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NTP Cancer Hazard Conclusions on Persistent Night Shift Work and Certain Lighting Conditions

Introduction

The invention of electric light brought about the transformation of a culture in which people’s
activities and sleep patterns were limited by the natural light-dark cycle to one in which people
work, sleep, eat, and receive goods and services throughout the 24-hour day. Thus, people in
their daily lives — through lifestyle choices, location of residence, and work schedule — are
exposed to new patterns and types of light including electric light at night (LAN). Exposure to
LAN and activities enabled by LAN can potentially result in daily physiological and behavioral
oscillations (known as “circadian rhythms”) becoming misaligned with external stimuli (a
phenomenon known as “external desynchronization™) or with each other (referred to as “internal
desynchronization”) leading to circadian disruption, which is the misalignment of the circadian
timing system. Night shift work includes exposure to electric LAN, sleep disturbances, or
changes in meal timing, as well as other potential factors (e.g., social stressors, lifestyle
behaviors, decreased exposure to sunlight, and lower vitamin D levels). Most, but not all, of
these factors can lead to circadian disruption.

The National Toxicology Program (NTP) conducted cancer hazard assessments for two exposure
scenarios: night shift work and exposure to LAN. We used systematic review methods to identify
studies, to evaluate study quality, and to integrate evidence across studies. Detailed information
on the systematic review methods are described in the Report on Carcinogen (RoC) Protocol
(NTP 2018a) and RoC Handbook (NTP 2015). Using established criteria, level of evidence
conclusions from cancer epidemiology studies were reached for night shift work, exposure to
outdoor and indoor LAN and transmeridian travel. Because circadian disruption is a key
intermediate in the pathway between exposure and potential cancer, for each exposure scenario,
we used a triangulation approach to integrate the evidence from the cancer studies with evidence
from studies of exposure and circadian disruption and studies of circadian disruption and cancer.
Other mechanistic data included in the assessment were studies of each exposure scenario and
key characteristics of carcinogens, which could be mediated in part by circadian disruption.
Lastly, based on the totality of the evidence, we contextualized the cancer hazards, i.e.,
specifically defined the circumstances by which night shift work or light at night may cause
cancer.

This document provides a brief summary of the scientific evidence supporting NTP’s cancer
hazard assessments conclusions for two exposure scenarios that can lead to circadian disruption:
persistent night shift work and certain lighting conditions (for the full report, see NTP 2019%).
Part 1 discusses circadian rhythms, circadian disruption and cancer, which is common to both
cancer hazard assessments. Part 2 (persistent night shift work) and Part 3 (certain lighting
conditions) summarize the assessments specific for each exposure scenario.

1 The full report is title NTP Cancer hazard Assessment on Night Shift Work and Light at Night. The title has
been changed in this summary to reflect the contextualization of the cancer hazards.
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Part 1. Circadian Rhythms, Circadian Disruption, and Cancer

The Biology of Circadian Rhythms and Their Disruption

Daily oscillations or circadian rhythms of physiological and behavioral processes occur in
humans and almost all other
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and with the solar day. Because the
natural period of the internal clock
is slightly longer than 24 hours, an
environmental stimulus (i.e., the
natural light-dark cycle) is needed
to make the internal master clock
match the 24-hour day (i.e., to
“entrain” the clock). Light that is
effective in entraining the master
clock is known as “circadian light”. A protein photoreceptor (melanopsin) in specialized cells of
the eye (retinal ganglion cells) detects the light and relays the light signal to the master clock
located in the suprachiasmatic nucleus (SCN) of the brain, which then sends signals to a large
network of peripheral clocks, located in almost every cell of the body, to keep daily rhythms
synchronized. These SCN signals may be sent both directly via the autonomic nervous system
and indirectly through neuroendocrine signals (e.g., glucocorticoids from the adrenal gland,
melatonin from the pineal gland) (Honma 2018, Brown and Azzi 2013). Exposures, such as meal
timing, can also provide external time cues for coordinating physiological cycles and are
important for regulating peripheral clocks. A small number of core clock genes, which are
expressed in both the SCN and peripheral tissues, regulate the internal clock and are responsible
for generating the circadian rhythms of thousands of clock-controlled genes (Fu and Kettner
2013).
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Figure 1. The circadian clock

Peaks in selected circadian rhythms and body temperature are shown
across the 24-hour day.

Figure adapted from Nobel Prize 2017, with permission.

Circadian disruption occurs when the body’s regular rhythmic patterns (i.e., timing system)
become disorganized. The daily circadian rhythms are no longer coordinated with each other or
the 24-hour day. This can occur when people are exposed to light at the “wrong time”, such as
during the night when people typically are asleep; when work schedules change from daytime
activity and nighttime sleep to nighttime activity and daytime sleep; during rapid travel across
several time zones; or from changes in sleep schedule on weekdays from that on the weekends
(i.e., social jet lag) (McMahon et al. 2018). Exposure to light affects the circadian system by
changing the levels and timing of nighttime melatonin (circadian signaling hormone) production
and by shifting (advancing or delaying) the timing of circadian rhythms (“phase shifting”).
“Phase advances” in circadian rhythms occur when people are exposed to light in the latter part
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of the biological night (when people typically are asleep), travel east across several time zones,
or work on a schedule that rotates from night to evening to day shifts. Conversely, “phase
delays” in circadian rhythms occur when people are exposed to light in the early part of the
evening, travel west across several time zones, or work on a schedule that rotates from day to
evening to night shifts. Other characteristics of shift work, such as changes in meal timing and
sleep disturbances, can also contribute to circadian disruption, and result in adverse health
effects, including cancer (Smolensky et al. 2016).

Circadian Disruption and Cancer

Circadian disruption has strong links to cancer and is proposed to be the major mechanism by
which night shift work and exposure to electric LAN increase the risk of certain cancers. Key
biological steps that affect cancer-relevant pathways include disruption of the circadian timing
system leading to altered output signals from the SCN (e.g., sympathetic nervous system,
suppression and alteration of melatonin patterns) and desynchronization of peripheral clock gene
expression. The sympathetic nervous system mediates chronic stress pathways leading to adverse
biological effects related to tumor development, growth, and metastasis (Buijs et al. 2001,
Furness et al. 2006, McCory 2007).

Exposure to light at a sufficient level, for a sufficient duration, with appropriate timing, and at
the appropriate wavelength can reduce and alter the timing of melatonin secretion by the pineal
gland during the night . There is strong evidence that melatonin inhibits tumor growth in
experimental animals (Mirick and Davis 2008) by protecting against biological events related to
cancer (Erren 2005, Hill et al. 2015). Studies in experimental animals and human cancer tissues
and cell lines have shown that these protective effects, which affect all stages of cancer
development and progression (for review see NTP 2019) are especially important for hormone-
related cancers such as breast cancer. Melatonin’s anti-cancer effects are thought to be due, in
part, to its regulation of the expression of clock genes and other genes involved in the
development of breast and other types of cancer via epigenetic and other mechanisms.

Exposure to excessive LAN, jet lag, or night shift work causes phase shifts and alters the
expression of master and peripheral clock genes and the circadian rhythms controlled by these
genes. A properly functioning circadian system plays an important role in preventing cancer
formation and suppressing tumor growth based on the several lines of evidence.

e Altered expression of some clock genes has been linked to tumor prognosis of some
cancers in humans (Altman 2016, Reszka and Przybek 2016).

e Inactivation or alteration of clock genes increases tumor growth or susceptibility to
carcinogens in animals (Fu et al. 2002, Zeng et al. 2010, Mteyrek et al. 2017).

e Clock genes regulate many genes related to carcinogenicity.

e Polymorphisms in clock genes (i.e., alternative gene products that may be less active)
have been reported to be associated with increased female breast-cancer risk in humans
(reviewed by Benna et al. 2017, Reszka et al. 2017).
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Part 2: Persistent Night Shift Work

Characteristics of Night Shift Work

Shift work generally means any arrangement of daily working hours other than standard daylight
hours (7:00 AM or 8:00 AM to 5:00 PM or 6:00 PM) (IARC 2010). Night shift work is typically
defined as working at least 3 hours between midnight and 5:00 AM (Stevens et al. 2011). Night
shift workers may work only nights (i.e., permanent night shift workers) or alternate between
night, day, and evening shifts (i.e., rotating night shift workers). Forward-rotating schedules go
from day to evening to night shifts, whereas backward rotating schedules go from night to
evening to day shifts. Schedules can also vary in the number of consecutive days before a shift
changes; fast schedules change every 2, 3, or 4 days (IARC 2010, Stevens et al. 2011,
Vermeulen 2016).

Night shift work is a complex exposure scenario that includes exposure to electric LAN, sleep
disturbances, or changes in meal timing, as well as other potential factors (e.g., social stressors,
lifestyle behaviors, decreased exposure to sunlight, and lower vitamin D levels).

Over 10 million adults in the United States (7% of the working population) frequently work
night shifts, according to a 2015 survey of 2,782 U.S. adults (CDC 2015). Frequent night shift
work is more common among men, African-Americans, and non-Hispanics; is slightly more
common among workers with a high school education than those with either less or more
education; and decreases with increasing age. The occupations with the highest prevalence of
adults who frequently work nights include the following: (1) protective services, (2)
transportation and material moving, (3) healthcare practitioners and technical occupations, (4)
production and manufacturing, and (5) healthcare support (as shown in Figure ).

‘ 21.80% | Protective services | 818,000 |

" Transportation and material 1517 000
| 1727% | moving | 1517, |

Healthcare practitioners

0,

l 16.03% | and technical occupations l 1,286,000 ‘
39% roduction and manufacturing 279,
13.39% Production and fact 1,279,000
Healthcare support 388,000
Prevalence (%) Estimated number of workers

Figure 2. Prevalence and estimated numbers of U.S. workers who frequently work night shifts

Frequent night shifts were defined as at least 6 of the past 30 days with any time worked between 1:00 AM and 5:00 AM in 2015.
The percentage of U.S. workers for each occupation was adjusted for age, sex, and race using the projected 2000 U.S. population
as the standard population.

Source: CDC 2015.

Cancer Hazard Assessment Conclusions

There is high confidence for a causal relationship between human cancer and persistent night
shift work — i.e., frequent and long-term night shift work, especially beginning in early
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adulthood — that causes circadian disruption. This conclusion is based on sufficient evidence of
carcinogenicity from the collective body of cancer epidemiological and mechanistic studies in
humans and mechanistic studies in experimental animals.

e Human epidemiological studies provide strong (but not sufficient) evidence that
persistent night shift work is associated with an increased risk of female breast cancer,
and mechanistic and other related studies provide evidence that circadian disruption plays
a major role in cancer-relevant pathways.

e A large pooled analysis of five epidemiological studies found that female night shift
workers who have an elevated risk of breast cancer are those who started working night
shifts before age 30 and worked at least 3 times/week for 10 or more years; however, the
exact conditions cannot be defined, as duration and frequency may depend on the specific
combination of these metrics (e.g., duration may be longer if frequency is less).

Epidemiological Cancer Studies in Humans

There is strong but not quite sufficient evidence from epidemiological studies that persistent
night work (e.g., frequent and long-term night shift work, or working a large number of night
shifts over a lifetime, especially in early adulthood) causes female breast cancer. There is also
limited evidence from epidemiological studies that night shift work causes prostate cancer. The
literature databases on other types of cancer are inadequate to evaluate a relationship with night
shift work because of the small total numbers of studies or numbers of informative studies (e.g.,
well-designed and well-conducted studies capable of detecting an effect) for each type of cancer.

The data from the night shift work studies are inadequate to evaluate the roles of LAN, sleep
disturbances, or other factors in causing breast cancer. In general, lifestyle behaviors, such as
smoking and alcohol consumption, body mass index, parity or age at first full-term pregnancy,
breast cancer screening, as well as demographic factors such as age, socioeconomic status, or
education were considered in the night shift work studies and these factors did not explain the
excess risk. Therefore, the exposure scenario that best fits the available epidemiological evidence
Is “persistent night shift work”.

Female breast cancer

The conclusion that persistent night shift work increases the risk of female breast cancer
(hereinafter referred to as breast cancer) was based on an assessment of 21 studies including 9
cohort studies and 12 case-control studies (see Table 1). Although a few of these studies were of
women from specific populations (e.g., nurses, textile workers, etc.), most studies were of
women from general populations with mixed occupations. In general, studies that had complete
and accurate occupational histories, evaluated different types of work-practice metrics, included
workers who had started shift work at earlier ages, and adjusted for potential confounders
(discussed below) were considered to be the most informative (i.e., studies with high or moderate
utility to inform the cancer hazard evaluation). Cohort studies that included only older workers
were not considered as informative, because they (1) may have included larger numbers of
women who were able to adapt to night shift work and (2) would not have included women who
started working night shift in early adulthood and who developed breast cancer before the cohort
enrollment date.
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Night shift work was associated with an increased risk of breast cancer in 11 of the 13 most
informative studies and in 6 of 8 studies that were considered less informative due to study
limitations (see Table 1). Moreover, the excess risk was observed in studies that controlled for
potential confounders (such as age, reproductive history, lifestyle factors, body mass index, and
socioeconomic status) in different or mixed occupations and geographical locations, which helps
to minimize concerns that chance, bias, or confounding may have explained the positive
findings. In most studies, an excess risk of breast cancer was found mainly among women who
had worked night shifts for many years or at a high frequency, or who had worked a large
number of night shifts over their lifetimes.

The most convincing evidence for a positive association between night shift work and breast
cancer was among women who started working nights at an early age and worked nights
frequently or for many years from the following studies:

e apooled analysis of 5 case-control studies that were conducted in Australia, Canada, and
Europe using the same definition of night shift work (Cordina-Duverger et al. 2018) and
stratified by findings for menopausal status, and

e two Nurses’ Health Study (NHS/NHS2) cohorts, which used somewhat similar study
designs and methods but which differed in their age requirement at enrollment (i.e., NHS
enrolled mostly “older” women and NHS2 enrolled mostly “younger” women) (Wegrzyn
et al. 2017).

Both studies found a doubling of risk among younger women but not older women performing
persistent night shift work. Breast cancer risk in these studies was higher for more recent
exposure (e.g., occurring in women still working or who recently worked night shifts), which
may suggest that night shift work acts to promote tumor growth, a finding consistent with the
results of studies in experimental animals. Finally, the evidence from human cancer studies is
stronger for estrogen-receptor-positive, progesterone-receptor-positive, and human-epidermal-
growth-factor-receptor 2-positive subtypes of breast cancer than for hormone- or growth-factor-
negative tumors, which is congruent with the proposed mechanisms of carcinogenicity and with
findings of increased hormone levels, such as estrogen, in night shift workers compared to day
shift workers.

Limitations include low sensitivity of most cohort studies for assessing metrics of persistent
night shift work conditions, the lack of studies evaluating racial groups other than white or
Asians, and the retrospective nature of the exposure assessment in the case-control studies. In
addition, two informative cohort studies did not find an association between night shift work and
breast cancer risk (Li et al. 2015, Vistisen et al. 2017).
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Table 1. Summary of epidemiological studies of night shift work and breast cancer?

Reference Study design Ever Duration  Frequency/  Younger Receptor
worked cumulative age® positive

Moderate to strong evidence for a positive association — informative studies

Wegrzyn et al. 2017 Cohort (NHS2)° +++ +++ ++

Davis et al. 2001 Case-control ++ +++ * +++ *

Grundy et al. 2013 Case-control + +4+4C* | +++

Hansen and Lassen 2012 Case-control + ++4+* ++0d*

Hansen and Stevens 2012 Case-control +++ AFaRE +++

Lie et al. 2011, Lie et al. 2013  Case-control ++4C* +++

Menegaux et al. 2013, Case-control ++ + ++C¢ +++ +++

Cordina-Duverger et al. 2016

Some evidence for a positive association — informative studies

Knutsson et al. 2013 Cohort +++ +

Fritschi et al. 2013 Case-control ++f +9 +

Papantoniou et al. 2015a Case-control + + +d ++ ++

Pesch et al. 2010, Case-control Null + + ++ I

Rabstein et al. 2013

Some evidence for a positive association — lower-utility studies

Akerstedt et al. 2015 Cohort Null ++ +

Travis et al. 2016 Cohort Null ++¢

UK EPIC Oxford

Travis et al. 2016 Cohort Null ++¢

Million Women Study

Tynes et al. 1996 Cohort ++4+* ++

Hansen 2001 Case-control ++ ++ -

Wang et al. 2015 Case-control ++ + ++

No evidence for a positive association

Li et al. 2015 Cohort (informative) Null Null Null

Vistisen et al. 2017 Cohort (informative) Null +

Pronk et al. 2010 Cohort (low-utility) Null Null Null Null

O'Leary et al. 2006 Case-control (low-utility) | — -

Studies are grouped by the level of evidence (e.g., moderate, some), which is based on the findings for different exposure metrics
(e.g., ever worked night shifts, duration, frequency, or timing), and by study quality (e.g., informative, low utility). The shades of
blue and number of pluses indicate the strength of the association; tan indicates a null or negative association.

—=RR < 1; * = significant exposure-response relationship. | = inconclusive results; NHS2 = Nurses’ Health Study 2; blank space
= not reported.

aAnalyses based on collective information (including direct and indirect measures of age) suggesting that breast cancer risk is
higher in women starting work at a younger age or pre-menopause.

bFindings specific for the NHS (older cohort) not included in table as the collective findings from the two cohorts were
considered as one study.

¢Combined analyses of metrics related to frequency and duration of work.

dCumulative number of night shifts.

eIncreased risk for an intermediate category of duration (e.g., at least 10 years), but not for the longest category of duration.

fEver exposed to phase-shift work.

9Increased risk for duration category of < 10 years but not for longer duration categories.
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Prostate cancer

There is limited evidence that night shift work causes prostate cancer, based on consistently
positive findings across epidemiological studies with varying study designs, located in different
geographical areas, and in workers of mixed occupations. Seven of 10 studies (5 of which were
considered to be of moderate to high quality) included in the evaluation found that either ever
working night shifts (Kubo et al. 2006, Conlon et al. 2007, Parent et al. 2012, Papantoniou et al.
2015b, Behrens et al. 2017, Tse et al. 2017) or working night shifts for a long duration (Conlon
et al. 2007, Parent et al. 2012, Papantoniou et al. 2015b, Behrens et al. 2017, Wendeu-Foyet et
al. 2018 as shown in Figure 3 below) were associated with an increased, although imprecise, risk
of prostate cancer (Note: Kubo et al. 2006, Kubo et al. 2011, Hammer et al. 2015 and Tse et al.
2017 did not report effect estimates on study duration). Two studies found that prostate cancer
risk increased with increasing years of working night shifts (Papantoniou et al. 2015b, Behrens et
al. 2017). A population-based case-control study (Wendeu-Foyet et al. 2018) found increased
prostate-cancer risk with extensive permanent night shift work. Findings from three studies that
had methodologic limitations were either inconclusive (Kubo et al. 2011) or null (Hammer et al.
2015, Akerstedt et al. 2017). Overall, the database is limited by the small number of informative
studies, potential misclassification of work-shift status, and the limited number of exposure
metrics (such as frequency) that could be evaluated.

Reference Study design Study utility Duration of shift work Risk Ratio Risk Estimate 95% Cl Exp. cases
Conlon et al. 2007 case-control moderate >34 years a 1.30 0.97-1.74 86
Parent et al. 2012 case-control moderate =10 years 269 1.45-4.95 36
Papantoniou et al. 2015  case-control  high > 28 years L 1.38 1.05-1.81 138
Akerstedt et al. 2017 cohort low 2145 years ————+=— 0.72 0.50-1.05 36
Behrens et al. 2017 cohort high z 20 years 3.06 1.67 - 5.69 17
Wendeu-Foyet et al. 2018 case-control  high z 30 years | — : | 122 0.83-1.79 69
0.5 1 2 5
Figure 3. Forest plot of human studies on the risk of prostate cancer by cumulative duration of night shift
work

A positive association between duration of shift work and prostate cancer is one that is to the right of a risk ratio of 1. The forest
plot shows an overall increased risk of prostate cancer for individuals working night shifts for longer durations over a lifetime.

Studies on Mechanisms of Carcinogenesis and Other Relevant Data

Overall, the mechanistic and other relevant data indicate that the increased risk of cancer found
in night shift workers is mediated, in part, by circadian disruption. This evidence comes from (1)
studies of simulated shift work in experimental animals, (2) studies of night shift work and
circadian disruption or biological effects that are linked to cancer, and (3) studies of circadian
disruption and cancer (see Circadian Disruption and Cancer). Because of the complex
interactions and overlapping effects of LAN-induced melatonin suppression, circadian
disruption, sleep deprivation, change in meal-timing, potential vitamin D deficiency, and other
factors, it is not possible to separate their relative individual contributions to the development
and progression of cancer.
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Studies in experimental animals

Studies in experimental animals provide strong evidence that exposure to LAN, simulated shift
work or chronic jet lag (e.g., mimicking travel across several time zones) promotes tumor growth
primarily in animals receiving transplanted tumor cells or initiated with carcinogens and supports
the findings from the human epidemiological studies. Shift work was simulated in studies in
experimental animals through weekly inversion of the light-dark cycle (e.g., exposing the
animals to light during the day for one week and during the night for the next week) or by
shifting the times when lights were switched on and off (either forward or backward shifts).
Three studies found that simulated shift work or chronic jet lag promoted mammary tumor
growth in mice (Van Dycke et al. 2015, Fang et al. 2017) or rats (Logan et al. 2012). Studies in
mice and rats found that simulated shift work or chronic jet lag also enhanced the growth of
other types of cancer — abdominal fluid (Ehrlich carcinoma or sarcoma 180), bone
(osteosarcoma), liver, lung, lymphoma, plasmacytoma (immune tumors), and pancreas — in
animals co-exposed to chemical carcinogens or radiation, injected with transplanted cells, or
animal models that are susceptible to carcinogens (see Table 2 below). Another study found that
mice exposed to lighting conditions simulating chronic jet lag had a higher incidence of liver
tumors than did control-group mice (Kettner et al. 2016).

Table 2. Summary of carcinogenicity studies of simulated shift work or chronic jet lag in experimental
animals

Tumor type Simulated shift Chronic jet References
work lag
Abdominal fluid (Ehrlich carcinoma T mice Li and Xu 1997

or sarcoma 180): Implants

Bone: Implants T mice Filipski et al. 2004, Filipski et
al. 2005, Filipski et al. 2006

Liver tumors:

Spontaneous T mice Kettner et al. 2016
Promotion 1 mice Filipski et al. 2009
Lung tumors:
Promotion (genes) T mice Papagiannakopoulos et al. 2016
Implants 1 mice Wu et al. 2012
Lymphoma: Promotion (radiation) Lee etal. 2010
Mammary gland:
Spontaneous T mice Van Dycke et al. 2015
Promotion (chemical) T mice Fang et al. 2017
Implants 7 rats Logan et al. 2012
Plasmacytoma (immune tumor): 7 rats Wu et al. 1988
Implants
Pancreas: Implanted cells T mice Filipski et al. 2006

1 = statistically significant increase; empty cells = not tested.
Implant = increased tumor size or growth rate or decreased time for tumor development (latency) of transplanted cells or tissue.
Promotion = increased incidence, multiplicity, or size or decreased latency of tumors initiated by chemical carcinogens.
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Spontaneous = increased multiplicity or incidence or decreased latency of tumors in studies not using co-exposure to chemicals
or implantation with cancerous cells or tissues.

Studies of night shift work and cancer related to circadian disruption

Circadian disruption, night shift work, and cancer risk have not been adequately evaluated
together within individual studies. However, there is evidence that night shift work is associated
with circadian disruption (discussed below) and that circadian disruption is linked to cancer of
the breast and other tissues (as discussed in Circadian Disruption and Cancer). There is also
evidence that shift work (in humans and animals) causes biological effects that are characteristic
of known human carcinogens.

Overall, most shift workers, including those working permanent shift schedules, do not appear to
adapt their circadian rhythms to their sleep schedule (i.e., melatonin continues to peak at night
instead of during their daytime sleep) (Boivin and Boudreau 2014, Jensen et al. 2016). In
addition, many workers do not tolerate shift work as evidenced by symptoms that include
persistent fatigue, sleep-medication dependence, and mood disturbances such as depression.
Many of these symptoms (such as heart rate, stress behaviors) are regulated by the sympathetic
nervous system and provide evidence for sympathetic nervous system-mediated circadian
disruption in humans (Mohawk et al. 2012, Brown and Azzi 2013, Honma 2018). Some studies
have found that individual workers who were able to alter the timing of their melatonin
production so it paralleled their sleep time had better shift work tolerance and improved sleep
quality compared to workers who did not alter their timing; however, there were individual
differences (reviewed by Burch et al. 2005).

Numerous studies conducted in different populations of both men and women have reported that
night shift workers had lower nighttime (Davis et al. 2012, Ji et al. 2012, Bracci et al. 2013,
Mirick et al. 2013, Song et al. 2016) or average (Papantoniou et al. 2014, Gémez-Acebo et al.
2015, Leung et al. 2016) levels of melatonin (usually measured as a metabolite in the urine) than
day workers. Moreover, the effects of nighttime melatonin suppression may be related to
persistent shift work, measured, for example, as total number of night shifts (Schernhammer et
al. 2004), number of consecutive night shifts (Leung et al. 2016), or number of years working
night shifts (Papantoniou et al. 2014). Although there is strong evidence that night shift work is
associated with melatonin suppression, it is not clear that the suppression is caused directly by
exposure to LAN. A few studies have found an association between light levels and urinary
melatonin levels in night shift workers (Grundy et al. 2009, Grundy et al. 2011, Papantoniou et
al. 2014); however, only a few studies have measured both light and melatonin and they used
different measurement methods, study designs, and analyses.

Studies of night shift workers and simulated shift work in experimental animals suggest that shift
work may be associated with altered clock gene expression (Fu and Kettner 2013, Kettner et al.
2014, Stevens and Zhu 2015), deregulation of sympathetic nervous system (SNS) signaling
(Adams et al. 1998), or desynchronization of the central clock—SNS—peripheral clock axis (Lee
et al. 2010).

There is also evidence that night shift work is with biological effects that are related to
carcinogenicity (collective evidence across the characteristics with the strongest associations
with altered circulating levels of estrogen, and epigenetic changes that modify the expression of

10
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core clock genes or clock-controlled genes). A strength of the database is that these effects were
also observed in the animal carcinogenicity studies of modeled LAN, chronic jet lag, or
simulated shift work, thus providing direct links of these biological effects to cancer. In addition,
some of these biological effects have been observed in studies of night shift workers and are
similar to those mediated by low melatonin levels or deregulation of clock genes, which supports
the role of circadian disruption in shift work-related carcinogenicity.

Part 3: Certain Lighting Conditions

Characteristics of Certain Lighting Conditions

Modern electric lighting practices, beginning with the invention of incandescent lights in the late
19th century, have led to ill-timed exposure to unnatural light, typically to electric light during
the day and night combined with insufficient exposure to daylight. For most of human history,
people were exposed to bright light from natural sources during the daytime and to a very dark
environment at night, whereas modern practices have led to exposure to some level of dim light
throughout the 24-hour day. As the light-dark cycle is the major stimulus for coordinating the
circadian system, certain lighting conditions can lead to circadian disruption and adverse health
effects.

“Circadian light” is defined as the light received at the eye that stimulates the circadian system,
as measured by nighttime melatonin suppression, and it is a biomarker of circadian disruption.
The characteristics related to electric light that are most likely to cause circadian disruption
include a combination of shorter wavelengths, longer duration, exposure to light during the
biological night, and higher light intensity or levels. Light regulating the circadian system is
received by specialized non-visual photoreceptors in the retina of the human eye; these receptors
are especially sensitive to short wavelengths that are perceived as blue light by the human eye
(Figure 4 presents the spectra of circadian light). As all of these characteristics are related, the
exact specifications (such as duration) depend on other light characteristics. In addition to
exposure to electric LAN, total light exposure (e.g., insufficient exposure to daylight) is also
important in circadian regulation.

Beginning with the patenting of Edison’s incandescent light bulb, primary light sources for
homes and workplaces have evolved through fluorescent lights to light-emitting diodes (LEDs)
and more recently to the organic LEDs (OLED) and active-matrix organic LEDs (AMOLED)
used in mobile devices, laptops, and televisions. Technological advances have generally
increased the energy efficiency of lighting sources for both indoor (e.g., home and office) and
outdoor (e.g., streets and parking lots) lighting, but these light sources emit a larger proportion of
total light in wavelengths perceived as blue by the human eye (see Figure 4).
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Figure 4. Technological advances in lighting over time have led to lighting with higher levels of short
wavelengths

Panel A shows the timeline of key historical events related to the major types of electric lighting and the corresponding spectra.
Panel B depicts spectra for comparison light: natural sunset light and circadian light. Incandescent light has little short
wavelength light (i.e., blue light, wavelength 400 to 490 nm) similar to natural sunset light whereas white LED light has higher
amounts of shorter wavelength light similar to circadian light.

Sources Adapted from Brainard et al. 2001, Matulka and Wood 2013, Zielinska-Dabkowska 2018.

LED = light emitting diodes; CFL = compact fluorescent lights.

Exposure to aberrant lighting conditions may include excess electric LAN from outdoor lights,
indoor lighting at home and at work, and use of self-luminous electronic devices, as well as
insufficient natural light during the day.

Exposure to indoor electric lighting is nearly ubiquitous in our society. The level of light from
electric lights or self-luminous displays, e.g., TVs, computers, or smartphones, generally ranges
from 5 to 200 lux. Types of indoor lights include incandescent, halogen, fluorescent, compact
fluorescent, and LEDs (DOE 2018, NOAO 2018). Sources of blue light exposure at night include
LED and fluorescent lamps, and video displays, such as OLEDs and liquid crystal displays
(LCDs) (Oh et al. 2015). Many Americans, especially adolescents and teens, use electronic
devices before sleeping. Findings from the 2011 Sleep in America Poll (N = 1,508 participants,
ages 13 to 64 years) indicate that an estimated 90% of Americans use some type of electronic
device a few nights per week within 1 hour of bedtime with 60% (regardless of age) watching
television and a greater percentage of adolescents (72%) and young adults (67%) using cell
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phones compared to middle-aged (36%) and older adults (16%) (Gradisar et al. 2013, Smolensky
et al. 2015).

Fraction above natural Many outdoor areas, such as roadways, shopping
centers, stadiums, etc. are lighted at night, and the
propagation of stray light due to the lighting demands
of urban development is often referred to as “light
pollution” (Pauley 2004, Navara and Nelson 2007). The
use of LED lights outdoors is increasing rapidly
(NOAO 2018). In 2016, satellite imaging data of the
Earth at night (see Figure 5) indicated that more than
99% of the U.S. population lived under light-polluted
skies at night (i.e., artificial sky brightness was
increased by at least 8% above the natural background
at the zenith, which is the darkest part of the sky
hemisphere), and celestial objects like the Milky Way
=== are no longer visible from most locations on the earth
Figure 5. Map of North America’s (Falchi et al. 2016). Outdoor light is brightest in

artificial sky brightness, in twofold metropolitan areas especially in the eastern United

increasing steps, as aratio to the natural States and in California.
sky brightness

=

Cancer Hazard Assessment Conclusions

There is moderate confidence for a causal relationship between human cancer and certain
lighting conditions — i.e., excessive LAN exposure combined with insufficient daylight
exposure — that cause circadian disruption. This conclusion is based on strong evidence that
LAN acts through mechanisms that are likely to cause cancer in humans.
e Toxicological and mechanistic data indicate that exposure to LAN causes melatonin
suppression and other types of circadian disruption, which lead to the proliferation and
growth of breast or mammary-gland cancer in experimental animals.

e LAN causes biological effects that are characteristics of recognized carcinogens.
e Studies in humans show that LAN causes melatonin suppression.

e Other studies suggest that total light, including the type of light received during the day,
IS important in circadian regulation, nighttime melatonin secretion, and carcinogenicity.

e The available studies from humans are inadequate to evaluate the relationship between
exposure to LAN and cancer.

The characteristics related to electric light that are most likely to cause circadian disruption
include a combination of shorter wavelengths (e.g., blue light), longer exposure duration, higher
light intensity or levels, and exposure to electric light during the biological night. The exact
conditions leading to circadian disruption (e.g., duration) depend on the combination of these
metrics. In addition to exposure to electric LAN, total light exposure (i.e., having insufficient
exposure to daylight) is also important in circadian regulation and thus is part of certain lighting
conditions.
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Studies on Mechanisms of Carcinogenesis and Other Relevant Data

Overall, mechanistic and other relevant data indicate that circadian disruption plays a role in
LAN carcinogenicity. This evidence comes from (1) cancer studies of LAN in experimental
animals, (2) studies of LAN or total light exposure and circadian disruption or biological effects
that are linked to cancer, and (3) studies of circadian disruption and cancer (see Circadian
Disruption and Cancer).

Cancer studies in experimental animals

Studies in experimental animals provide evidence that LAN can enhance growth of breast and
other types of tumors and that melatonin plays a key role in LAN-related carcinogenicity.
Exposure to continuous bright light, dim LAN, or altered light patterns (i.e., other than 12 hours
dark, 12 hours light) promoted mammary-gland tumors initiated by chemical carcinogens in
several strains of rats, increased the rate of growth of human breast cancer cells transplanted into
rats and of mouse mammary-gland cells transplanted into mice, and increased the numbers of
mammary-gland tumors per animal (tumor multiplicity) in a mouse model of human breast
cancer. In addition, exposure of rats to seasonal lighting for Northern latitudes (i.e., a maximum
of 4.5 hours of light in winter and 24 hours of light in summer) resulted in an increase in benign
mammary-gland tumors (See Table 3 for references and details of the studies.)

In almost all studies, LAN also promoted the growth of other types of cancer — of the brain,
cervix (implanted human cells), liver, lung, kidney, peripheral nervous system, prostate, and skin
— in studies that either co-exposed the animals to chemical carcinogens or transplanted cancer
cells into LAN-exposed animals (as summarized in Table 3). Exposure of rats to continuous
LAN increased the incidences of leukemia and lung tumors and the total incidence of tumors
(Anisimov et al. 2004). Three of the over 25 studies found no association with LAN exposure
and tumor growth (Anderson et al. 2000, Travlos et al. 2001, Popovich et al. 2013), one study
found a decrease in tumor growth with LAN exposure (Isobe et al. 2008), and findings from
another study were not clear (Waldrop et al. 1989).

These carcinogenic effects were mediated, in part, by melatonin. LAN exposure caused dose-
related suppression of melatonin levels (Blask et al. 2005, Blask et al. 2009), and co-exposure to
melatonin (usually administered in drinking water) partly reversed tumor growth promoted by
LAN (Kothari 1987, Blask et al. 2014, Dauchy et al. 2014, Schwimmer et al. 2014). Other
studies found that in nude rats (immunodeficient) perfused (in situ) with melatonin-depleted
blood from pre-menopausal women exposed to bright LAN, transplanted human breast tumors or
rat liver tumors showed high proliferative activity, whereas perfusion with melatonin-rich blood
from women collected during nighttime without light exposure suppressed tumor growth (Blask
et al. 2005, Blask et al. 2009). These findings support the relevance of the LAN animal models
to carcinogenicity in humans.
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Table 3. Summary of carcinogenicity studies of lighting conditions in experimental animals

Constant Dim Altered
Tumor type light LAN L-D cycle References
Brain (glioma cells): Implant 7 rats Guerrero-Vargas et al. 2017
Breast 7 rats 7 rats Blask et al. 2003, Blask et al. 2005, Blask et
Human xenograft al. 2014, Dauchy et al. 2014
Mammary gland
Promotion IES Hamilton 1969, Kothari et al. 1982,
Anisimov et al. 1994, Cos et al. 2006,
Implant T mice Schwimmer et al. 2014
Spontaneous T mice 7 rats Baturin et al. 2001, Vinogradova et al. 2009
Cervix: Human xenograft T mice Yasuniwa et al. 2010
Kidney 7 rats Beniashvili et al. 2001
Liver
Promoation 7 rats van den Heiligenberg et al. 1999
Implant 7 rats 7 rats Dauchy et al. 1997, Dauchy et al. 1999,
Blask et al. 2005, Dauchy et al. 2011
Lung
Promotion T mice Nakajima et al. 1994
Spontaneous T mice Anisimov et al. 2004
Leukemia: Spontaneous T mice Anisimov et al. 2004
PNS: Promotion T rats Beniashvili et al. 2001
Prostate: Implant T mice Haim et al. 2010
Skin
Promotion T mice Nelson and Blom 1994
Xenograft T mice T mice Lang et al. 2003, Otélora et al. 2008

L-D = light-dark; T = statistically significant increase; empty cells = not tested; PNS = peripheral nervous system.

Statistically significant increases are defined for each experimental model as follows:

Implant = increased tumor size or growth rate or decreased time for tumor development (latency) of transplanted cells or tissue.
Promotion = increased incidence, multiplicity, or size or decreased latency of tumors initiated by chemical carcinogens.
Spontaneous = increased multiplicity or incidence or decreased latency of tumors in studies not using co-exposure to chemicals
or implanted cancerous cells or tissues.

In contrast to the studies of modelled LAN, exposure to blue-enriched light during the daytime
increased nighttime melatonin levels, decreased plasma or blood levels of metabolism
biomarkers, changed levels of tumor growth biomarkers, and decreased growth of prostate and
liver xenografts in rats compared to animals exposed to white light during the day (Dauchy et al.
2013, Dauchy et al. 2015, Dauchy et al. 2016, Dauchy et al. 2018).

Studies of LAN or total light exposure and circadian-disruption-related cancer

In addition to the evidence from cancer studies in experimental animals that melatonin
suppression plays a role in LAN-induced carcinogenicity, there is also evidence that LAN causes
circadian disruption in humans and evidence that circadian disruption is linked to cancer (see
Circadian Disruption and Cancer).
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Experimental studies in humans provide evidence that electric LAN exposure occurring in
people’s everyday lives can cause melatonin suppression, depending on the wavelength, level,
duration, timing, and total light exposure (Figueiro 2017, Lunn et al. 2017). Although short, blue
light wavelengths (446 to 475 nm) are more effective than longer wavelengths in reducing
nighttime melatonin production (Brainard et al. 2001, Figueiro et al. 2017), the human circadian
system is sensitive to levels of ordinary room light. The duration of LAN exposure needed to
induce circadian disruption depends on other characteristics of light such as wavelength, timing,
and level. For example, Nagare et al. (2018) reported that exposure duration was a significant
factor in inducing melatonin suppression in subjects exposed to two different types of white light
(with equivalent ability to suppress melatonin secretion) for one to four hours. Some
experimental studies suggest that blue light exposure during the daytime or morning can help
reduce LAN-induced melatonin suppression (Kozaki et al. 2015, 2016, Nagashima et al. 2018)
and improve measures of sleep quality and mood (Viola et al. 2008). In addition, night-time
sensitivity to light-induced circadian disruption (usually measured by melatonin suppression) is
influenced by light exposure during the day (reviewed by Figueiro 2017 and Lunn et al. 2017).
Individual sensitivities related to age, sex, chronotype (preferences for sleep times during a
24-hour period), and polymorphisms in clock genes can affect sensitivity to LAN. Children have
been shown to be more sensitive to LAN-induced melatonin suppression than adults, and
sensitivity to LAN decreases with age. For example, exposure to luminous displays (~87 lux)
induced a greater degree of melatonin suppression (~25%) in teens (aged 15 to 17 years) than in
college students or middle-aged adults (Figueiro and Overington 2016).

The database of field studies is inadequate to evaluate the effects of bedroom lighting (such as
from turning on lights or from outdoor lights, as measured by satellite) because of the small
number of studies, low levels of light, or insensitivity of exposure assessment methods (Davis et
al. 2001, Levallois et al. 2001, Hurley et al. 2013).

LAN exposure also has been shown to alter clock-gene expression in the SCN and peripheral
tissues of experimental animals; the results varied according to light source, tissue, and the
specific genes studied. Two studies found some evidence in humans that exposure to blue light
alters clock-gene expression (Chen et al. 2005, Cajochen et al. 2006). Studies of biomarkers of
circadian disruption in humans as well as cancer studies in animals indicate that the total light
experience, including LAN and light during the daytime, impacts circadian disruption and cancer
risk (Dauchy et al. 2015, Dauchy et al. 2018).

LAN causes some biological effects in experimental animals that are characteristics of
carcinogens (collective evidence across the characteristics with the strongest associations for
metabolic). A strength of the database is that these effects were also observed in the
carcinogenicity studies of LAN or simulated shift work, thus providing direct links between the
biological effects and cancer. In addition, some of these biological effects have been observed in
studies of night shift workers who were exposed to LAN, supporting the conclusion that
exposure to certain lighting conditions may cause cancer in humans.

Epidemiological Cancer Studies in Humans

The database is inadequate to evaluate the risk of breast cancer due to LAN exposure. The
database consists of studies that measured outdoor LAN using satellite imagery and studies that
assessed indoor LAN exposure in the sleeping area.
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Two cohort studies in the United States (Hurley et al. 2014, James et al. 2017), a case-referent
study (using lung cancer cases as the comparison group) (Bauer et al. 2013) and a population-
based case-control study in Spain (Garcia-Saenz et al. 2018) found an increased risk of breast
cancer among women in the highest category of outdoor LAN exposure or blue-light LAN
exposure (Garcia-Saenz et al. 2018). The increased risk was observed mainly in premenopausal
women in two studies (Hurley et al. 2014, James et al. 2017). These findings are supported by a
case-control study which found that Israeli women living near strong artificial LAN sources had
a 50% increased risk of breast cancer; however, no information was provided on the sources or
proximity of the LAN (Keshet-Sitton et al. 2016). A major limitation of the literature is the
uncertainty as to whether the studies using satellite images were assessing the direct effects of
LAN or the effects of activities (such as changes in eating behaviors or lifestyles) related to or
enabled by LAN exposure.

The studies of LAN in the sleeping area used a wide variety of metrics for evaluating indoor
LAN exposure, such as the number of times lights were turned on and the subjective level of
light in the room. Although some studies found positive associations between specific metrics of
LAN and increased breast cancer risk, overall the evidence across studies was inconsistent.

The database was inadequate to evaluate exposure to LAN and other types of cancer because of a
small number of informative studies.
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