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The incidence rate of cutaneous melanoma has been increasing faster than that of any other cancer in
white-skinned populations over the past decades. The main risk factors for melanoma (i.e. exposure to
sunlight, naevus count, phototype, and family history of melanoma) may not wholly explain the epide-
miological trends observed for this cancer. The light-at-night theory postulates that increasing use of arti-
ficial light-at-night may contribute to the increasing breast cancer incidence through suppressed
secretion of melatonin (a hormone produced in the dark and inhibited by light, which regulates circadian
rhythms). Here, we postulate that this theory may also apply to melanoma and that it may explain a part
of this cancer burden.

Consistent with our hypothesis is evidence from experimental studies suggesting a lightening effect of
melatonin on frog skin and mammal hair during seasonal changes, its antioxidant and anti-carcinogenic
effects in skin melanocytes, as well as the expression of melatonin receptors in melanocytes. Also, epide-
miological data suggest lower melatonin concentrations in melanoma patients compared with controls; a
potential therapeutic effect of melatonin in patients with metastatic disease; a higher prevalence of mel-
anoma in pilots and aircrews, with increased risks with higher time zones travelled; and increased mel-
anoma risks in office workers exposed to fluorescent lighting. Moreover, melanoma incidence and
seasonal patterns are consistent with a reduction of melatonin secretion with intensity of exposure to
light, although it remains difficult to distinguish the effect of melatonin disruption from that of sun expo-
sure on the basis of ecological studies. Finally, the reported associations between hormonal factors and
melanoma are consistent with melatonin inhibition increasing the risk of melanoma by increasing circu-
lating oestrogen levels.

Despite the existing suggestive evidence, the light-at-night hypothesis has never been directly tested
for melanoma. Very few studies examined the potential associations between melanoma risk and shift
work or melatonin concentrations, and we found no studies reporting on the relationship between mel-
anoma and number of sleeping hours, use of melatonin supplements, blindness, night-time city light lev-
els, bedroom light levels, or clock genes polymorphisms. Therefore, since several observations support
our hypothesis and very little research has been undertaken on this subject, we strongly encourage ana-
lytic epidemiological studies to test the light-at-night theory for melanoma causation.

� 2010 Elsevier Ltd. All rights reserved.
Introduction

Cutaneous melanoma is a potentially lethal neoplasm with an
incidence rate that has been increasing considerably worldwide
in white-skinned populations over the past decades [1]. This inci-
dence rate has risen more rapidly than that of any other cancer,
with several authors referring to these trends as the ‘‘melanoma
epidemic” [2]. Several risk factors for melanoma have been clearly
established, such as exposure to ultraviolet radiation (UVR) [3];
phenotypic factors such as naevus count, freckling, and phototype;
and familial history of the disease [4,5]. However, these factors
ll rights reserved.
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altogether may not wholly explain the epidemiological trends ob-
served for this cancer, and it is essential to determine which other
aspects may also play a role in the melanoma burden.

Melatonin is a pineal hormone with circadian production rhythm:
secretion is maximal in the dark, and is inhibited by retinal exposure
to light [6]. After its discovery by Lerner et al. in 1958 [7], melatonin
has been shown to be involved in several biological processes, such
as circadian and seasonal biorhythms, and sleep initiation. More re-
cently, it has been shown that melatonin is also synthesized and
metabolized locally at extrapineal sites, such as the skin [8]. Melato-
nin has also proven an efficient antioxidant and anti-carcinogenic
agent in experimental studies; in the skin, this hormone was shown
to exhibit anti-tumour and growth-suppressive effects, and to effec-
tively reduce damage from exposure to UVR [8–10].
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In 1978, Cohen et al. postulated that reduced function of the
pineal gland might lead to the development of breast cancer,
mainly on the grounds that, because of the inhibitory effect of mel-
atonin on oestrogens, melatonin suppression could lead to in-
creased oestrogen production and thus increased breast cancer
[11].

Later, in 1987, Stevens proposed the Light-At-Night (LAN) the-
ory, which postulates that the increasing use of artificial light-at-
night, paralleling industrialization, may explain a part of the
increasing breast cancer incidence by inhibiting melatonin secre-
tion [12]. Suggestive evidence has then consistently accumulated
in favour of this hypothesis: several studies reported a positive
association between night-shift work and breast cancer risk; to-
tally blind women have been shown to be at increased risk for
breast cancer compared to normally sighted women; a modest in-
verse association has been reported between sleep duration and
breast cancer risk; an increased breast cancer risk was reported
in relation to increased bedroom light level at night; indigenous
populations living at extreme northern latitudes were generally
shown to be at decreased breast cancer risk; breast cancer inci-
dence has been shown to be higher in communities with higher
levels of night-time lighting; and rodent models confirmed anti-
tumorigenic effects of melatonin, and its inhibition by exposure
to light [13]. Recently, higher urinary melatonin levels were found
to be associated with a lower risk of breast cancer in postmeno-
pausal women [14], and particular clock genes polymorphisms
were associated with breast cancer risk [15].

Recent evidence also suggests that the LAN theory may be
applicable for other neoplasms such as prostate cancer [16–21],
endometrial cancer [22–24], and possibly colon cancer [25]. How-
ever, while the interaction between melatonin and skin is well
established, the LAN theory has never been put forward to explain
epidemiological trends for cutaneous melanoma. Here, we present
the hypothesis that the increase in melanoma incidence over the
past decades may be explained in part by the increasing use of arti-
ficial light, and we review and discuss supporting evidence from
the existing literature.
The hypothesis

Since melatonin plays significant antioxidant and anti-carcino-
genic roles in melanocytes (the skin cells from which melanomas
arise) and considering that melatonin secretion is inhibited by
the use of artificial light-at-night through a disruption of the circa-
dian rhythm, we speculate that use of artificial light-at-night may
increase the risk of melanoma by inducing loss of the cancer-pre-
ventive effects of melatonin. Alternatively, melatonin suppression
may imply an imbalance in immune or hormonal regulation of
melanocytes, which may then lose some of their ability to provide
efficient defence against carcinogenic agents (such as UVR). This
hypothesis predicts that factors related to hampered melatonin
synthesis will be associated with an increased risk of melanoma,
while factors promoting melatonin synthesis should be associated
with decreased melanoma risk. Fig. 1 summarises our hypothesis.
Supporting evidence

Experimental studies

Over the past 60 years, there has been increasing evidence sug-
gesting that melatonin is synthesized not only by the pineal gland,
but also at other sites such as the skin [8,26], where it plays an
important role in regulation of skin function and structure in re-
sponse to different threats from the environment [8,10]. Melatonin
has also been shown to exhibit an important role in skin pigmen-
tation and hair development: historically, melatonin was discov-
ered because of its lightening effects on skin pigmentation in
frogs [6], and this hormone was also shown to inhibit melanin pro-
duction during seasonal coat colour changes in mammals, and to
stimulate hair growth in animals as well as humans [8,9]. Indeed,
melanocytes, which are the target cells involved in both melanin
production (and thus skin and hair colour changes) and melanoma
initiation, are controlled by melanocyte-stimulating hormones
(MSH) [27], and melatonin has been suggested to reverse the skin’s
darkening response to a-MSH [28].

Importantly, it has been shown that melatonin receptors were
expressed both in normal and malignant melanocytes, and that
expression may be altered by various environmental stimuli such
as UVR [29,30]. Moreover, as a potent free radical scavenger, mel-
atonin has been demonstrated to exert an anti-oxidative role in the
skin, and to exhibit anti-apoptotic and anti-carcinogenic properties
[30]. Melatonin has also been shown to efficiently prevent and re-
duce UVR-induced skin damage [8,10].

Interestingly, several experimental studies suggested that mel-
atonin exerts oncostatic effects on melanoma tumour cells, sug-
gesting a slowing effect on melanoma progression. First, a link
between the pineal gland and the growth and spread of melanoma
has been hypothesised after the demonstration that pinealectomy
resulted in increased growth of melanoma and more frequent local
and distant metastases in hamsters [31–33]. Second, administra-
tion of melatonin was demonstrated to cancel melanoma growth
in pinealectomized hamsters, although there was no effect of mel-
atonin intake on tumour growth in intact animals [34]. Besides,
oral administration of melatonin was associated with decreased
melanoma growth and reduced gonadal and adrenal masses in
athymic mice [35]. A later study provided evidence of a differential
effect of melatonin in melanoma cells according to melatonin con-
centration: at low-concentration, physiological levels, melatonin
inhibited cell proliferation, whereas at high-concentration, phar-
macological levels, melatonin either had no effect or actually stim-
ulated proliferation of melanoma cells [36]. The stimulatory effect
of pharmacological levels of melatonin on melanoma cell prolifer-
ation has been confirmed in a later study, although no protective
effect was observed at physiological levels [37]. However, noctur-
nal melatonin administration has been shown to enhance survival
from melanoma in mice under light–dark conditions, whereas it in-
creased melanoma progression in mice submitted to continuous
light exposure [38], suggesting that melatonin effects may be dif-
ferential according to photoperiod and time.
Epidemiological studies

Melatonin and melanoma
We found only two studies reporting on the relationship be-

tween melatonin levels and melanoma risk in humans. First, a
case-control study showed that urine levels of 6-oxymelatonin de-
creased with age in men, and also in women who were not in the
ovulatory phase of their menstrual cycle [39]; the authors also
demonstrated that melanoma patients had significantly lower ur-
ine melatonin levels compared with healthy controls (except in
women in the ovulatory phase of their menstrual cycle). Another
study described lower 24-h urine melatonin levels in patients with
skin cancer compared with controls [40], although the number of
melanoma cases was very low. The results of both studies are con-
sistent with the LAN hypothesis for melanoma, but neither paper
describes LAN as a possible reason for the findings. Although
experimental studies show higher tumour proliferation in mela-
noma cells or animals administered with pharmacological doses
of melatonin [36,37], phase II studies suggest that melatonin may
be effective in the treatment of melanoma. Indeed, melatonin as an



Fig. 1. Summary diagram of the light-at-night hypothesis.
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adjuvant has been suggested to be an efficient therapeutic agent in
the treatment of metastatic melanoma [41–44].

Melanoma and occupation
Past studies of melanoma in relation to occupation have gener-

ally suggested higher risks among professions associated with a
high socio-economic status [45]. Among those, one particular occu-
pational category is that of commercial pilots and aircrews, which
has been consistently associated with higher-than-expected risks
of melanoma according to a recent review [46]. UVR exposure at
high altitudes during flights has been shown to be negligible and
was thus excluded as a potential risk factor; instead, it has been
hypothesized that these higher rates could be due to excessive
sun exposure during holidays and breaks between flights. How-
ever, a retrospective cohort study showed an increased risk of mel-
anoma in commercial airline pilots, with an even higher risk in
pilots who have been travelling over five time zones [47], and
the authors hinted a potential importance of shift work and circa-
dian disrhythmia in melanoma, consistent with the LAN hypothe-
sis. Further, a subsequent study from the same group showed no
significant difference in host or sunlight-related factors between
pilots/aircrew and a random sample from the general population,
suggesting that the increased melanoma risk among this occupa-
tional category cannot be only explained by intense intermittent
sun exposure [48]. A potential role of cosmic radiation has also
been suggested; indeed, airline pilots and crews are exposed to this
type of radiation, and higher risks of melanoma were found with
increasing time since employment [46]. It is still unclear whether
increased melanoma rates in pilots/aircrew are mostly explained
through circadian rhythm disruption, exposure to cosmic radia-
tions, or both. However, two recent reviews suggested a potentially
important role of irregular sleeping hours and disturbance in circa-
dian rhythms in melanoma through inhibition of melatonin secre-
tion [46,49].

Because shift work has been associated with higher incidence of
several cancers, it has recently been classified by the International
Agency for Research on Cancer as probably carcinogenic to humans
[50]. Rotating night-shift work has been demonstrated to be asso-
ciated with a reduction of urinary melatonin levels, and long-term
shift work has been correlated with increased oestradiol concen-
trations in postmenopausal women [51], which could explain the
relationships previously described between shift work and breast
cancer. If the LAN theory was applicable for melanoma, it would
predict a positive association between melanoma and night-shift
work. An exploration of this association has been largely over-
looked in previous research: the only available published study re-
ports no significant association in a Swedish retrospective cohort
[52].

Interestingly, two studies reported higher melanoma risks in
office workers, but not in other indoor workers [53,54], a result
first attributed to intense intermittent sun exposure during leisure
activities. A single study also suggested an association between
fluorescent light exposure and melanoma risk in office workers
compared to other indoor workers, with a dose–response relation-
ship with intensity of fluorescent light [55]. Fluorescent lighting
used in offices is typically cool-temperature, white light, which
has been suggested to more strongly suppress nocturnal melatonin
secretion than warm-temperature, yellowish light [56]. The
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previously observed relationship between fluorescent light and
melanoma would thus be consistent with deeper melatonin dis-
ruption in office workers; however, these results have not been
replicated ever since, and a spurious association could not be ruled
out.
Melanoma incidence worldwide
Since exposure to sunlight is a major risk factor for melanoma,

and considering the combined effects of sun exposure and photo-
type on melanoma risk, it is particularly difficult to assess the po-
tential associations between melanoma incidence and melatonin
suppression through increased exposure to light on the basis of
descriptive incidence studies.

However, it is interesting to note that the incidence of mela-
noma has increased considerably worldwide over the past decades
[1], and has increased faster than that of any other cancer [2], par-
alleling both (i) increased leisure time, skimpier clothing and the
pursuit of tanning, and (ii) increasing industrialization, city lights,
and shift work. Fig. 2 illustrates the increase in age-adjusted mel-
anoma incidence rates paralleling that of electric power use (as an
indicator of artificial light use) in the US over the past decades.

Also, if the LAN hypothesis were true for melanoma, a higher
melanoma incidence would be expected in areas of bright light,
since melatonin secretion is more strongly suppressed by intense
light [57]. Such an association holds true for white-skinned popu-
lations living in low-latitude areas with intense sunlight (and high
ambient UVR levels), such as Australia and the US, where mela-
noma incidence has been shown to increase with increasing
latitude [1]. Thus, it is possible that the effect of melatonin sup-
pression on melanoma incidence parallels that of exposure to
UVR, although it appears complex to assess the importance of
intensity of melatonin inhibition over that of UVR exposure. The
trend is less clear in Western Europe, where a parabolic relation-
ship has been observed: melanoma incidence decreases from
North to South until latitude 52�N, and then increases with
Fig. 2. Age-adjusted incidence rates for melanoma and electric power consumption (a
Sources: Surveillance, Epidemiology and End Results (SEER), Cancer Statistics Revi
indicator, The World Bank.
decreasing latitude [58]; however, this pattern has been attributed
to the wide range of skin complexion in this area, as well as a high-
er opportunity for recreational sun exposure during holidays over-
seas [59].

The corollary of the LAN hypothesis [60] would predict that
melanoma incidence is minimal at high northern latitude areas
involving long winter darkness periods, and thus hypersecretion
of melatonin. Consistent with this prediction, lower risks of mela-
noma are observed in indigenous populations of the Artic circle
compared to non-indigenous populations living around the same
areas (Inuits over the period 1969–1988 [61,62], and in American
Indians and indigenous Alaskans over 1969–1987 [63–65]). Mela-
noma incidence rates have also been shown to be lower in Green-
land than in Denmark [66]. However, it is unclear to what extent
these observations are also attributable to lower sun exposure
and darker skin pigmentation in these populations.

Another interesting observation is the cyclicity of melanoma
incidence rates. Some authors have indeed suggested that varia-
tions in melanoma rates were associated with heliogeophysical cy-
cles, which could altogether interact with environmental light and
melatonin disruption [67]. Also, a seasonal pattern of incidence
showing a summer peak of melanoma occurrence and diagnosis
was first hinted at in the 1980s [68], and has since then been con-
sistently confirmed (most recently in Western Europe over 1978–
1993 [69], in Australia over 1989–1998 [70], and in the US over
1975–1990 [71]). These patterns were hypothesized to result from
easier diagnosis of melanoma in summer, and/or delayed cancer
promotion effect of sun exposure. However, these incidence pat-
terns are also consistent with the hypothesis that a reduced mela-
tonin secretion during summer months (with increased number of
daylight hours) would promote the development of melanoma.
Melanoma and reproductive and hormonal factors
Melatonin has been suggested to reduce circulating estradiol

levels [72], most likely through a down regulation of follicle
s an indicator of exposure to artificial light-at-night) in the US over 1975–2006.
ew 1975–2006, National Cancer Institute; Annual electric power consumption
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stimulating hormone (FSH) [73]. Therefore, it has been hypothe-
sized that melatonin inhibition may result in higher levels of
endogenous hormones, thereby increasing the risk of hormone-
dependent cancers such as breast cancer [74].

Several observations have led to the hypothesis of a hormonal
dependence of melanoma, such as the higher prevalence of the dis-
ease in women in Europe [1], the better survival and prognosis in
women worldwide [75], the occurrence of melasma subsequent
to hormonal exposure [76], or colour changes of pigmented lesions
during pregnancy [77]. Epidemiological studies suggested an in-
verse relationship between parity and melanoma risk [78–81],
age at first live birth [79,80,82], and a positive relationship has
been reported between melanoma and use of oral contraceptives
or hormonal replacement therapy [83]. Globally however, previ-
ously published results are less clear than are those for breast can-
cer. Together, these findings are consistent with a decreased risk of
melanoma with decreased exposure to sex hormones, and are
compatible with the hypothesis that melatonin suppression in-
creases melanoma risk through increased exposure to estradiol.
Discussion

Overall, the evidence reviewed above provides some support to
the LAN hypothesis for increased melanoma risk. First, experimen-
tal studies show that melatonin is synthesised locally in the skin,
where it plays important roles in skin function, structure, and the
skin’s response to environmental stressors such as UVR. Melatonin
receptors are expressed in melanocytes, where this hormone has
been shown to exert anti-cancer properties, and melatonin has also
been shown to have oncostatic effects on melanoma cells. Second,
epidemiological studies have suggested lower melatonin concen-
trations in melanoma patients compared with controls, and a po-
tential therapeutic effect of melatonin on advanced disease.
Further, studies that include occupational data report higher mel-
anoma risks in pilots and aircrews who experience circadian
rhythms disruption, as well as in office workers who are highly ex-
posed to out-of-phase fluorescent lighting. Additionally, incidence
patterns of melanoma are compatible with the LAN hypothesis: the
increasing incidence over past decades parallels industrialization;
consistent with greater melatonin inhibition occurring with more
intense light, melanoma incidence is inversely correlated with lat-
itude in Australia, the US and Eastern Europe; and incidence is low-
er in native populations in the Arctic region. The frequency of
melanoma diagnosis is also maximal in summer when daylight
hours are extended. Finally, published data support a potential
association between hormonal factors and melanoma, consistent
with an increased melanoma risk through melatonin inhibition of
oestradiol.

Exposure to sunlight is one of the main risk factors for mela-
noma, and considering the relationship between melatonin and
light intensity, it would be challenging to distinguish the carcino-
genic effect of melatonin disruption from that of UVR in the skin
using epidemiological tools. The LAN hypothesis for melanoma
could be tested in several other ways, however. Unfortunately,
too few studies assessed the potential relationships between mel-
anoma risk and either circulating melatonin levels or shift work, so
definitive testing of the LAN hypothesis for melanoma has not been
possible with existing data. The LAN hypothesis also predicts other
testable observations that, to our knowledge, have not yet been
investigated.

First, according to the LAN hypothesis, one would expect that
blind individuals would be at decreased risk of melanoma, since
melatonin secretion depends upon the alternating dark–light cycle
that is entrained via the retina and retino-hypothalamic pathways.
Authors have shown that women with deep bilateral blindness
were at decreased risk of breast cancer compared to normal
sighted women [84], which was also observed, albeit less clearly,
with prostate cancer in men [20]. Both findings support the LAN
hypothesis for these cancers. In a Swedish cohort examining the
relationship between cancer and blindness, cancer incidence was
significantly lower in totally blind people, while it was marginally
significantly lower in severely visually impaired people [85]. In
that study, the number of skin cancer cases was too low to esti-
mate a potential risk reduction; however, the standardized inci-
dence ratio was 0.51. We found no published data on melanoma
prevalence in the visually impaired. However, in the case of mela-
noma, a lower prevalence among the blind could also reflect lower
levels of sun exposure in such individuals.

Other predictions of the LAN hypothesis include a decreased
melanoma risk associated with longer sleep duration (and thus ex-
tended dark period), and lower bedroom light levels as well as
community night-time lighting. To our knowledge, none of these
factors have been studied in relation to melanoma.

Several clock genes have been identified and implicated in the
regulation of circadian rhythms: CLOCK (circadian locomotor output
cycles kaput homolog); PER1, PER2 and PER3 (period 1, 2 and 3);
CRY1 and CRY2 (cryptochrome 1 and 2); TIM (timeless homolog);
CK1 (casein kinase 1); and BMAL1 (brain and muscle Arnt-like pro-
tein-1). Mutations in these genes have been shown to disrupt circa-
dian rhythms in animal models, and were associated with sleep
timing preference as well as psychiatric, mood, and metabolic disor-
ders in humans [86]. Mutations and polymorphisms in clock genes
have been associated with lymphoma and breast, colon and prostate
cancers, and overexpression of PER1 and PER2 has been associated
with inhibition of tumour proliferation [15]. Studies have shown
that CLOCK, TIM, PER1, CRY1, and BMAL1 were expressed in human
skin, and a rhythmic expression according to the time of the day
has been reported for some of these genes [87,88]. However, the po-
tential associations between melanoma and clock genes polymor-
phisms remain completely unstudied to date.

Another interesting potential association to be tested is that be-
tween melanoma risk and the use of melatonin supplements.
These supplements are indeed available without prescription in
several countries such as the US, and are usually taken in the treat-
ment of indications such as sleep disorders and jetlag [89]. In coun-
tries like the UK, where melatonin supplements are available on
prescription only and on a named patient basis [89], a data linkage
could be performed between physician prescriber databases and
cancer registries to assess this relationship.

In conclusion, some evidence supports our suggestion that the
LAN hypothesis may apply to melanoma. The hypothesis could
be further tested in future studies by exploring the relationship be-
tween melanoma risk and melatonin concentrations, use of mela-
tonin supplements, shift work, clock genes polymorphisms,
blindness, bedroom and community night-time light levels, and
sleep duration. Ideally, these relationships should be analysed in
prospective studies allowing for adjustment for potential con-
founders such as host factors. There is a need for studies assessing
occupational exposures associated with biological measures for
melatonin to elucidate the relationship between this hormone,
use of artificial light-at-night, and the risk of melanoma. The LAN
hypothesis could also be tested in relation to other cancers that
have not yet been studied for such associations. If the LAN hypoth-
esis for melanoma were confirmed, it would improve our knowl-
edge of causation and therefore also position researchers to
develop novel treatment strategies for this cancer. In the long
run, if the LAN theory is confirmed for melanoma and other cancer
types, it may encourage the development of strategies to prevent
melatonin suppression. Such strategies may include the use of
dimmer artificial light [84], or the use of amber glasses when
working under electric light-at-night [90].
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