
INTRODUCTION
Biological rhythms are essential for optimal health (1, 2).

Throughout the course of human evolution, hominids were
exposed to regularly alternating periods of light and dark during
every 24-hour period. This evolutionary period, which for
humans may have lasted for three million or more years, allowed
species to take advantage of the light:dark cycle to adjust their
physiology and to synchronize it with the prevailing light:dark
environment. To take advantage of this information, vertebrates,
including hominids, evolved a group of neurons to monitor the
photoperiodic environment and to adjust organismal, organ and
cellular function accordingly.

This paired group of light-responsive neurons is located in
the mediobasal preoptic area at the diencephalic-telencephalic
junction just anterior to the hypothalamus. Since these neurons
lie immediately above the decussating axons of the optic nerve,
i.e., the optic chiasma, they are named the suprachiasmatic
nuclei (SCN) (3, 4). The SCN orchestrate all known circadian

rhythms in vertebrates and are referred to as the master
biological clock or the central rhythm generator.

THE SUPRACHIASMATIC NUCLEUS
The paired set of neurons that constitute the SCN exhibits an

intrinsic cycle of electrical activity that is not precisely 24 hours
in duration (Fig. 1). Rather the period of this rhythm is, in fact,
closer to 25 hours (5). Thus, the neural "clock" runs slow. If this
rhythm would not be adjusted nearer to a 24-hour cycle, the
physiology of the organism would quickly be out of phase with
the appropriate environmental time, i.e., the organism would be
desynchronized or chronodisrupted (6-8). This assertion is
supported by studies of completely blind people, who naturally
develop desynchronized - 'free-running' - biological rhythms,
which can be entrained by administration of exogenous
melatonin (9, 10). This is reminiscent of an individual being in
the state of "jet lag." Moreover, this would compromise
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physiological performance and could have negative health
consequences (11-14).

The purpose of the regular light:dark cycle is to more
precisely adjust the activity of the central circadian pacemaker,
i.e., the SCN, to 24 hours (15, 16). This synchronization requires
light perception by highly specialized intrinsically
photosensitive retinal ganglion cells (ipRGC) (17-19). Thus, the
regulation of the SCN does not rely on the conventional
photoreceptor cells of the retina, i.e., the rods and cones.

The ipRGC that are involved in synchronizing the neural
clock make up only a small percentage (1-2%) of the total
ganglion cell population and they contain their own specialized
photopigment, melanopsin (20-22). Melanopsin is further
specialized in that it does not respond to all visible wavelengths
equally, but rather especially those in the blue range, roughly
460-480 µm wavelength of light (23-25).

The axons of the ip RGC, rather than centrally projecting to
the lateral geniculate nuclei and other visual relay centers,
convey their information primarily, but not exclusively, to the
SCN (26-28). The axons of these neurons travel in the optic
nerve to the level of the optic chiasm where they then diverge to
penetrate the SCN where they make synaptic contact with clock
neurons. It is via this neural pathway, referred to as the
retinohypothalamic tract (RHT), that the light:dark cycle adjusts
the activity of the clock to near 24 hours, rather than letting it run
with a 25-hour period.

The molecular aspects of the circadian clock have been, in
part, elucidated. Each neuron in the SCN has the necessary
molecular machinery for generating circadian rhythmicity (29,
30). The neuronal clock includes CLOCK and BMAL1 which
dimerize and then bind to the specific promoter region of the Per
and Cry genes leading to their rhythmic transcription (31-33).
Once translation occurs, the PER and CRY proteins also form
dimers that translocate to the nucleus where they suppress the
coupling of CLOCK and BMAL1; this reduces the further
transcription of Per and Cry genes.

Other clock-regulated genes are also influenced by the
intrinsic molecular machinery which contributes to the
generation of circadian rhythmicity. The fluctuations in central
clock neurons are neural or humorally communicated to all
peripheral tissues whose cells also possess molecular clocks (35-

37). In this way the central circadian pacemaker, i.e., the SCN,
regulates circadian rhythmicity in all peripheral tissues. When
the peripheral oscillators become disordered from the central
clock, circadian disruption (chronodisruption) results.

To keep cellular rhythms in the neural clock in synchrony,
the system requires regular input from the ipRGC. Thus, a major,
albeit not the only synchronizer (zeitgeber) of the neurons in the
SCN, is the regular alternating intervals of light and darkness
(38, 39). When the photoperiodic environment is artificially
perturbed, e.g., with light exposure during the normal dark
period, the central circadian pacemaker receives inappropriate
information for that time, and melatonin suppression and
circadian disruption results (5, 11, 36).

THE PINEAL MELATONIN RHYTHM
The pineal gland is one of the organs that receives a

neuronal input from the SCN. Thus, axons of the pacemaker
neurons in the central clock project, among other places, to the
paraventricular nuclei of the hypothalamus. Fibers from these
neurons descend through the brain stem presumably without
making synaptic contact with other cells until their arrival at the
intermediolateral cell column of the upper thoracic cord (40);
these are preganglionic sympathetic neurons. After synapsing
with these cells, the preganglionic axons exit the spinal cord
and pass up the sympathetic chain to the superior cervical
ganglia where the final synapse is made. Axons of the
postganglionic neurons accompany blood vessels to the pineal
gland (41).

Within the pineal gland, the postganglionic fibers end in close
proximity to the pinealocytes, the melatonin-producing cells of
the gland (42). During darkness, the SCN sends a neural impulse
which causes the discharge of norepinephrine from the
postganglionic terminals near the pinealocytes. The
catecholamine acts primarily on conventional β-adrenergic
receptors on the pinealocyte membranes; this action culminates
in a series of molecular events that induce the night-related rise in
pineal melatonin synthesis and release (43, 44). The association
of the ipRGCs, the SCN, the peripheral nervous system, and the
pineal gland are diagrammatically depicted in Fig. 1.
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Fig. 1. Various physiological states and
pathological events occur most frequently at
particular times of day, demonstrating a
biological rhythmicity. Melatonin is the major
regulatory hormone of circadian rhythm.



The induction of nocturnal pineal melatonin synthesis is
accompanied by a rapid discharge of the indoleamine from the
pinealocytes into the capillaries that perfuse the gland as well as
into the cerebrospinal fluid of the third ventricle the brain. As a
consequence, as pineal melatonin production increases likewise
the levels of this indoleamine rise in these fluids (45-47). Thus,
the circadian rhythm of melatonin is inextricably linked to the
prevailing light: dark environment. Interruption of the neural
pathway bilaterally at any point between the SCN and the pineal
gland destroys the circadian melatonin rhythm and renders the
pineal gland physiologically inept (48).

As mentioned above, light pulses during darkness cause
misinformation to be sent to the SCN; in turn, the clock neurons
pass this information to the pinealocytes via the complex
pathway described above, and pineal melatonin synthesis and
secretion cease (49). This results in a rapid drop in circulating
melatonin levels at a time they should be elevated. As a result,
this disturbance of the circadian melatonin cycle is provided to
all cells in the periphery giving these cells the wrong time of day
information and contributing to chronodisruption and
pathophysiology (51-54).

It is only after the invention of the artificial light that the
regularly alternating periods of light and darkness could be
seriously disturbed. The common use of artificial light after
darkness onset, a situation that is especially prominent in the
well-developed countries but that is also becoming usual in
virtually all societies, provides the circadian system with a great
deal of misinformation to which it responds.

In reference to the nocturnal rise in melatonin, light during the
normal dark period has two major consequences. When the daily
light period is extended into the night or when the period of
darkness is prematurely terminated by early light exposure in the
morning, the nocturnal period of melatonin production is
abbreviated. Likewise, if during the night individuals are acutely
exposed to light, these photons signal the ipRGCs to shut down
pineal melatonin production. In both of these scenarios, i.e.,
extension of light into the dark period or acute light exposure at
night, the circadian system is upset and melatonin production and
secretion is compromised. As a consequence, what is referred to as
the misuse of light has rendered humans relatively melatonin
deficient (when light is extended into the night) or it causes the
perturbed melatonin rhythm (when light occurs acutely at night) to
provide incorrect circadian information to all cells capable of
"reading" the melatonin message, and many (possibly all) cells do.

CONSEQUENCES OF DISTURBING THE MELATONIN
RHYTHM AND ALTERING THE CIRCADIAN SYSTEM

As noted above, the artificial extension of the daily light
period into the night with the use of manufactured light or,
conversely, being exposed to light in the early morning before
sunrise, shortens the dark interval and thereby reduces the total
amount of melatonin produced without actually changing its
rhythm (55), i.e., low blood levels during the day and elevated
values at night. Thus, the circadian message that the melatonin
rhythm imparts to the cells throughout the organism under these
conditions is not lost. Nevertheless, there is a reduction in the
total amount of melatonin generated (a relative melatonin
deficiency) during each 24-hour interval, at least based on blood
melatonin levels. In this case, chronodisruption is presumably not
a consideration but the reduced amount of melatonin likely is.

Even independent of the relative melatonin deficiency that
occurs when the night is shortened is the abbreviated duration of
sleep. Ample sleep is an important feature of optimal physiology
during the waking hours (56). In the US, the duration of sleep (and
the associated period of daily dark exposure) has decreased steadily

over the last five decades from roughly 8 hours in the 1960s to 6.5
hours in the early 21st century (57, 58). The resulting sleepiness that
is a consequence of the sleep debt these individuals experience is
estimated to have a significant negative impact on work efficiency
and productivity and, as a result, the cost to industry is surely in the
range of millions of dollars annually. Additionally, the health
effects of inadequate sleep are also a major concern. It seems
intuitive that the failure to get adequate sleep, especially when
extended over time, may well lead to altered physiology and
comprised health which, of course, impacts life quality (59).

In addition to any pathophysiologies that may develop as a
result of reduced daily sleep intervals is the associated
deficiency of melatonin that occurs as a consequence of
extended daily light periods. Given the multiple functions of
melatonin (60, 61) and the fact that it and its metabolites fight
against free radicals and the molecular damage that they mete
out (62-65), the reduction in melatonin associated with
artificially-induced long days would surely enhance the degree
of oxidative damage that cells incur (66). Conquering free
radicals, which are produced as a consequence of normal cellular
metabolism especially at the mitochondrial level, is essential for
maintaining good health (63, 67).

Melatonin is a multifacted antioxidant which, even at
physiological levels, engages free radicals and related toxic
species, i.e., reactive oxygen and reactive nitrogen intermediates,
to detoxify them before they inflict damage. By reducing the
length of the daily dark period and consequently simultaneously
limiting the amount of pineal melatonin produced on a daily basis
is, in a sense, reminiscent of what also occurs in advanced age. As
organisms grow old, endogenous melatonin production wanes
judging from the reduced nocturnal melatonin rise (68-70). The
loss of this protective molecule allows free radicals, which are
believed to be produced at an increasingly more rapid rate in aged
and less optimally functioning cells (71), to go unchallenged
thereby elevating the damage they are capable of inflicting.
Certainly, supplementing aged animals with extra melatonin
readily reduces the accumulated free radical-damaged cellular
debris (72-74). Predictably, this would also curtail the
development of disease states. The parallels between aging and
prematurely reducing total melatonin production by excessive
light exposure would be expected to cause similarly elevated free
radical-mediated cellular damage. One implication of this is that
disease processes related to oxidative stress which normally are
most common in advanced age may in fact develop earlier in life.
Experimentally, giving animals extra melatonin after middle age
has been shown to defer the development or severity of age-
related diseases (72, 75).

Interrupting the dark period with acute light exposure not
only rapidly reduces pineal melatonin synthesis as well as
lowering its levels in the blood, this abnormal light exposure also
leads to severe chronodisruption (6). When nighttime melatonin
levels are high, exposure of humans or animals to bright and
wave length appropriate light (460-480 mm light) causes a rapid
drop in melatonin (23, 29). Given that the regular circadian
production of pineal melatonin is a reflection of the activity of the
SCN, then it is obvious that light during the normal dark period
imposes a marked misalignment of the central circadian
pacemaker and the peripheral cellular clocks. This creates a
situation that surely must lead to malfunctions at the cellular and
tissue levels (76-79). Certainly, chronodisruption in terms of the
potential negative consequences it has for optimal health has
attracted a great deal of investigative interest within the last
decade. It seems likely that disease states as diverse of metabolic
syndrome and psychological depression may be consequences of
circadian misalignment (80-83).

One particular disease that has frequently been discussed
relative to excessive or abnormal light exposure is cancer (51, 84-
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87). There is a vast amount of literature suggesting that the
photoperiodic environment influences the incidence of cancer.
While an association of chronodisruption was initially proposed
only for breast cancer, we recently suggested a more general
theory, i.e., chronodisruption may aggravate the development of
many cancer types (52). Melatonin demonstrates dose-dependent
inhibition on the growth of MCF-7 breast cancer cells. In fact, the
International Agency for Research on Cancer has classified light at
night as a Group 2A carcinogen, i.e., a probable carcinogen in
humans (51). The elevated cancer incidence that is believed to be a
result of light exposure at night could be a consequence of, i), a
depression in melatonin, ii), chronodisruption or, iii), both of these.
Certainly, many scientific publications have documented that
melatonin is oncostatic and, likewise, perturbations of circadian
rhythmicity also lead to accelerated tumor growth (51, 81, 82).

Melatonin also plays an important role in regulation (partly
via the brain gut axis) and in direct protection of the mucosa of
gastrointestinal tract (GIT) being generated and released by the
EE cells of the GIT in enormous amounts to.portal circulation to
protect the liver and biliary tract from various irritants.

It has repeatedly been found to provide gastroprotective
effects against ethanol, cold-stress, asprin, and ischemia-
reperfusion induced gastric lesions (86, 87). A three-month
human trial has revealed that oral administration of melatonin,
combined with modification of diet and exercise, decreased
plasma liver enzyme levels in NASH (nonalcoholic
steatohepatitis) patients greater than diet and exercise alone (88).
Another recent human trial has found that administration of
exogenous melatonin was successful in attenuating
proinflammatory cytokine levels (89) (Fig. 2).

CONCLUDING REMARKS
A large number of scientists seem to have come to the

realization that light exposure at inappropriate times, i.e., at night,
may not be as innocuous as assumed. Again, the reader is reminded
that throughout evolution all animals including humans were
exposed to regularly repeating periods of light and darkness. This
cycle induced the evolution of a master clock in the brain so as to
use that information for the physiological well being of the

organism. With the invention of the light bulb by Thomas Alva
Edison in 1879, the lighting environment in which we live changed
drastically. What is now best described as light pollution has
significantly impacted both physiology and behavior. Leisure
activities and work schedules have spread throughout the 24 hours.
This has led to severe disruptions of circadian rhythms at both the
cellular and organismal levels. Likewise, the quantity of melatonin
produced on a daily basis has been substantially depleted. Such
perturbations are likewise not physiologically trivial and to
consider these perturbations to be insignificant would seemingly be
naive considering what we currently know about the significance
of circadian rhythmicity and of the importance of melatonin.

Circadian rhythmicity is an integral component of normal
and optimal physiology. Not only the SCN, but cells throughout
the organism are equipped with internal clocks that control the
molecular events that occur during each 24-hour period. These
events appear to be precisely timed and in modern societies the
intrinsic time keepers are provided with misinformation which,
when prolonged, likely has ramifications in terms of increased
pathologies. It would seem judicious to take better care of the
circadian network by providing appropriate photoperiodic cues,
which currently seemed to be almost totally ignored. In addition,
large amounts of this indoleamine is produced in the mucosa of
GIT that seems to serve as local antioxidant and protective
substance for the gut and liver against a variety of noxious
agents, particularly the bacteria and their toxins, introduced into
the gut with each meal.
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