleeping with a television or light was closely
linked to gaining 5 kg or more (RR = 1.17, 95%
CI = 1.08-1.27).
1995-1996 and USA. A sample of 239,781 men Outdoor ALAN in unit of radiance Higher outdoor ALAN at baseline was Zhang et al., 2020
follow-up and women (aged 50-71) (nW/(cm?-s1) from satellite data. associated with higher developing obesity
(2004-2006). who were not obese at possibility (BMI >30) over 10 years (men
baseline (1995-1996). (OR = 1.12, 95% CI = 1.00-1.25), women
(OR = 1.19, 95% CI = 1.04-1.36).
2017 and 2019. Japan. 200 people with bipolar Bedroom ALAN measured at 1-min  Group under ALAN were reported with Esaki et al., 2021
disorder. intervals at the head and eye level  higher obesity (BMI > 25, OR = 2.13, 95%
(ALAN > 3 lux). CI = 1.19-4.21) than the control, together with
higher body weight (68.7 vs. 64.4 kg; p = 0.03).
Cancer 2003-2012 UK. 105,866 women with no Self-reported ALAN types. No association was discovered between Johns et al., 2018
(average 6.1 years previous history of breast ALAN level and breast cancer risk, and a
of follow-up). cancer at the baseline. reduced premenopausal breast cancer risk
was reported with a history of night waking
around age 20.
2008-2013. Spain. 1219 breast cancer cases, Indoor ALAN through the Exposure to outdoor ALAN in the blue light Garcia-
1385 female controls, 623 questionnaire and outdoor ALAN spectrum was associated with breast cancer Saenz et al.,
prostate cancer cases, and using images of Madrid and (OR = 1.47,95% CI = 1.00-2.17) and prostate 2018
879 male controls. Barcelona taken by astronauts cancer (OR = 2.05, 95% CI = 1.38-3.03). And
aboard the ISS in 2012. for indoor ALAN, men had a higher risk of
prostate cancer (OR = 2.79, 95%
CI = 1.55-5.04), whereas women had a lower
risk of breast cancer (OR = 0.77; 95%
CI = 0.39-1.51).
2007-2013. Spain. 661 histologically verified Outdoor ALAN levels based on Positive association was reported between Garcia-
colorectal cancer cases and  satellite data. exposure to blue light and colorectal cancer Saenz et al.,
1322 controls. (OR = 1.6; 95% CI = 1.2-2.2), while no such 2020
association was found for light of full
spectrum (OR = 1.0; 95% CI = 0.7-1.2).
2005-2010. Canada. 844 breast cancer cases and Outdoor ALAN based on two No association between residential outdoor Ritonja et al.,
905 controls. satellite data sources. ALAN and breast cancer for either measure 2020
of ALAN.
1995-1996 and USA. 186,981 postmenopausal Outdoor ALAN estimated from Positive association between Xiao et al., 2020b

follow-up
(2004-2005).

women including 12,318
incident postmenopausal
breast cancer cases.

satellite imagery at baseline (1996).

postmenopausal breast cancer and outdoor
ALAN (HR = 1.10, 95% CI = 1.02-1.18), and
stronger association for ER" breast cancer
(HR = 1.12, 95% CI = 1.02-1.24) than for ER™
cancer (HR = 1.07, 95% CI = 0.85-1.34).

(continued on next page)
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Table 2 (continued)

Health problem Research year Setting Population demographics Assessment of lighting condition Main results and conclusions Reference
2004 and 2017. USA. 30,518 black and 12,982 Outdoor ALAN estimated from A significant association between high breast  Xiao et al., 2021
white women. satellite image at baseline (2004). cancer risk overall and increased ALAN level
was reported (HR = 1.27, 95% CI = 1.00-1.60),
and in Black woman it was observed for
breast cancer in localized stage only, but
regional stage in White woman.
1995-1996 and USA. 464,371 participants Outdoor ALAN measured by A positive association was found between Zhang et al. 2021
follow-up (183,103 women and satellite in unit of nW/(cm?-sr). ALAN and thyroid cancer (HR = 1.55, 95%
(2004-2006). 281,268 men). CI = 1.18-2.02). The association was stronger
in women (HR = 1.81, 95% CI = 1.26-2.60)
than men (HR = 1.29, 95% CI = 0.86-1.94.
1993 or 1999 Denmark. 16,941 nurses from the Outside ALAN estimated from U.S.  No association was found between ALAN and  Clarke et al., 2021

Mental Disorder

(baseline)
through 2012.

2009.

2010-2014 and
follow-up
(2014-2015).

2001-2004.

South Korea.

Japan.

USA.

Danish Nurse Cohort.

2009 Korean Community
Health Survey (113,119
assessed for depression and
152,159 for suicide).

863 participants who did
not have depressive
symptoms at baseline.

10,123 adolescents aged 13
to 18 years.

DMSP in year 1996, 1999, 2000,
2003, 2004, 2006, and 2010.

Outdoor ALAN map from ArcMap
10.4 (ESRI, Redlands, CA, USA) in
2009.

Bedroom ALAN measured at 1-min
interval for two consecutive nights
(ALAN average >5 lux).

Outdoor ALAN measured by
satellite in unit of nW/(cm?-sr).

overall breast cancer, but a suggestive
association was reported between ER~ breast
cancer and ALAN.

People living under the highest levels of
outdoor ALAN had more depressive
symptoms (OR = 1.29, 95% CI = 1.15-1.46) or
suicidal behaviors (OR = 1.27, 95%

CI = 1.16-1.39).

The group under indoor ALAN showed a
significant higher depression risk (HR = 1.89,
95% CI = 1.13-3.14), and the significance
remained when adjusted.

Outdoor ALAN was positively associated with
past-year mood and anxiety disorder, bipolar
disorder, specific phobias and major
depressive disorder (OR all >1).

(continued on next page)
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Table 2 (continued)

Health problem Research year Setting Population demographics Assessment of lighting condition Main results and conclusions Reference
2017 and 2019. Japan. 370 patients with bipolar Bedroom ALAN measured for 7 Bedroom light exposure at night is Esaki et al., 2020
diseases (BD). nights (ALAN average >3 lux). significantly associated with manic
symptoms in BD patients (OR = 2.15, 95%
CI = 1.09-4.22).
2018. Netherlands. 10,482 participants aged Outdoor ALAN data from satellite People in the highest ALAN quintile showed Helbich et al.,
18-65. in unit of nW/(cm? sr). significantly higher PHQ-9 score (indicative of ~ 2020
depressive symptoms) than the lowest
(8 = 0.541, 95% CI = 0.141-0.941) when
adjusted for confounders.
Carotid 2010-2014 and Japan. 945 participants at baseline = Bedroom ALAN measured for 2 High indoor ALAN intensity was significantly =~ Obayashi et al,,
Atherosclerosis follow-up and 780 at follow-up. consecutive nights. associated with a significant increase in 2019
(2016-2017). mean carotid intima-media thickness when
adjusted for confounders (8 = 0.028, 95%
CI = 0.005-0.052, p = 0.019).
Diabetes 2010-2014 and Japan. 678 community-dwelling Bedroom ALAN measured at 1-min  Diabetic incidence rate was significantly Obayashi et al.,
follow-up elderly without diabetes at  interval for two nights (ALAN higher in the ALAN group than the dark 2020
(2016-2017). baseline. average > 5 lux). group (incidence rate ratio = 3.74; 95%
CI = 1.55-9.05), and the significance remained
when the exposure decreased to 3 lux.
Sleep problem 1995-1996. USA. 137,360 women and 196,005 Outdoor ALAN data in 1996 using The highest quintile of outdoor ALAN was Xiao et al., 2020a
men. ArcGIS. associated with 16% and 25% increases in the
likelihood of short sleeps in women
(MOR = 1.16, 95% CI = 1.10-1.22) and men
(MOR = 1.25, 95% CI = 1.19-1.31).
2002-2013. South Korea. 52,027 adults aged 60 or Outdoor ALAN satellite data based  Increased outdoor ALAN was related to rising ~ Min and
more. on visible light intensity. hypnotic prescriptions and daily dose intake Min, 2018a
(8 = 17.07, p < 0.0001 for all hypnotic drugs).
Cardiovascular 2003-2005 and India. 6944 participants. Outdoor ALAN intensity collected CVD risk factors BMI, SBP and LDL but not Sorensen et al.,

disease (CVD)

2010-2012.

by satellite.

FPG were positively associated with
increasing outdoor ALAN.

2020

ALAN: artificial light at night; OR: odd ratio; RR: risk ratio; HR: hazard ratio; CI: confidence interval; BMI: body mass index; SBP: systolic blood pressure; LDL: low-density lipoprotein; FPG: fasting
plasma glucose; MOR: multinomial odds ratio.
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creasing outdoor ALAN. Meanwhile, two studies analyzed the
association with sleep problems, justifying the predominant
contribution of increasing outdoor ALAN to shorter sleep du-
ration and rising hypnotic prescriptions separately (Min and
Min, 2018a; Xiao et al., 2020a).

2.2.  Laboratory-based studies

2.2.1. Cancer

According to the technical report of cancer hazard assess-
ment conducted by the National Institute of Environmental
Health Sciences (2021), ALAN can function as an environ-
mental oncogenic factor promoting the proliferation and pro-
gression of tumors. Previous studies identified key carcinogen
characteristics such as increased oxidative stress, altered im-
mune system, and dysregulated cell proliferation under ALAN
(Navara and Nelson, 2007). In the recent five years, relevant
research progressed to investigate major signaling pathways
and epigenetic modifications involved in the ALAN-induced
carcinogenicity, as well as the wavelength-dependent effects.
Xiang et al. (2019) demonstrated rapid tumor growth and ac-
tivated intrinsic resistance to paclitaxel in rats with MCF-7
breast tumor xenografts after exposure to dLAN. Through dis-
ruption of the circadian melatonin system by dLAN, the IL-
6/STAT3/DNMT1 signaling pathway was activated, thereby in-
hibiting the tumor suppressor ARH1. Zubidat et al. (2018) in-
vestigated how ALAN of different wavelengths impacts the
tumor growth in breast-cancer-cell-inoculated female BALB/c
mice. The results showed ALAN of short wavelength induced
increased tumor growth, increased global DNA methylation,
and promoted lung metastases formation, while the effects
of long wavelength were relatively lessened. This team also
observed lower but tissue-specific enzymatic activity of DNA
methyltransferases under ALAN (Agbaria et al., 2019). How-
ever, the causal link between blue light and cancer is still
controversial. Daytime blue light exposure helps maintain a
healthy circadian rhythm and enhances the motility of the
photoreceptive T lymphocytes, thereby promoting immune
functions (Merrill and Frutos, 2020; Phan et al.,, 2016). Thus,
whether time matters in the carcinogenicity of blue light ex-
pects further explorations.

2.2.2. Metabolic disorders

The association between metabolic disorders and light pol-
lution has not attracted much attention till recently. Both
chronic and acute exposure to light pollution can affect the
metabolism of many endogenous molecules such as glucocor-
ticoids and lipids (Fleury et al., 2020; Nelson and Chbeir, 2018).
Under long-term ALAN exposure for 8 weeks, the increased
body weight and exacerbated metabolic abnormalities were
found in the mice model of type 2 diabetes mellitus, but
the disruption of insulin resistance was reversed upon re-
turn to dark nights (Russart et al., 2019). Another study aimed
whether the impacts of light pollution were associated with
color temperature (Alaasam et al., 2018). It was found that
three-week LED night light treatment with the higher color
temperature at 5000 K (compared with 3000 K) in the zebra
finch (Taeniopygia guttata) caused a large increase in corticos-
terone level from pretreatment, as well as increased nighttime
activity, and no sex-dependent difference was observed.

For the short-term ALAN exposure, adipose tissue of ze-
bra finch exhibited the obvious pro-inflammatory state, indi-
cating the susceptibility of immune and endocrine patterns
to ALAN (Mishra et al., 2019). Masis-Vargas et al. (2020) com-
pared the metabolic profiling of male Wistar rats under differ-
ent colors of short-term ALAN exposure and at varied time
points during the dark phase. The energy expenditure and
metabolism-related gene expression in the liver were acutely
disturbed under ALAN even in low intensities. Moreover, all
the observed effects are dependent on the time of day and
the wavelength of light, suggesting potential involvement of
circadian system and light perception respectively. The team
also provided further evidence for the deleterious effects of
blue light at night on glucose metabolism based on diurnal
Sudanian grass rats (Arvicanthis ansorgei) (Masis-Vargas et al.,
2019). Interestingly, there was an acute sex-dependent impact
of blue light on glucose metabolism in this study. Increased
sugar intake and reduced insulin secretion were significant
especially in males, together with higher glucose intolerance.
In addition, although widely confirmed by animal studies,
analogous impacts on glucose homeostasis were not found
in humans (Chamorro et al,, 2021). After two nights of in-
door ALAN exposure (<5 lux), disturbed sleep architecture and
quality were discovered without changing the metabolism
of glucose, insulin, and c-peptide. Thus, it remained to be
investigated whether alternation of glucose metabolism is
specific to blue light, or is widely witnessed under artificial
light.

2.2.3. Mental and neurological disorders

Recent research suggested that even acute exposure to ALAN
has the potential to cause neurological changes and phe-
notypes of mental disorders. When exposing mice to 5 lux
of ALAN for 3 consecutive nights, depression-like behavior
could occur, together with the changed contents of proin-
flammatory cytokines and neurotrophins in the hippocam-
pus (Walker et al., 2020b). Moreover, a potential compensatory
mechanism was reported in exposed male mice, as expres-
sions of clock gene clock and cry1 significantly increased at ZT2
compared to male controls. However, other studies demon-
strated no or reversible depression-like phenotypes under
chronic ALAN exposure (Bedrosian et al., 2013b; Castro et al.,
2005), suggesting the research needs to further investigate the
potential compensatory mechanism for mental disorders un-
der ALAN exposure.

Under the treatment of artificial light, the alternations as-
sociated with neurodegeneration, a highly-concerned health
issue, are extensively evident. The abnormity in the dopamin-
ergic system is regarded as one kind of the prominent
biomarkers for Parkinson’s disease. Romeo et al. (2013) re-
ported the increased formation of neuromelanin and reduced
dopamine (DA) neurons in the substantia nigra after being ex-
posed to bright light (fluorescent lamp) continuously for 20
or 90 days. Aumann et al. (2016) examined tyrosine hydrox-
ylase and DA transporter immunoreactivity in human post-
mortem brain tissue in summer and winter. It was found that
in summer the density of tyrosine hydroxylase-positive neu-
rons was significantly (~6-fold) higher than that in winter, but
it was unclear whether such difference was induced by var-
ied photoperiods or because of greater usage of indoor ar-
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tificial light in winter. By exposing tauopathy flies to dLAN
(10 lux) for 3 days, the increased formation of phosphory-
lated Tau was observed in those Alzheimer’s Disease flies,
as well as disrupted rhythmic behaviors and altered sleep-
wake cycles, together indicating circadian disruption and a
promotion of neurodegeneration (Kim et al., 2018). Similarly,
Namgyal et al. (2020) evaluated the effects of dLAN (5 lux) on
Swiss Albino mice for three weeks. The impairment of cogni-
tive and non-cognitive behavior, and the downregulations of
BDNF, CREB, SIRT1 mRNAs and neurodegeneration-associated
miRNA21a-5p and miRNA34a-5p were reported. Apart from
dLAN, exposure to blue light in the daylight also induced reti-
nal damage, brain neurodegeneration, and impaired locomo-
tion of fruit flies. The increased areas of vacuoles indicated
neuronal death in the brain, eventually leading to premature
aging of flies (Nash et al., 2019).

2.2.4. Sleep disorders

Sleep disorder is the representative of rhythmic health con-
cerns induced by light pollution, and mounting previous ev-
idence has already demonstrated the detrimental effects of
inappropriate light conditions on sleep/wake behavior and
sleep duration (Aulsebrook et al., 2018). Recent laboratory re-
search further investigated the influences on detailed sleep
architecture and sleep parameters. The study conducted by
Panagiotou et al. (2020) demonstrated that even in a short
duration of one-day dLAN exposure, sleep was already in-
fluenced, and the situations became worse with prolonged
dLAN exposure. By examining the network of sleep deteri-
oration, it was discovered that the Electroencephalography
(EEG) power density spectra values were attenuated in mice
exposed to three months of dLAN. Meanwhile, it was sug-
gested that chronic (three months) dLAN exposure led to more
significant changes in the young’s sleep architecture towards
a previously established aging phenotype, while for the el-
derly the age-associated sleep alternations were enhanced
(Panagiotou and Deboer, 2020). There is also a study demon-
strating no statistical differences in sleep parameters such as
slow-wave sleep (SWS), or rapid eye movement (REM) sleep
for dLAN exposed mice (Borniger et al., 2013). A likely ex-
planation of the disparity in results is that potential com-
pensatory mechanisms might render the organism partly ad-
justable and able to cope (Mentink et al., 2020). The nature
of such a compensation strategy is proposed as the home-
ostatic regulation of sleep. Homeostatic and circadian pro-
cesses together determine most aspects of sleep performance
(Deboer, 2018). However, the compensation is not a panacea.
Once exceeding a certain threshold, the compensatory mech-
anisms could not remain in operation anymore. This phe-
nomenon is evident under the three-month prolonged dLAN
exposure (Panagiotou and Deboer, 2020).

However, it is worth noting that most of the existed stud-
ies are based on the nocturnal models (mouse or rat), which
needs to be very careful to extrapolate their experimental
findings to human health since nocturnal and diurnal species
have distinct light-responding sleep patterns. An increas-
ing number of researchers begin to choose various diurnal
species, such as diurnal birds or vertebrates for further investi-
gations in recent years. For example, Batra et al. (2020) exposed
diurnal female zebra finches to 5 lux dLAN for three weeks,

and sleep loss and fragmented sleep at night were observed.
The results also showed altered hypothalamic expression pat-
tern of genes involved in the circadian timing and sleep reg-
ulation, suggesting dLAN’s effects on Ca?*-dependent sleep-
inducing pathway.

3. Toxicological mechanisms: circadian
disruption

The circadian rhythm of living organisms consists of inter-
nal biological clocks that synchronized with external envi-
ronmental cues such as light to maintain proper timekeeping
(Masri and Sassone-Corsi, 2018). A healthy circadian system
provides rhythmic regulation to the vast majority of physio-
logical and behavioral processes, such as sleep/wake behav-
iors, daily metabolism, cardiovascular function, cognition, and
memory (Patke et al., 2020; Reinke and Asher, 2019). While
under excessive environmental light pressure, such as ALAN
which greatly disrupts the natural light cycles, the circadian
system can be challenged and physiological disorders and
diseases would occur as mentioned above (Chepesiuk, 2009;
McNamara et al., 2011).

3.1.  Circadian photoentrainment

Since light acts as the predominant “zeitgeber” for circadian
rhythms of living organisms, light pollution can directly inter-
fere with the natural photoentrainment of circadian clocks.
The evolutionarily conserved circadian rhythm mainly con-
sists of three parts: the input pathway, the central clock, and
the output pathway. For mammals, the retina at the back of
the eyes employs various photoreceptors to receive light in-
formation. Then retinal ganglion cells (RGCs), the output neu-
rons of the retina, signal to the central clock suprachiasmatic
nucleus (SCN) in the brain (Wassle, 2004). Peripheral oscilla-
tors further receive timing cues from the central pacemaker
SCN via humoral and/or neural signals and then regulate lo-
cal physiology, psychology, and behavior.

In-depth investigations reported that a small subset of
RGCs expressing the photopigment melanopsin is specified
for light detection of the circadian system (Hattar et al., 2002;
Hattar et al., 2003). They are called intrinsically photosensi-
tive RGCs (ipRGCs). Throughout the light spectrum, ipRGCs
are most vulnerable to blue light, in which condition circadian
photoentrainment also presents peak sensitivities (Hatori and
Panda, 2010). This potentially implies the health risks of blue-
emitting LEDs toward ipRGCs (Hatori et al., 2017). ipRGCs have
extensive projections to over a dozen of brain regions, includ-
ing those with profound implications for circadian rhythms
(SCN), mood (peri-habenula), sleep and wake (hypothalamus,
the ventrolateral preoptic area) (Mure, 2021; Schmidt et al.,
2011). Especially, the innervation from ipRGCs to its major tar-
get SCN is essential to orchestrate biological clocks and drive
circadian coherence. Genetic ablation of ipRGCs in mice al-
most completely impaired the circadian photoentrainment in
SCN, while vision formation was not influenced (Guler et al.,
2008).

The central pacemaker SCN has around 10,000-20,000 neu-
rons regulating animal circadian behaviors. Within the SCN,
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there are mainly two subregions, the “core” and the “shell”,
characterized by different neurochemical properties (Liu et al.,
2007; Swaab et al., 1985; Videnovic et al., 2014). The retinore-
cipient core contains neurons secreting vasoactive intesti-
nal polypeptide (VIP) and gastrin-releasing peptide (GRP),
while those secreting arginine vasopressin (AVP) and proki-
neticin 2 (PK2) are mostly located in the shell (Colwell, 2011;
Golombek and Rosenstein, 2010). VIP neurons in SCN are
indispensable in generating circadian locomotion in mam-
mals (Todd et al., 2020). They are also essential for the nor-
mal resetting of daily rhythms responding to environmen-
tal light cues by spontaneous calcium signaling (Jones et al,,
2018). When blocking the activity of these neurons, the light-
induced phase shifts in locomotion was compromised. In ad-
dition to synchronizing with the environment, neurons in
SCN also need to keep pace with each other. They com-
municate through synaptic transmission and form intercon-
nected circuits. After photoentrainment from ipRGCs, neu-
rotransmitters such as y-aminobutyric acid (GABA) and VIP
are released from presynaptic core neurons and bind to their
receptors in the postsynaptic shell neurons, and result in
the subsequent events like phosphorylation of CREB (cAMP-
response element-binding protein) and induction of PER and
CRY transcription, thereby establishing a new circadian phase
(Liu et al., 2007; Welsh et al., 2010). This also implies the tight
coupling of SCN neurons, making SCN more robust facing en-
vironmental challenges.

Peripheral clocks are involved in many tissues such as liver,
lung, kidney, heart, and adipose tissue, and abundant evidence
has demonstrated the essential role of circadian timing in
their normal physiological functions. For example, liver and
pancreatic clocks control the homeostasis of glucose, and the
circadian clock in muscles rather than in the brain is essential
for the normal activity and bodyweight of mice (Patke et al,,
2020). These organs receive signals directly from SCN, or SCN-
mediated messages primarily via neuroendocrine pathways,
thus achieving the overall synchronization to changing en-
vironment. Meanwhile, the rhythms of hormones are widely
considered markers of endogenous rhythmicity. For instance,
SCN directly controls the secretion of melatonin in the pineal,
then this light-responsive hormone circulates from the brain
to all areas of the body, regulating sleep/wake cycles and
rhythmic activities (Gunata et al., 2020).

3.2.  Patterning of molecular clocks

Approximately 10% of the whole mammalian genome is con-
trolled by the clock genes, thus a well-organized molecu-
lar network of clock genes is essential (Masri and Sassone-
Corsi, 2018). The molecular circadian clock in mammals
is comprised of two transcriptional-translational feedback
loops, with a set of clock genes oscillating around 24 hr pe-
riod. In the core loop, positive elements CLOCK and BMAL1
form heterodimeric complexes and bind to E-box sequences
in the enhancer/promoter regions of PER and CRY (Patke et al,,
2020). Then PER and CRY increased their expression in day-
time together with clock-controlled genes. At night, such ac-
cumulation of PER and CRY in turn inhibits the transcription
of CLOCK-BMAL1, thereby impeding their own expression and
inducing a restart of the circadian rhythm. The other ancil-

lary loop mainly concerns two nuclear receptors, REV-ERB and
RORa. They either repress or activate the transcription of the
BMALI1 via REV response elements (RREs) (Preitner et al., 2002;
Sato et al., 2004). The secondary loop functions to stabilize
and enhance the whole clock oscillating process (Nawrot et al.,
2018).

Light can directly evoke alternations of molecular clock
genes, and the outcomes vary with the time point of ex-
posure. Nighttime light exposure induces a phase shift of
molecular clocks, while daytime light treatment causes no
significant changes (Colwell, 2011). The epigenetic modifica-
tions of molecular clocks are suggested as one prominent
action mechanism. They mainly include histone modifica-
tions and DNA methylation, where heritable alternations of
gene expression happen without changing the DNA sequence
(Sahar and Sassone-Corsi, 2013). For example, Ser10 in his-
tone H3’s tail in SCN clock cells was phosphorylated under
nighttime light pulse (Crosio et al., 2000). The expressions of
c-fos and PER1 were induced as well. In addition, genome-wide
methylation analysis showed altered epigenetic patterns of
more than 5000 CpG sites in long-term shift workers, espe-
cially low levels of CLOCK promoter methylation and high lev-
els of CRY2 promoter methylation (Stevens and Zhu, 2015), yet
whether ALAN could trigger similar methylation alternations
is largely unknown.

At the molecular level, nighttime dim light exposure can
alter the expression of clock genes in both SCN and pe-
ripheral tissues. It is estimated that the typical light level
in the sleeping environment is around 5 lux, which is five
times brighter than the natural level (i.e., under moonlight)
(Gaston et al., 2012). When mice were exposed under a light
(~150 lux)/dim light (5 lux) cycle for a month, the hypotha-
lamus molecular clocks were affected both in gene and pro-
tein levels, with the decreased rhythm amplitude in PER1 and
PER2 expressions (Fonken et al,, 2013). And BMAL1 expres-
sion in the SCN showed an attenuated oscillation in Wistar
rats in a 12 hr light (150-200 lux):12 hr dim white light (5 lux
dLAN) schedule (Stenvers et al., 2016). Similar attenuation ef-
fects of rhythm amplitude under dLAN are reported in in-
sects and hamsters (Bedrosian et al., 2013a; Honnen et al.,
2019). The detrimental effects on the master clock SCN can
further influence peripheral clocks, even though the SCN can
adjust more rapidly than rhythms in peripheral tissues when
responding to advanced or delayed environmental lighting cy-
cle (Yamazaki et al., 2000). For instance, dLAN suppresses the
amplitude of REV-ERB mRNA expression in the liver as well
(Fonken et al., 2013).

Altered expression of clock genes is also considered one
prominent pathogenic factor of many diseases associated
with light pollution, thus it might help explain the health
threats of light pollution. Take neurodegeneration as an ex-
ample, a significant positive association of BMAL1 and PER1
genes with Parkinson’s Disease was discovered in Chinese pa-
tients (Gu et al., 2015). Videnovic et al. (2016) examined re-
lationships between expressions of PER1,2,3, and BMAL1 in
whole blood of PD patients with disease severity, sleep qual-
ity, and daytime sleepiness of PD. The results showed that the
phase of the four clock genes was distinct in patients with
different levels of daytime somnolence and sleep quality. Two
neurodegeneration-associated microRNAs, miRNA21a-5p and
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miRNA34a-5p, were also found to be downregulated by the
three-week exposure to 5 lux indoor ALAN (Namgyal et al.,
2020).

3.3. Melatonin homeostasis

The melatonin system has always been considered the ma-
jor physiological target of ALAN, especially blue light. Recent
studies advanced on monitoring its role in diseases that are
newly associated with light pollution. Melatonin is required
for many circadian processes, and melatonin secretion itself
obeys a certain rhythm (Xie et al., 2017). To be more specific, in
humans and diurnal animals, melatonin is produced at night
to increase sleep propensity and its maximum plasma level
peaks at 3-4 a.m. (Lavie, 1997; Zisapel, 2018). The irregular
level and circadian timing of melatonin will further disrupt its
physiological and neurological functions. For example, mela-
tonin possesses an anti-amyloidogenic effect and prevents
the g-amyloid fibril production in the brain, which plays sig-
nificant protection against Alzheimer’s disease (Gunata et al.,
2020; Shukla et al., 2017). Furthermore, by supplementing
melatonin in the PD animal model, the levels of antioxidant
enzymes were improved and excess oxidative stress was sup-
pressed (Saravanan et al., 2007). Thus, the melatonin level
is considered a biomarker for the progression of neurode-
generation. Melatonin could also affect the hypothalamus-
pituitary-ovary axis and further reduce the production of es-
trogen, thereby low melatonin levels and high estrogen levels
are well characterized during the development of breast can-
cer (Jaynes and Switzer, 2021). It could also improve cell adhe-
sion and impede the invasion potential of breast cancer cells
in in vitro tests (El-Sokkary et al., 2019).

Numerous studies have manifested that melatonin sup-
pression is highly sensitive to light of short wavelength. For
instance, healthy human beings under 6.5 hr nighttime ex-
posure to 460 nm monochromatic light (blue) showed a two-
fold greater circadian phase than under 555 nm light (green)
and a dramatic melatonin suppression ranging from 65% to
96% (Lockley et al., 2003). The blue-enriched electric light from
eReader before bedtime led to a 55.12% =+ 20.12% reduction
in evening plasma melatonin levels for participants, and a
delay of over 1.5 hr of melatonin onset was also reported
(Chang et al., 2015). Moreover, it was found that both flicker-
ing blue light and non-flickering blue light could acutely sup-
press salivary melatonin, and the decrease of melatonin un-
der flickering blue light was significantly lower than the other
(Kozaki et al., 2020).

4. Implications for the regulation of light
pollution

Public concerns have been raised due to the increased knowl-
edge about various health outcomes of light pollution, and
laws and regulations for controlling the potential implications
of light pollution have been issued in some countries. Early in
2002, the Czech Republic acted as the first nation to outlaw ex-
cess outdoor light (Clarke, 2002), and all outdoor light fixtures
are required to be shielded to prevent light from going above

the horizontal. In the United Kingdom, the Clean Neighbour-
hoods and Environment Act was updated in 2005 to incorpo-
rate nuisance from artificial light (Taylor, 2006). The French De-
cree on the prevention, reduction, and limitation of light pollu-
tion gives detailed technical requirements for the design and
operation of outdoor lighting installations (Barentine, 2019).
Especially, the Decree restricts the emission of blue light
by requiring that the correlated color temperature (CCT) of
light should be less than 3,000 K in all instances. The allow-
able illumination levels are also clarified to prevent excessive
lighting.

Apart from national legislation, standards and regional or-
dinances at different levels also play important roles in re-
stricting light pollution. For example, China has paid grow-
ing attention to the regulation of light pollution since two
decades ago. The national standard “General Specifications for
Build Environment (GB 55016-2021)” implemented from April
18t 2022 requires impact analysis of reflected light from glass
screen wall in areas surrounding residential buildings, hospi-
tals, schools, etc. In Shanghai, light pollution prevention mea-
sures enacted successively from 2011 to 2013 cover aspects of
residential, commercial, and exterior building lighting. Lim-
itations including maximum light intensity, vertical illumi-
nance, and upward light output ratio of luminaires are hier-
archically regulated based on the division of environmental
zones (Shanghai Municipal Bureau of Quality and Technical
Supervision, 2012).

However, the adverse health impacts currently make up a
small proportion in the consideration of light pollution reg-
ulation. Saving energy and reduction in background interfer-
ence during all-purpose observation are still the major goals
of restricting environmental lighting (Guanglei et al., 2019). For
example, the Seoul metropolitan government of South Korea
enacted an ordinance on light pollution prevention and man-
agement in July 2010. According to the ordinance, the pur-
pose was to “improve the quality of life for citizens, protect
ecosystems, and save energy by preventing unnecessary light-
ing practices”, and “light environment management zones”
are classified more on different demands of production and
life, rather than potential health risks of environmental light-
ing. In Light Pollution Prevention Measures of Shanghai, psy-
chological interference of light at a subjective level and/or eye
fatigue are the only health-related evaluations when estab-
lishing relevant standards. Therefore, providing abundant ev-
idence and suggestions on lighting thresholds based on health
concerns is also one of the major tasks for light pollution man-
agement in a more scientific way.

5. Conclusions and perspectives

This review has focused on research advances about the
health threats of light pollution in the recent five years (2018-
2022). Researchers broadened the effects of ALAN and blue
light to more profound diseases like neurodegeneration and
cancer, and vital contributing factors are identified in the
causal relationships. Epidemiologically, recent studies pro-
gressed to more accurately adjusting confounding factors, and
verified the significance of light wavelength, intensity, and
timing, even though the discordancy among studies still ex-
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isted. Animal studies distinguished the effects of acute and
chronic exposure, and relevant toxicological investigations
have been centered around circadian disruption. It was dis-
covered that chronic exposure to light pollution tends to cause
overall circadian disturbance and acute experiments mainly
cause effects on peripheral tissues. The sex-, wavelength-, and
time-dependent alternations under light pollution were also
newly documented, but they were not always evident due to
different experimental settings and the choice of the animal
model. Of note, we highlighted the disruption of the melatonin
system as a crucial risk factor linking the epidemiology of light
pollution, particularly under blue light, and the toxicological
pathway from circadian photoreceptor ipRGCs to the mela-
tonin system has attracted growing attention. At last, we sum-
marized the history and current status of light pollution regu-
lations worldwide and reported the deficiency of considering
extensive health threats in formulating relevant policies and
regulations. In the future, more efforts about light pollution
should shed light on the missing information on the following
issues:

(1) The association between light pollution and breast can-
cer has been verified by epidemiological and animal
studies, while concerns about other kinds of cancers are
quite insufficient. In addition, the potential roles of sex
difference in those non-reproductive cancers resulting
from light pollution need further investigations.

(2) Circadian disruption is a major health outcome ob-
served in both acute and chronic exposures to light pol-
lution. Of note, most existing animal studies are based
on murine models, while careful consideration should
be given as the biological rhythm of these nocturnal an-
imals is largely different from humans. The application
of diurnal animal models is thus expected to provide a
necessary supplement for relevant studies.

(3) Combined pollution is quite common in the real en-
vironment, and light is commonly co-existed with air-
borne particulate matters and chemicals. These pollu-
tion factors highly overlap during the afternoon and
evening in urban cities. Till now, only new studies docu-
mented the short-term combined effects of ALAN with
PM, 5. Their potential synergetic health threats remain
to be revealed.

(4) Developing countries such as China caught up in the
last two decades by establishing regional ordinances
and standards, while the integrated regulation espe-
cially at the national level still lacks. More efforts should
be made to improve relevant laws, including the estab-
lishment of lighting limits based on profound health
outcomes other than only eye fatigue.
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