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Abstract This paper reviews abundant evidence suggesting that causes and course of aging and cancers can be
considered as being both light- and rhythm-related. We
define chronodisruption as a relevant disturbance of
orderly biological rhythms over days and seasons and
years in man. Light is the primary external mediator and
melatonin a primary internal intermediary of such disturbances, which can result in earlier deaths via premature
aging and cancers. We conclude that experimental and
epidemiological research can provide further insights into
common denominators of these chronic processes and
may offer novel and uniform targets for prevention.

Light—a binary environmental “switch”
Light can be defined as “visually effective radiant energy
for human beings” (Stevens and Rea 2001). Another—
more comprehensive—definition of light could be “visually and chronobiologically effective radiant energy for
human beings” because in man—and in many other
species—both support of vision and regulation of biological rhythms are mediated via electromagnetic radiation in
the range of 1014–1015 Hz. To account for the observation
that vision and biological rhythms depend on the same
spectrum of radiation, the following conjecture seems
straightforward: from an evolutionary point of view,
nature often starts from manageable simplicity and, in this
case, no elements of complication needed to be added; the
presence of external light of appropriate wavelength and
intensity enabled vision and actions and the absence of
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external light impeded actions and led to physiological
rest which is reinforced by internal biological clocks. In
essence, the exclusive use of one signal “L” alone, i.e., the
presence and absence of “L”, to allow vision and activity,
on the one hand, and to disallow vision and enforce rest
and sleep, on the other, constitutes a very effective binary
environmental “switch.”

Timing of biological rhythms
Technically, rhythms constitute regularly recurring and
therefore—within limits—predictable components of a
time series. Biologically, rhythms can be characterized as
regularly recurring components in biological processes or
orderly biological events as a function of time. But how
do biological rhythms serve species—including man—in
the first place? And, what provides the principal timing of
biological rhythms? One answer to the first question is
that orderly sequences and hierarchies of biological
processes have obvious advantages to prepare physiology
for demands which change over time. In evolutionary
terms, “natural selection, or the survival of the fittest”
(Darwin 1859) meant those that could be expected to
survive because of adaptations to their physical conditions
of life and functional efficiency when compared with
others. In this vein, species which developed and
maintained biological rhythms which prepared them for
changing environmental conditions and economized
physiology along resulting activity–rest and sleep–wake
cycles had a competitive edge.
If we now consider what constituted relevant physical
changes in nature we arrive at an answer to the second
question as well: the Earth’s rotation and the tilt of our
planet cause significant changes in sunlight conditions
which lead to day and night and cycles of spring, summer,
fall, and winter. For the timing of biological rhythms it is
crucial that these changes in the physical environment
were not random but could be “predicted.” In fact, with
the use of light information for the principal timing of
biological rhythms, species could anticipate the light-
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related environmental challenges and very appropriately
prepare physiology for the latter. Rhythms can, of course,
also be generated by self-sustained oscillators (“biological
clocks”) in the absence of external information (e.g., at
the gene level in individual cells). However, the principal
timing of rhythmic activities of cells, organs, and
organisms is provided through visible electromagnetic
radiation. With regard to evolution, a rhythmic adaptation
of physiology to the light-related environmental periodicity provided—at first a few members of and eventually
whole—species with increased relative success in reproduction and a survival advantage.
Reception of light and environmental time
But how is the external light information conveyed within
organisms and, ultimately, used to regulate biological
processes? Environmental light influences circadian and
seasonal rhythms in mammals, including man, via a
nuclear complex in the anterior hypothalamus of the brain
referred to as the suprachiasmatic nuclei (SCN); this
nuclear group is widely accepted as providing the
infrastructure for the biological clock or internal pacemaker (“master clock in the brain;” Reppert and Weaver
2002). The interface between visible radiation (i.e., light)
and the biological clock are the retinas of the eyes.
Interestingly, however, a series of studies indicates that it
is not the classical rods and cones, which mediate vision,
of the retina that detect the light which synchronizes the
biological clock (Bellingham and Foster 2002). Rather,
recently identified specialized retinal ganglion cells
(Berson et al. 2002),which contain a unique opsin
photopigment that has a peak sensitivity to 479 nm
wavelength (Lucas et al. 2001)and which is operative in
synchronizing the activity of the SCN. In our view, the
extensive research to characterize the retinal sensory
cell(s) responsible for non-image forming processes (Soni
and Foster 1997; Soni et al. 1998; Provencio et al. 1998,
2000, 2002; Blackshaw and Snyder 1999; Freedman et al.
1999; Lucas et al. 1999, 2001, 2003; Brainard et al. 2001;
Thapan et al. 2001; Hankins and Lucas 2002; Hattar et al.
2002; Berson et al. 2002; Ruby et al. 2002; Panda et al.
2002) is effectively a quest for chronoreceptors which
initiate a cascade of temporal information transfer within
mammals. This implies that the sense organ of the eye
evolved both for the sense of sight and for the sense of
biological time, or chronosense, which enables us to
coordinate otherwise independent and less efficient
biological rhythms (T.C. Erren et al., unpublished material). It can be expected that the receptors which primarily
convey information about environmental time will be
identified in the near future. This should also allow the
characterization of the chemical nature of such pigment(s)
sensitive to ambient light. Indeed, since 1997, a number
of opsins [vertebrate ancient (VA) opsin (Soni and Foster
1997; Soni et al. 1998), encephalopsin (Blackshaw and
Snyder 1999), and melanopsin (Provencio et al. 1998,
2000)] and cryptochrome (Miyamoto and Sancar 1998;

Thresher et al. 1998) have been discussed as novel
candidate photopigments. Lately, considerable focus has
been placed on the key role of the retina’s melanopsin
(Provencio et al. 2000, 2002; Hattar et al. 2002; Berson et
al. 2002) for the photoentrainment of mammalian systems
over time (Ruby et al. 2002; Panda et al. 2002; Lucas et
al. 2003).
Transduction of photic information into biological time
The photic information is transduced into a neural signal
which projects, via the axons of the retinal ganglion cells,
through the optic nerves to the SCN of the forebrain. The
intrinsic neurons of the SCN are inherently rhythmic
(Gillette and Tischkau 1999). Thus, when grown outside
the body, neurons of the SCN exhibit alternating periods
of quiescence and firing, with the duration of this
quiescent/firing period usually being around 25 h, i.e.,
slightly longer than the 24-h light:dark cycle. Given that
the intrinsic neurons do not have a period of 24 h, one
function of the prevailing light:dark period is to synchronize the biological clock to 24 h via the pathways
described above. The function of this aspect of the
photoperiodic environment is apparent in a majority of
humans who are profoundly blind (with no light perception). In these individuals the biological clock, in the
absence of information regarding the prevailing light:dark
cycle, runs with a period different from 24 h, i.e., it free
runs. Thus, the bodily functions of these individuals are
on about a 24.5-h rather than a 24-h cycle (Sack et al.
1992; Lockley et al. 1997)and they are described as not
being synchronized with the photoperiodic environment,
i.e., they are out of sync (Skene et al. 1999).
In sighted individuals—and also in some blind people
with no conscious perception of light (Czeisler et al.
1995; Lockley et al. 1997; Klerman et al. 2002)—the 24-h
light/dark cycle imposes a 24-h rhythm on the SCN. Light
does this by inhibiting the firing of the neurons in the
biological clock (Gillette and Tischkau 1999). Thus,
during the day the neurons of the SCN are in a relatively
quiescent state. Conversely, in the absence of light at
night, the SCN neurons fire more-or-less freely. These
alternating periods of reduced and elevated neuronal
activity in the internal pacemaker, i.e., the SCN, eventually impart circadian information to the body as a whole,
resulting in the synchronization of a variety of bodily
functions to 24 h, e.g., the sleep/wake rhythm.
How the SCN notifies such a variety of systems of its
rhythmic instructions has not yet been clarified. Obviously, there are neurons in the SCN whose axons project
to many other nuclear groups in the brain which impose
on them timing information. Specifically, however, how
this information is transferred (what neurotransmitters,
etc.) and used to induce periods of rest and activity and
the expression of other rhythms is in the realm of
conjecture. Unquestionably, many of the cyclic bodily
functions are influenced by messages received from the
SCN. That the SCN plays a central role in the proper
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synchronization of these cycles is obvious in animals in
which the pacemaker neurons are experimentally destroyed. Under these conditions animals exhibit free
running cycles, i.e., non-24-h rhythms.

reduces core body temperature, which presumably contributes to its ability to promote sleep.

Chronodisruption
Melatonin and biological rhythms
One of the major output signals of the SCN regulates the
pineal melatonin synthesis cycle (Reiter 1991). This is
accomplished by a chain of neurons that connect the
central circadian pacemaker to the pineal gland. The
pathway is well defined and includes axons of SCN
neurons that project to the paraventricular nuclei of the
hypothalamus whose fibers descend to the upper thoracic
cord where they terminate on preganglionic sympathetic
cell bodies. The axons of these neurons exit the spinal
cord and synapse on parikarya of postganglionic sympathetic cells in the superior cervical ganglia; axons of these
neurons ultimately innervate the pineal gland where they
control the cyclic production of melatonin (Zeitzer et al.
2000).
Melatonin, the major secretory product of the pineal
gland, is uniquely synthesized and released in darkness.
More generally, the primary production and secretion of
this indole is inversely proportional to ambient light
exposures: The presence of light of sufficient duration and
intensity inhibits, and the absence stimulates, the synthesis of melatonin, which was therefore described as the
chemical expression of darkness (Reiter 1991). More
specifically, the rhythmic production of melatonin is
influenced by the environmental photoperiod in at least
two ways. First, the regular cycle of melatonin synthesis
is adjusted to a 24-h period by environmental day/night
variations and, secondly, the imposition of light during
darkness acutely suppresses melatonin production. Since
the environment’s light conditions change over time, the
internal melatonin production as a hormonal blueprint
also changes and, as a consequence, both clock and
calendar information to organisms is provided (Reiter
1993). Once released from the pineal, melatonin distributes, via the blood and cerebrospinal fluid, throughout
the body. A major target of melatonin is the SCN itself,
i.e., the central pacemaker. Here melatonin acts to phaseshift the firing rates of the intrinsic neurons and thereby
phase-shift biological rhythms generally.
One crucial rhythm that melatonin influences is the
sleep/wake cycle (Zisapel 2001). While melatonin has
been promoted as a sleep-inducing substance, the precise
mechanisms by which it influences sleep remain unexplained. It is generally agreed that melatonin per se is not
a soporific agent. Rather, melatonin only when given at
the proper circadian time phase-shifts the underlying
rhythms which promote sleepiness; this has been referred
to as “opening the sleep gate.” Thus, melatonin’s efficacy
in inducing sleep is time-dependent and relates to its
ability to phase-shift the circadian pacemaker rather than
to any direct soporific activity. Melatonin also slightly

It is suggestive that health can be promoted by a
physiologic balance of biological rhythms. While it may
take many years to understand details, it seems likely that
such a physiologic balance of rhythms can be crudely
characterized by an appropriate balance—or order—of
activity and rest and of wake and sleep states. A major
public health objective would then be to identify and
promote those activity–rest and sleep–wake cycles which
enable a maximized life span.
The increasingly used terms “circadian disruption” or
“disruption of circadian rhythms” suggest that rhythms
over 24 h can become desynchronized and that this may
have adverse health effects. Since biologically relevant
disruptions of rhythms are likely to occur over days and
seasons and years, we suggest to use the more general
term chronodisturbance for modulations of rhythms over
time. It can be expected that the effects of many
modulations of rhythms can be physiologically compensated so that they do not necessarily lead to manifest
chronic processes. To explicitly describe relevant effects
of chronodisturbance beyond some homeostatic threshold
to chronicity, we choose to work in this paper with the
term chronodisruption: in fact—with aging and cancer—
we are going to turn now to overt chronic processes over
many years and decades. We suggest to investigate the
causes and course of aging and cancers from the
perspective of being both light- and rhythm-related. This
approach may appeal to scientists from various disciplines
because it implies that aging and cancers may have
common denominators. Of course, aging and cancer are
multifaceted processes, but a focus on aging and cancer as
belonging to one light- and rhythm-related effect entity
seems warranted for two reasons: first, insights into a
common etiology are conceivable and, second, this
approach may offer novel and uniform targets for
prevention.
Aging and cancer
To date, the relationship of chronodisruption to the
processes of aging have not been completely defined
although there is general agreement that repeated disturbances of circadian rhythms contribute to the general
deterioration of the organism (Armstrong and Redman
1991). This seems evolutionarily rational considering that
most organisms evolved over eons in an environment
which provided a regular and repeating light:dark cycle as
determined by the rising and setting sun. With the advent
of artificial light sources, however, the timing of the
circadian pacemaker was disrupted, i.e., exposure to light
during the normal dark period changed the electrical
activity of the SCN as well as phase-shifted (or phase-
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advanced) downstream cyclic events. Considering that
regular cyclic events within organisms undoubtedly
evolved to benefit those organisms, their persistent
disruptions would seem to be inherently negative and
tax the organisms in terms of energy expenditure. The
long-term consequences of this chronodisruption are
presumed to accelerate the processes of aging, although
this has not been unequivocally documented. First
experimental evidence to support the notion that the
temporal organization of biological rhythms may affect
aging and provide adaptive advantages for the longevity
of an organism was suggested in 1998 (Hurd and Ralph
1998). Indeed, the authors indicated that longevity in
hamsters was decreased when the rhythmicity of circadian
systems was noninvasively disrupted. Moreover, longevity of that species was increased when grafts of fetal SCN
into older animals restored higher amplitude rhythms.
With specific regard to the relationship of chronodisruption to the processes of cancer, numerous experimental
studies over many and epidemiological studies over few
years provide more evidence for possibly causal links.
The pineal secretory product, melatonin, can be considered as an oncostatic agent (for a recent review see
Sanchez-Barcelo et al. 2003) and it has been even argued
that “Lack of melatonin can reasonably be anticipated to
be a human carcinogen” (Portier 2000, p 313). Melatonin
may accomplish oncostatic effects via several different
means. Indeed, melatonin prevents damage to DNA that
results when toxic reactants are generated as by-products
of oxygen in aerobic organisms. Damaged DNA, if it goes
unrepaired, can mutate and initiate cancer. Once established, melatonin also inhibits cancer growth (progression) via mechanisms that involve melatonin receptors on
at least a variety of cancer cells (Blask et al. 2002a, b).
Considering the above-mentioned effects of melatonin on
cancer initiation and promotion, exposure to light at night
(which suppresses endogenous melatonin production)
may predispose individuals to cancer initiation, via
increased damage to DNA, and to increased cancer
growth due to the loss of a normal oncostatic agent
(Glickman et al. 2002).
Experimental studies
There are a plethora of experimental studies in animals
which document the ability of light to exacerbate and
what could be called the antithesis of light, i.e., melatonin, to suppress both DNA damage (Reiter 2002), a factor
that predisposes cells to become cancerous, and the actual
growth of established tumors (Blask et al. 2002b). As one
example, ionizing radiation, a known carcinogen, mutilates DNA via several mechanisms including by the
generation of the devastatingly toxic hydroxyl radical
(Agrawal et al. 2001), and this damage is exaggerated
when melatonin levels are low (as occurs during light
exposure at night). Conversely, when either physiological
or pharmacological levels of melatonin are given, the
genomic destruction mediated by ionizing radiation is

attenuated (Karbownik and Reiter 2000; Vijayalaxmi et
al. 2002). An obvious implication of these studies is that
light exposure at night, a factor that deprives an individual
of elevated nocturnal melatonin levels, increases the
likelihood that nuclear DNA will be damaged by ionizing
radiation (Karbownik and Reiter 2000; Vijayalaxmi et al.
2002) as well as chemical carcinogens (Karbownik et al.
2001) and, as a result, increased cancer incidence would
be expected.
This has been experimentally documented in animal
studies. When rats were given a chemical carcinogen
(safrole) either during the day (when endogenous melatonin levels are low) or at night (when endogenous
melatonin is high), the quantities of damaged DNA in the
liver were dramatically different; thus, during the day the
carcinogen induced significantly more molecular genomic
destruction compared with its nighttime administration
(Tan et al. 1993). When nighttime melatonin values were
low, such as occurs after nocturnal light exposure, the
carcinogen again induced massive DNA damage. Clearly,
the nighttime endogenous rise in melatonin is sufficient to
thwart the ability of a highly toxic chemical carcinogen to
attack and damage DNA, damage that is a prelude to the
initiation of cancer (Reiter 1999). The outcome of this
study has obvious implications for the elderly, who
typically have a greatly attenuated nocturnal melatonin
rise (Sack et al. 1986; Skene and Swaab 2003). Since old
humans are relatively melatonin deficient, their exposure
to a carcinogen, either physical or chemical, would
generate more genomic damage than would occur in a
young individual with a robust nocturnal melatonin
increase. As a consequence, the likelihood of cancer
initiation would rise proportionally. In this vein, light
suppression of melatonin (like aging) has been speculated
to increase the possibility of cancer development (Coleman and Reiter 1992).
In addition to cancer initiation, the possibility of
accelerated growth of already established tumors is likely
also to be a consequence of excessive light exposure at
night. This was emphasized by a study in which rats
received a transplantable tumor (hepatoma) and were then
placed in a photoperiodic environment which provided a
regular light:dark cycle or a light:dark cycle where the
dark was contaminated with low intensity light (sufficient
to reduce the nighttime rise in melatonin). In the rats
living in the photoperiodic cycle where the night was
contaminated with light, the transplanted tumors grew
significantly faster and tumor metabolism was likewise
accelerated (Dauchy et al. 1997). Thus, light exposure at
night that is sufficiently bright to compromise the
nighttime melatonin rise also permits the more rapid
growth of established tumors.
In addition to the examples cited above, there is a vast
published literature on the inhibitory effects of both
physiological and pharmacological concentrations of
melatonin limiting the growth and metabolism of cancer
(Blask 1997, 2001; Blask et al. 2002a, b). What these
findings mean in terms of excessive light exposure at
night seems obvious. Thus, curtailing the nocturnal rise in
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Table 1 The melatonin hypothesis, corollaries, predictions and epidemiologic investigations
Hypothesis and corrolaries

Predictions

Light at night inhibits melatonin synthesis
and can increase breast cancer risks

1
Female shift-workers have higher
risks

Darkness, i.e., absence of light, stimulates
melatonin synthesis and can decrease breast
cancer risks in particular and cancer risks
in general

Light can increase the risk of some diseases,
e.g., cancer, and decrease the risk of other
diseases, e.g., depression

Female shift-workers have higher risks
of colorectal cancers
2
Blind people have lower risks

3
Arctic residents have lower risks
4
Light co-determines the geographical
distribution of health and disease

melatonin with unusual light exposure during darkness,
with the alterations caused by light in terms of basic
circadian rhythmicity, may be detrimental in terms of
cancer and aging, both of which seem to involve the
accumulation of free-radical-damaged intracellular molecules.
Epidemiologic studies
On the basis of extensive laboratory and very limited
epidemiologic evidence, a melatonin-mediated effect of
electric power on breast cancer risks was suggested some
15 years ago (Stevens 1987; Stevens et al. 1992). In the
context of this review, it is noteworthy that the so-called
“melatonin hypothesis” specified that light exposures at
night may disrupt the function of the pineal gland and
thus increase breast cancer risks. In principle, this
hypothesis provided a biological rationale for epidemiologic studies to interpret any association between light
and breast cancer as reflecting a cause and effect
phenomenon (Erren 2001). In practice, the hypothesized
causal link between ubiquitous light and cancer poses a
significant challenge to epidemiologists. On the one hand,
epidemiology is a discipline which can crucially contribute to the often needed in vivo verification of
experimental findings. In other words, epidemiology
may contribute to answering the question whether what
we find in experiments is really relevant to humans and
public health. On the other hand, if universal exposures
lead to homogeneous exposure patterns in populations,
any true effect of light on human health will be
underestimated and may even be undetectable. Epidemiologists therefore need to identify populations who are
differentially exposed to light, i.e., they need to recruit
individuals who are more (or less) exposed than others
and compare the groups. On the basis of the melatonin

1st author and year
of publication

Are study results
compatible with
the predictions?

Tynes 1996
Hansen 2001a, 2001b
Davis 2001
Schernhammer 2001
Schernhammer 2003

yes
yes
yes
yes
yes

Hahn 1991
Feychting 1998
Pukkala 1999
Verkasalo 1999
Kliukiene 2001

yes
yes
no
yes
yes

Erren 1999

yes

Erren 2001, 2002

–

hypothesis, corollaries and associated predictions, different study populations have been identified in the past
12 years. Table 1 summarizes the strategies and indicates
what studies have been conducted to date.
In 1992, it was suggested that shift work may increase
breast cancer risks (Stevens et al. 1992). The underlying
rationale implied that regular work at night can not only
reduce endogenously produced melatonin but also disrupts the activity of the circadian pacemaker. To find out
empirically whether prediction 1 may be valid, four
targeted studies were conducted in women. All these
studies in Norway, Denmark and in the USA evinced
higher breast cancer risks in female shift workers (Tynes
et al. 1996; Hansen 2001a; Davis et al. 2001; Schernhammer et al. 2001; Hansen 2001b) but other factors than
light exposures must also be considered as possible
explanations for the findings. Furthermore, the suggestion
that melatonin may have antiproliferative effects on
cancer in general led to a study of night-shift work and
the risk of colorectal cancer in women (Schernhammer et
al. 2003). Compatible with the prediction, the authors of
this study concluded that nurses who worked rotating
night shifts for 15 or more years may have an increased
risk of colorectal cancer. In the near future, additional
studies of diverse cancer endpoints are likely to follow in
female shift workers. Moreover, the possible links
between light exposures and hormone-dependent cancers
such as prostate cancer in particular and cancer in general
may be also investigated in male shift workers. Interestingly, a comprehensive study of male airline pilots from
Denmark, Finland, Iceland, Norway and Sweden showed
that the risk of prostate cancer increased with the number
of flight hours in long-distance aircraft (Pukkala et al.
2002). With regard to flight attendants, it was suggested
earlier that their common work at night and their
extensive travel across time zones could lead to chronic
disturbances in biological rhythms in general and mela-

490

tonin secretion in particular (Mawson 1998; Hrma et al.
1994). In this vein, the authors of the Nordic study of
airline pilots concluded that their findings could be
related to circadian hormonal disturbances, i.e.,
chronodisturbances and chronodisruption in the context
of this paper. Until recently, cosmic radiation was the
primary concern in flight personnel investigations and
interpretations of cancer findings [for a review see Boice
et al. (2000); combined analyses are available in Ballard
et al. (2000), and in Lynge (2001), and a pooled analysis
of European studies is planned; (Auvinen et al. 1999)] are
difficult. For instance, with regard to suspected breast
cancer risks in female flight attendants, occupational
factors such as electromagnetic fields from cockpit
instruments and even DDT (Wartenberg and Stapleton
1995), reproductive factors such as age at first birth and
nulliparity and lifestyle factors such as hormone use and
alcohol consumption have been considered beyond cosmic radiation. Since the large study from the Nordic
countries showed no marked risk of cancer attributable to
cosmic radiation (Pukkala et al. 2002), further studies of
male pilots and aircrew are warranted which also focus on
a possible link between the suggestive dose-response
patterns in prostate cancer and chronodisruption.
With regard to prediction 2 that blind people who
perceive less or no light visually have higher melatonin
levels and lower breast cancer risks in particular (Hahn
1991; Coleman and Reiter 1992) and lower cancer risks in
general than the sighted, five studies were conducted.
Compatible with the prediction, results from studies in the
USA (Hahn 1991), Sweden (Feychting et al. 1998) and
Norway (Kliukiene et al. 2001) suggested reduced risks of
breast cancer in particular and cancer in general. Two
further studies were conducted in Finland: one (Pukkala et
al. 1999) showed higher risks for several cancer sites
among visually impaired, another (Verkasalo et al. 1999)
indicated that breast cancer risks decreased with increased
degrees of visual impairment. In any case, caution is
warranted when we interpret these studies of the blind.
More generally, explanations beyond light exposures
must also be considered in all these investigations to
explain the findings. More specifically, we noted earlier
that light can induce nocturnal melatonin suppression in
some blind people with no conscious perception of light
(Czeisler et al. 1995; Lockley et al. 1997; Klerman et al.
2002). Furthermore, first empirical evidence from some
blind adults exposed to light suggested that they do not
have a longer duration of melatonin secretion than healthy
sighted individuals (Klerman et al. 2001). To find out to
what degree the underlying assumption of prediction 2 is
valid, i.e., to answer the question how many blind people
do have higher melatonin levels than the sighted, we shall
need more research. That some blind individuals share the
melatonin patterns of the sighted could imply that the risk
reduction in blind individuals who do not react to light
exposures with altered melatonin synthesis may be more
pronounced than estimated in the epidemiologic studies to
date. And yet, individuals with intact light–melatonin
regulation who are otherwise totally blind are perhaps less

likely to experience the same light exposures as sighted
people so that they may nevertheless produce more
melatonin (Erren 2002).
With regard to prediction 3, it was suggested that
residents in the Arctic have lower hormone-dependent
cancer risks because they may have higher melatonin
levels over the year (Erren and Piekarski 1999). In
particular it was assumed that extended darkness-at-day in
winter months at the extremes of latitude may lead to
increased yearly averages of net melatonin levels and to
different seasonal melatonin secretion patterns which can
be very relevant for the development of cancer (Panzer
and Viljoen 1997). With regard to the latter assumption,
additional considerations are in order. The obvious
question is: does complementary lightness during summer
nights inhibit melatonin production which then counterbalances a stimulation of melatonin secretion via winter
darkness? To arrive at an answer, studies with melatonin
measurements in residents at or North of 60N were
identified in the peer-reviewed literature: All the empirical investigations (Beck-Friis et al. 1984; Martikainen et
al. 1985; Kauppila et al. 1987; Kivel et al. 1988; Levine
et al. 1994; Stokkan and Reiter 1994; Laakso et al. 1994;
Weydahl et al. 1998; Wetterberg et al. 1993, 1999a,
1999b) evinced that shorter photoperiods in winter, i.e.
decreased ratios between the day’s and night’s length,
may significantly increase yearly averages of melatonin
levels in healthy individuals who live at or north of 60N
latitude. As possible explanations it was assumed that
Arctic residents will assure some light protection at time
of bed rest during the summer (“anthropogenic shield”),
on the one hand, and that closed eyelids can be effective
shields against light exposures. With regard to the latter,
human evidence from laboratory studies does indeed
indicate that closed eyelids can shield against light and
thus prevent melatonin suppression (“natural shield”)
(Hatonen et al. 1999; Jean-Louis et al. 2000). Interestingly, large population-group data from the Arctic do
suggest the predicted low hormone-dependent cancer
risks (Erren and Piekarski 1999) but such ecologic
observations—on their own—are insufficient for making
causal inferences.
Finally, the rationale for prediction 3 leads to prediction 4, that there can be risk gradients from North to South
depending on geographical latitude and the associated
ambient light exposures. If there are diseases other than
cancer that are more likely to occur when melatonin
levels are relatively high, then the prediction would be
that the risk of these diseases (e.g., mood disorders:
Brzezinski 1997; depression: Panzer and Viljoen 1997)
should be higher in the Arctic than at lower latitudes
(Erren et al. 2001; Erren 2002). Whether light can really
co-determine the geographical distribution of health and
disease in man has not been investigated. Likewise, there
is no epidemiologic study to date which has focused on
the possible relationships between light, biological
rhythms, and aging.
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Common denominators for aging and cancer

To what extent may light limit our life on Earth?

Clearly, the epidemiologic evidence for a possible link
between light, melatonin levels and the activity of our
circadian pacemaker and chronic health effects is limited
but tantalizing and, equally clearly, the experimental
evidence is abundant and suggestive. In our view, there
can be no doubt that the intentional or inadvertent
manipulation of the biological clock by exposure to light
at unusual times, i.e., particularly at night, has physiological consequences for organisms. As a result, more
research is needed to define how important what is
referred to as the “misuse of light” is in terms of
pathological processes generally and cancer and aging in
particular. In the latter vein, the above material suggests
that the processes of aging and cancer often have a
common causative feature, i.e., accumulated molecular
debris that is a consequence of radical attacks. It is widely
accepted that free-radical mutilation of essential molecules on a daily basis throughout the life of an organism
contributes to the deteriorative changes of aging, a
concept known as the free-radical theory of aging
(Harman 1992) of which there are a number of permutations. Similarly, as noted above and elsewhere (Halliwell and Aruoma 1993), the persistent assault on DNA by
oxygen and nitrogen-based reactants, many of which are
free radicals, unequivocally contributes to the likelihood
of cancer. Thus, excessive light exposure, the resulting
melatonin suppression, and the increased molecular
destruction of the genome by free radicals are common
denominators for two life-altering processes, i.e., aging
and cancer development.

The answer to the question “does light both allow and
limit our life on Earth?” seems to be an obvious “yes”
because we know that the Sun’s light is responsible for a
substantial number of skin cancers which can lead to
premature deaths. However, the answer to the related
question “to what extent does light limit human life on
Earth” requires more detailed considerations. Beyond
causing skin cancers, light may limit life much more
substantially than has been appreciated so far. Indeed, the
Sun’s light may also be responsible—in part—for a socalled background incidence of internal cancers for which
we have not yet identified the cause(s). Moreover, natural
light may be an important component cause (Rothman
1976) of premature aging and thus earlier termination of
life. That man evolved by virtue of the Sun’s light does
not necessarily imply that light is an exclusively beneficial form of radiation. Note as an analogy that, while
oxygen is necessary for us to live, it also leads to
oxidative damage which is believed itself to be a major
contributor to aging and cancer. Furthermore, man has
been ubiquitously exposed to artificial light ever since
light bulbs became widely used little more than a century
ago. Without doubt, anthropogenic light has brought
humans many advantages but it appears possible—if not
probable—that the benefits may come at some price.
In principle, the ubiquitous nature of visible radiation
implies the possibility that even small risk elevations
could lead to many cases and to a substantial population
burden. To zero in on a number of cases which may be
attributed to light exposures and the resulting chronodisruption, a first computation has been made on the basis of
epidemiologic studies of the blind and on the assumption
that causality were established between light and the
development of breast cancers (Stevens 2002). These
caseload estimates were criticized on several grounds, in
particular because there appeared to be no way to reduce
exposures to light, i.e., to intervent (Poole 2002).
However, preventive measures to “eliminate” the exposure in question could be available. In fact, one aspect
which makes research into light and chronodisruption
appealing is the fact that light would be much easier to
modify than other possible determinants of the chronic
processes of cancer and aging, e.g., genetic, nutritional or
lifestyle factors. Indeed, to prevent chronodisruption
through light, exposures may be modified insofar as
endocrinologically relevant wavelengths could be reduced
or blocked completely: Promising options include specifically designed artificial lighting or glasses and contact
lenses with appropriate filters.
To convincingly show that causal links between light,
cancer, and aging exist, and to assess the possible public
health impact of chronodisruption will require much more
research. With regard to the relationships between light,
biological rhythms, and cancer, a number of promising
options for both epidemiological and experimental studies
have been suggested, discussed (Poole 2002; Portier

Retrospectives and perspectives
Biomedical research during the past decades as summarized in this paper can point to an important biological
duality of light. Some billion years ago, life arose on
Earth, presumably energized by sunlight, and ever since
then light has maintained and affected life on our planet.
For some decades now, we know that sunlight is a major
risk factor for the most common cancer worldwide, i.e.,
skin cancer, and evidence is accumulating that light
contributes significantly to aging processes (Reiter 2002;
Reiter et al. 2002). Furthermore, numerous experimental
studies of light and hormones and cancer in many species,
limited clinical studies in man, and circumstantial
epidemiological evidence suggest the possibility that
ubiquitous light may be a significant risk factor for the
leading noncutaneous malignancies worldwide; namely
breast cancer in women and prostate cancer in men (Erren
2002). Clearly, important questions regarding the dual
biological effects of light arise.
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2002) and, at this writing, targeted investigations are on
their way or being planned.
Light, order and life
A central point of this paper is that many species,
including man, have developed biological rhythms which
prepared physiology for the challenges of an environment
that changes regularly through light. These ground-rooted
notions regarding light’s key role for orderly processes in
nature are actually in line with more abstract considerations that “life seems to be orderly and lawful behaviour
of matter .... based partly on existing order that is kept up”
(Schroedinger 1948, p 69). Having linked life with
“order” or “orderliness,” Schroedinger continued that “
.... the device by which an organism maintains itself
stationary at a fairy high level of orderliness .... really
consists in continually sucking orderliness from its
environment” (Schroedinger 1948, p 75). Along this
rationale, we suggest more generally that organisms in
most of the Earth’s biosphere extract “order” as one basis
for the maintenance and evolution of life from the
environment through light. More specifically, in animals,
including man, light is a principal environmental source
for internal order which is realized via biological rhythms.
Conspectus
We conclude that targeted epidemiological and experimental research into the causes and effects of chronodisruption are warranted in order to further elucidate the
etiology of aging and cancer. From a preventive point of
view, it seems promising to identify chronodisruption in
individuals and populations as a basis for restoring
physiologic order of biological rhythms by the use of
appropriate lighting.

References
Agrawal A, Chandra D, Kale RK (2001) Radiation induced
oxidative stress. II. Studies in liver as a distant organ of tumor
bearing mice. Mol Cell Biochem 224:9–17
Armstrong SM, Redman JR (1991) Melatonin: a chronobiotic with
antiaging properties. Med Hypotheses 34:300–309
Auvinen A, Pukkala E, Blettner M (1999) Risk of breast cancer
among female airline cabin attendants. Large European studies
are now carried. BMJ 318:125–126
Ballard T, Lagorio S, De Angelis G, Verdecchia A (2000) Cancer
incidence and mortality among flight personnel: a metaanalysis. Aviat Space Environ Med 71:216–224
Beck-Friis J, Rosen D von, Kjellman BF, Ljunggren JG, Wetterberg L (1984) Melatonin in relation to body measures, sex, age,
season and the use of drugs in patients with major affective
disorders and healthy subjects. Psychoneuroendocrinology
9:261–277
Bellingham J, Foster RG (2002) Opsins and mammalian photoentrainment. Cell Tiss Res 309:57–71

Berson DM, Dunn FA, Takao M (2002) Phototransduction by
retinal ganglion cells that set the circadian clock. Science
295:1070–1073
Blackshaw S, Snyder SH (1999) Encephalopsin: a novel mammalian extraretinal opsin discretely localized in the brain. J
Neurosci 19:3681–3690
Blask DE (1997) Systemic, cellular, and molecular aspects of
melatonin action on experimental breast carcinogenesis. In:
Stevens RG, Wilson BW, Anderson LE, (eds.) The melatonin
hypothesis: breast cancer and the use of electric power.
Battelle, Columbus, Ohio, pp 189–230
Blask DE (2001) An overview of the neuroendocrine regulation of
experimental tumor growth by melatonin and its analogues and
the therapeutic use of melatonin in oncology. In: Bartsch C,
Bartsch H, Blask, DE, Cardinali DP, Hrushesky WJM, Mecke
D (eds) The pineal gland and cancer. Springer, Berlin
Heidelberg New York, pp 309–342
Blask DE, Sauer LA, Dauchy RT (2002a) Melatonin as a
chronobiotic/anticancer agent: cellular, biochemical, and molecular mechanisms of action and their implications for
circadian-based cancer therapy. Curr Top Med Chem 2:113–
132
Blask DE, Dauchy RT, Sauer LA, Krause JA, Brainard GC (2002b)
Light during darkness, melatonin suppression and cancer
progression. Neuroendocrinol Lett 23(suppl 2):52–56
Boice JD Jr, Blettner M, Auvinen A (2000) Epidemiologic studies
of pilots and aircrew. Health Phys 79:576–584
Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G,
Gerner E, Rollag MD (2001) Action spectrum for melatonin
regulation in humans: evidence for a novel circadian photoreceptor. J Neurosci 21:6405–6412
Brzezinski A (1997) Melatonin in humans. N Engl J Med 336:186–
195
Coleman MP, Reiter RJ (1992) Breast cancer, blindness and
melatonin. Eur J Cancer 28:501–503
Czeisler CA, Shanahan TL, Klerman EB, Martens H, Brotman DJ,
Emens JS, Klein T, Rizzo JF III (1995) Suppression of
melatonin secretion in some blind patients by exposure to
bright light. N Engl J Med 332:6–11
Darwin C (1859) On the ORIGIN OF SPECIES. Chapter IV:
Natural selection; or the survival of the fittest
Dauchy RT, Sauer LA, Blask DE, Vaughan GM (1997) Light
contamination during the dark phase in “photoperiodically
controlled” animal rooms: effect on tumor growth and metabolism in rats. Lab Anim Sci 47:511–518
Davis S, Mirick DK, Stevens RG (2001) Night shift work, light at
night, and risk of breast cancer. J Natl Cancer Inst 93:1557–
1562
Erren TC (2001) A meta-analysis of epidemiologic studies of
electric and magnetic fields and breast cancer in women and
men. Bioelectromagnetics Suppl 5:S105–S119
Erren TC (2002) Does light cause internal cancers? The problem
and challenge of an ubiquitous exposure. Neuroendocrinol Lett
23(suppl 2):61–70
Erren TC, Piekarski C (1999) Does winter darkness in the Arctic
protect against cancer? The melatonin hypothesis revisited.
Med Hypotheses 53:1–5
Erren TC, Bjerregaard P, Cocco P, Lerchl A, Verkasalo P (2001)
Re:”Invited commentary: electromagnetic fields and cancer in
railway workers. Am J Epidemiol 154:977–979
Feychting M, Osterlund B, Ahlbom A (1998) Reduced cancer
incidence among the blind. Epidemiology 9:490–494
Freedman MS, Lucas RJ, Soni B, Schantz M von, Munoz M,
David-Gray Z, Foster R (1999) Regulation of mammalian
circadian behavior by non-rod, non-cone, ocular photoreceptors. Science 284:502–504
Gillette MU, Tischkau SA (1999) Suprachiasmatic nucleus: the
brain’s circadian clock. Rec Progr Harm Res 54:33–58
Glickman G, Levin R, Brainard GC (2002) Ocular input for human
melatonin regulation: relevance to breast cancer. Neuroendocrinol Lett 23(suppl 2):17–22

493
Hahn RA (1991) Profound bilateral blindness and the incidence of
breast cancer. Epidemiology 2:208–210
Halliwell B, Aruoma OI (1993) DNA and free radicals. Ellis
Harwood, London
Hankins MW, Lucas RJ (2002) The primary visual pathway in
humans is regulated according to long-term light exposure
through the action of a nonclassical photopigment. Curr Biol
12:191–198
Hansen J (2001a) Increased breast cancer risk among women who
work predominantly at night. Epidemiology 12:74–77
Hansen J (2001b) Light at night, shiftwork, and breast cancer risk. J
Natl Cancer Inst 93:1513–1515
Hrma M, Laitinen J, Partinen M, Suvanto S (1994) The effect of
four-day round trip flights over 10 time zones on the circadian
variation of salivary melatonin and cortisol in airline flight
attendants. Ergonomics 37:1479–1489
Harman D (1992) Free radical theory of aging. Mutat Res 275:257–
266
Hatonen T, Alila-Johansson A, Mustanoja S, Laakso ML (1999)
Suppression of melatonin by 2000-lux light in humans with
closed eyelids. Biol Psychiatry 46:827–831
Hattar S, Liao HW, Takao M, Berson DM, Yau KW (2002)
Melanopsin-containing retinal ganglion cells: architecture,
projections, and intrinsic photosensitivity. Science 295:1065–
1070
Hurd MW, Ralph MR (1998) The significance of circadian
organization for longevity in the golden hamster. J Biol
Rhythms 13:430–436
Jean-Louis G, Kripke DF, Cole RJ, Elliot JA (2000) No melatonin
suppression by illumination of popliteal fossae or eyelids. J
Biol Rhythms 15:265–269
Karbownik M, Reiter RJ (2000) Antioxidative effects of melatonin
in protection against cellular damage by ionizing radiation.
Proc Soc Exp Biol Med 225:9–22
Karbownik M, Lewinski A, Reiter RJ (2001) Anticarcinogenic
actions of melatonin that involve antioxidative processes:
comparison with other antioxidants. Int J Biochem Cell Biol
33:735–753
Kauppila A, Kivel A, Pakarinen A, Vakkuri O (1987) Inverse
seasonal relationship between melatonin and ovarian activity in
humans in a region with strong seasonal contrast in luminosity.
J Clin Endocrinol Metab 65:823–828
Kivel A, Kauppila A, Ylostalo P, Vakkuri O, Leppaluoto J (1988)
Seasonal, menstrual and circadian secretions of melatonin,
gonadotropins and prolactin in women. Acta Physiol Scand
132:321–327
Klerman EB, Zeitzer JM, Duffy JF, Khalsa SB, Czeisler CA (2001)
Absence of an increase in the duration of the circadian
melatonin secretory episode in totally blind human subjects. J
Clin Endocrinol Metab 86:3166–3170
Klerman EB, Shanahan TL, Brotman DJ, Rimmer DW, Emens JS,
Rizzo JF III, Czeisler CA (2002) Photic resetting of the human
circadian pacemaker in the absence of conscious vision. J Biol
Rhythms 17:548–555
Kliukiene J, Tynes T, Andersen A (2001). Risk of breast cancer
among Norwegian women with visual impairment. Br J Cancer
84:397–399
Laakso ML, Porkka-Heiskanen T, Alila A, Stenberg D, Johansson
G (1994) Twenty-four-hour rhythms in relation to the natural
photoperiod: a field study in humans. J Biol Rhythms 9:283–
293
Levine ME, Milliron AN, Duffy LK (1994) Diurnal and seasonal
rhythms of melatonin, cortisol and testosterone in interior
Alaska. Arctic Med Res 53:25–34
Lockley SW, Skene DJ, Arendt J, Tabandeh H, Bird AC, Defrance
R (1997) Relationship between melatonin rhythms and visual
loss in the blind. J Clin Endocrinol Metab 82:3763–3770
Lucas RJ, Freedman MS, Munoz M, Garcia-Fernandez JM, Foster
RG (1999) Regulation of the mammalian pineal by non-rod,
non-cone, ocular photoreceptors. Science 284:505–507

Lucas RJ, Douglas RH, Foster RG (2001) Characterization of an
ocular photopigment capable of driving pupillary constriction
in mice. Nat Neurosci 4:621–626
Lucas RJ, Hattar S, Takao M, Berson DM, Foster RG, Yau KW
(2003) Diminished pupillary light reflex at high irradiances in
melanopsin-knockout mice. Science 299:245–247
Lynge E (2001) Commentary: cancer in the air. Int J Epidemiol
30:830–832
Martikainen H, Tapanainen J, Vakkuri O, Leppaluoto J, Huhtaniemi I (1985) Circannual concentrations of melatonin, gonadotrophins, prolactin and gonadal steroids in males in a
geographical area with a large annual variation in daylight.
Acta Endocrinol 109:446–450
Mawson AR (1998) Breast cancer in female flight attendants.
Lancet 352:626
Miyamoto Y, Sancar A (1998) Vitamin B2-based blue-light
photoreceptors in the retinohypothalamic tract as the photoactive pigments for setting the circadian clock in mammals. Proc
Natl Acad Sci USA 95:6097–6102
Panda S, Sato TK, Castrucci AM, Rollag MD, DeGrip WJ,
Hogenesch JB, Provencio I, Kay SA (2002) Melanopsin (Opn4)
requirement for normal light-induced circadian phase shifting.
Science 298:2213–2216
Panzer A, Viljoen M (1997) The validity of melatonin as an
oncostatic agent. J Pineal Res 22:184–202
Poole C (2002) The darkness at the end of the tunnel: summary and
evaluation of an international symposium on light, endocrine
systems and cancer. Neuroendocrinol Lett 23(suppl 2):71–78
Portier CJ (2000) Decisions about environmental health risks: what
are the key questions and how does this apply to melatonin? In:
Erren TC, Piekarski C (eds) Low frequency EMF, visible light,
melatonin and cancer: international symposium, 4–5 May 2000,
University of Cologne. Zbl Arbeitsmed 2000 50:298–314.
Available as summaries at http://www.uni-koeln.de/symposium2000/
Portier CJ (2002) Comments on the international symposium on
light, endocrine systems and cancer. Neuroendocrinol Lett
23(suppl 2):79–81
Provencio I, Cooper HM, Foster RG (1998) Retinal projections in
mice with inherited retinal degeneration: implications for
circadian photoentrainment. J Comp Neurol 395:417–439
Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira EF, Rollag
MD (2000) A novel human opsin in the inner retina. J Neurosci
20:600–605
Provencio I, Rollag MD, Castrucci AM (2002) Photoreceptive net
in the mammalian retina: this mesh of cells may explain how
some blind mice can still tell day from night. Nature 415:493
Pukkala E, Verkasalo PK, Ojarno M, Rudanko S-L (1999) Visual
impairment and cancer: a population-based cohort study in
Finland. Cancer Causes Control 10:13–20
Pukkala E, Aspholm R, Auvinen A, Eliasch H, Gundestrup M,
Haldorsen T, Hammar N, Hrafnkelsson J, Kyyronen P,
Linnersjo A, Rafnsson V, Storm H, Tveten U (2002) Incidence
of cancer among Nordic airline pilots over five decades:
occupational cohort study. BMJ 325:567–571
Reiter RJ (1991) Melatonin: the chemical expression of darkness.
Mol Cell Endocrinol 79:C153–158
Reiter RJ (1993) The melatonin rhythm: both a clock and a
calendar. Experientia 49:654–664
Reiter RJ (1999) Oxidative damage to nuclear DNA: amelioration
by melatonin. Neuroendocrinol Lett 20:145–150
Reiter RJ (2002) Potential biological consequences of excessive
light exposure: melatonin suppression, DNA damage, cancer
and neurodegenerative diseases. Neuroendocrinol Lett 23(suppl
2):9–13
Reiter RJ, Tan DX, Mayo JC, Sainz RM, Lopez-Burillo S (2002)
Melatonin, longevity and health in the aged: an assessment.
Free Radic Res 36:1323–1329
Reppert SM, Weaver DR (2002) Coordination of circadian timing
in mammals. Nature 418:935–941
Rothman KJ (1976) Causes. Am J Epidemiol 104:587–592

494
Ruby NF, Brennan TJ, Xie X, Cao V, Franken P, Heller HC,
O’Hara BF (2002) Role of melanopsin in circadian responses to
light. Science 298:2211–2213
Sack RL, Lewy AJ, Erb DL, Vollmer WM, Singer CM (1986)
Human melatonin production decreases with age. J Pineal Res
3:379–388
Sack RL, Lewy AJ, Blood ML, Keith LD, Nakagawa H (1992)
Circadian rhythm abnormalities in totally blind people: incidence and clinical significance. J Clin Endocrinol Metab
75:127–134
Sanchez-Barcelo EJ, Cos S, Fernndez R, Mediavilla MD (2003)
International congress on hormonal steroids and hormones and
cancer: melatonin and mammary cancer: a short review. Endocr
Relat Cancer 10:153–159
Schernhammer ES, Laden F, Speizer FE, Willett WC, Hunter DJ,
Kawachi I, Colditz GA (2001) Rotating night shifts and risk of
breast cancer in the Nurses’ Health Study. J Natl Cancer Inst
93:1563–1568
Schernhammer ES, Laden F, Speizer FE, Willett WC, Hunter DJ,
Kawachi I, Fuchs CS, Colditz GA (2003) Night-shift work and
risk of colorectal cancer in the Nurses’ Health Study. J Natl
Cancer Inst 95:825–828
Schroedinger E (1948) What is life? The physical aspects of the
living cell. Cambridge University Press, Cambridge, pp 69, 75
Skene DJ, Swaab DF (2003) Melatonin rhythmicity: effect of age
and Alzheimer’s disease. Exp Gerontol 38:199–206
Skene DJ, Lockley SW, Arendt J (1999) Use of melatonin in the
treatment of phase shift and sleep disorders. Adv Exp Med Biol
467:79–84
Soni BG, Foster RG (1997) A novel and ancient vertebrate opsin.
FEBS Lett 406:279–283
Soni BG, Philp AR, Foster RG, Knox BE (1998) Novel retinal
photoreceptors. Nature 394:27–28
Stevens RG (1987) Electric power use and breast cancer: a
hypothesis. Am J Epidemiol 125:556–561
Stevens RG (2002) Lighting during the day and night: possible
impact on risk of breast cancer. Neuroendocrinol Lett 23 Suppl
2:57–60
Stevens RG, Rea MS (2001) Light in the built environment:
potential role of circadian disruption in endocrine disruption
and breast cancer. Cancer Causes Control 12:279–287
Stevens RG, Davis S, Thomas DB, Anderson LE, Wilson BW
(1992) Electric power, pineal function, and the risk of breast
cancer. FASEB J 6:853–860
Stokkan K-A, Reiter RJ (1994) Melatonin rhythms in Arctic urban
residents. J Pineal Res 16:33–36
Tan DX, Poeggeler B, Reiter RJ, Chen LD, Manchester LC,
Barlow-Walden LR (1993) The pineal hormone melatonin

inhibits DNA-adduct formation induced by the chemical
carcinogen safrole in vivo. Cancer Lett 70:65–71
Thapan K, Arendt J, Skene DJ (2001) An action spectrum for
melatonin suppression: evidence for a novel non-rod, non-cone
photoreceptor system in humans. J Physiol 535:261–267
Thresher RJ, Vitaterna MH, Miyamoto Y, Kazantsev A, Hsu DS,
Petit C, Selby CP, Dawut L, Smithies O, Takahashi JS, Sancar
A (1998) Role of mouse cryptochrome blue-light photoreceptor
in circadian photoresponses. Science 282:1490–1494
Tynes T, Hannevik M, Andersen A, Vistnes AI, Haldorsen T (1996)
Incidence of breast cancer in Norwegian female radio and
telegraph operators. Cancer Causes Control 7:197–204
Verkasalo PK, Pukkala E, Stevens RG, Ojamo M, Rudanko S-L
(1999) Inverse association between breast cancer incidence and
degree of visual impairment in Finland. Br J Cancer 80:1459–
1460
Vijayalaxmi, Thomas CR, Reiter RJ, Herman TS (2002) Melatonin:
from basic research to cancer treatment clinics. J Clin Oncol
20:2575–2601
Wartenberg D, Stapleton CP (1998) Risk of breast cancer is also
increased among retired US female airline cabin attendants.
BMJ 316:1902
Wetterberg L, Eberhard G, Knorring L von, Kohan MA, Ylip E,
Rutz W, Bratlid T, Lacoste V, Thompson C, Yoneda H,
Rosenthal NE, McGuire M, Polleri A, Freedman M, Morton DJ,
Redman J, Berigannaki JD, Shapiro C, Driver H, Yuwiler A
(1993) The influence of age, sex, height, weight, urine volume
and latitude on melatonin concentrations in urine from normal
subjects: a multinational study. In: Wetterberg L (ed) Light and
biological rhythms in man. Pergamon, Oxford, pp 275–286
Wetterberg L, Bratlid T, Knorring L von, Eberhard G, Yuwiler A
(1999a) A multinational study of the relationships between
nighttime urinary melatonin production, age, gender, body size,
and latitude. Eur Arch Psychiatr Clin Neurosci 249:256–262
Wetterberg L, Bergiannaki JD, Paparrigopoulos T, Knorring L von,
Eberhard G, Bratlid T, Yuwiler A (1999b) Normative melatonin excretion: a multinational study. Psychoneuroendocrinology 24:209–226
Weydahl A, Sothern RB, Wetterberg L (1998) Seasonal variations
in melatonin may modulate glycemic response to exercise.
Percept Mot Skills 86:1061–1062
Zeitzer JM, Ayas NT, Shea SA, Brown R, Czeisler CA (2000)
Absence of detectable melatonin and preservation of cortisol
and thyrotropin rhythms in tetraplegia. J Clin Endocrinol Metab
85:2189–2196
Zisapel N (2001) Circadian rhythm sleep disorders: pathophysiology and potential approaches to management. CNS Drugs
15:311–328

