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Summary

Melatonin, the chief hormone of the pineal gland, is produced
and secreted into the blood in a circadian manner with
maximal production always occurring during the dark phase
of the light:dark cycle. Whereas the 24h rhythm of melatonin
production is very robust in young animals including humans,
the cycle deteriorates during ageing. The rhythm of melatonin
can be substantially preserved during ageing by restricting
the food intake of experimental animals; this same treatment
increases the life span of the animals. The exogenous
administration of melatonin to non-food restricted animals
also reportedly increases their survival. Moreover, melatonin
has been shown to have immunoenhancing effects and
oncostatic properties. The implication of these studies is that
melatonin may have both direct and indirect beneficial effects
in delaying ageing processes or it may retard the development
of processes) (e.g] immunodeficiency and tumor growth) which
contribute to a reduced life span.

Introduction
The pineal gland, a small endocrine organ located in the brain
having shed a vestigiality complex which encumbered it for
decades, has now been shown to be related to a wide variety
of bodily functions. Although pinedl physiology was initialy
defined in terms of its controll of seasona reproduction(*), more
recent investigations have linked this ubiquitously acting
organ to such widely diverse functions as immunocom-
petence”, circadian locomotor activit{” | oncogenesf$ |
mood ¥} and - inl recent years - to the process of ageing®]
The chief hormonal mediator of the pineal gland is N+
acetyl-5-methoxytyrptamine, commonly known as melatonin.
Méeatonin's synthesis within the pineal gland exhibits a
marked circadian rhythm with maxima synthesis and secretion
always occurring at night®] The cyclic production of
melatonin within the pineal is generated by neuronal activity
in the suprachiasmatic nuclei (SCN) of the hypothalamus with
the rhythm being synchronized to 24h by the prevailing light;
dark cycle™ ®| The eyes, viathe SCN, are anatomically and
functionaly linked to the pinea gland by way of neura
connections in both the central and peripheral nervous

systems™. Interruption of the neural connections at any point
between the SCN and the pinea negates the ability of gland to
produce and secrete its hormonal product melatonin.
Likewise, either the extension of the light period into the night
or the acute exposure of animals or man to light at night
inhibits or interrupts, respectively, nocturnal melatonin
production®. Because of its exclusive nighttime synthesis,
melatonin has come to be known as the “chemical expression
of darkness’ and as the “Dracula of the endocrine system”.

Méatonin Synthesis and Its Rhythmic Nature
The nocturnal formation of melatonin is primarily a results of
the release of norepinephrine (NE) from postganglionic
sympathetic neurons that end in the gland. During the day,
the SCN actively inhibit the release of NE from intrapinea
neurons; conversely, at night the inhibitory message from the
SCN to the pineal gland is suppressed and NE release
proceeds unabated. Once released, NE interacts with B4 and
a-adrenergic receptors™| on the membranes of the
pinealocytes, the hormone producing cells of the pineal (Fig.
1.). The B-adrenergic receptors are linked via a stimulatory
guanine nucleotide-binding regulatory protein to adenylate
cyclase whose activation leads to intracellular increasesin
cyclic 3'] 5-adenosine monophosphate (cAMP)"?| cAMP! is
the intracellular second messenger which mediates therisein
the rate limiting enzyme in melatonin production, serotonin N4
acetyltransferase (NAT)(*). The transcriptional and
trandational mechanisms intervening between the rise in
cAMP and the nocturna activation of NAT are poorly
understood. The interaction of NE released from the intra
pineal sympathetic nerves with aadrenergic receptors leads to
an amplification of the intrapineal ocyte cAMP response; this
trandates into an augmented risein NAT activity and also
melatonin synthesis. About 85% of the melatonin formed each
night within the pinea results from the activation of B4
receptors by NE with 15% being a consequence of a-
adrenergic receptor stimulation!”] Besides NE and its
adrenergic binding sites, there may be a variety of other
neuromodulators and associated receptors which modify the
nocturna rise in melatonin production and release!”| Once
melatonin is synthesized, it is quickly released into the blood
where, because of its highly lipophilic nature, it readily gains
access to every fluid and presumably every cell in the
organisi?! Asin the blood, in every fluid where it has been
measured melatonin concentrations are higher at night than
during the day. In amost al cases, pineal NAT activity and
melatonin levels as well as melatonin concentrations in body
fluids are well correlated, although under some circumstances
these correlations do break down (see below).

At birth, the circadian melatonin rhythm in mammals is
absent. In the rodent pined the cycle becomes apparent
postnatally shortly after the postganglionic sympathetic nerves
grow into the developing gland"®. In newborn humans, a

BioEssays| Vol. 14, No! 3 - March 1992 169



REVIEW ARTICLES

o S S|
|

Posiganghomnic sympathenc nerve ’

Capiliary /
Extracelwa space
\ v f
Pinealocyte b aC |
membrane - - l
oz L—g — :
Tryptophan ol
\TH g K_/ C‘?_
5-Hyoroxytryptophan *

\AAI:- |

T — - N-Acety! B L
serotonin
MAC
HIOMT Other metabolnes
S-Metnoxytryplamine

Fig. 1. Transmembrane signal mechanisms involved in mediating pineal melatonin production at the sympathetic
neuron pinealocyte interface. Whereas most of the identified mechanisms are based on solid experimental evidence some of the
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recetor. Modified from Reiter™.

melatonin rhythm in the blood is not discernible until 3-4
months of age after which it seems to develop rapidly until one
year of age™. Prepubertally, mammals exhibit a robust
circadian melatonin rhythm. As humans undergo sexua
maturation there reportedly is a significant drop in nocturnal
melatonin levels, a change that may be permissive to pubertal
development™.  After adulthood is achieved, virtudly all
mammals continue to exhibit a 24h melatonin rhythm with low
and high values being associated with day and night,
respectively®”.

Attenuation of the Meatonin Rhythm with Age

In advanced age, the melatonin rhythm deteriorates athough
there is evidence that the neuroendocrine system exhibits an
increased senditivity to the hormone™. The attenuation of the
melatonin cycle with age seems to be a gradual process
associated with the generalized decline in the functional
capacity of many organs; thus, there seems to be no specific
degenerative aging process which abruptly diminishes the
ability of the pined gland to either synthesize or secrete
melatonin.  Among mammals, reduced pineal melatonin
synthesis with age has been studied most thoroughly in the
Syrian hamster, rat, Mongolian gerbil and man.

When the 24h melatonin rhythm was compared in 2-month-
old (young adults) and 18-month-old (old) male and female
hamsters, the rhythm in the old animals of both sexes was
found to be severely dampened®. Although a nocturnal peak

[3abrenergle

of melatonin was till apparent compared to that in the 2-month-
old hamsters, the old animals had melatonin levels that were
reduced by about 75% (Fig. 2). Female hamsters at this age
(18-months) are beyond their reproductive life span while the
males may still be capable of siring young; Syrian hamsters
rarely live beyond 24-month of age.

In a subsequent study, 14-month-old hamsters were found to
display a melatonin rhythm with an amplitude that was
intermediate between those of 2-month-old and 18-month-old
animals®, this suggests a gradual deterioration of pineal
melatonin synthesis with aging. This is supported by similar
observations in rats where 2-, 12- and 29-month-old animals
were found to have high, intermediate and low peak pined
melatonin values a night®. Unexpectedly, the activity of the
enzyme NAT, which is rate limiting in melatonin production,
did not exhibit a similar age-associated drop.
Subsequentstudies in hamsters and rats have shown that blood
melaigninvalues are also significantly diminished in advanced

(23,24)

age
The gerbil pined is a specia case since, besides producing
less melatonin later in lifé™, the gland also develops
numerous concretions (corpora arenacea) in early
adulthood®. The development of concretions is also a
common feature of the human pineal, especidly in old
individuals™. It has often been tacitly assumed that the
degree of pinea calcium deposition isinversely related to the
ability of the pineal gland to produce its hormone melatonin.
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There is, however, no evidence to support this supposition.
Interestingly, like melatonin synthesis, the formation of
concretions in the gerbil pined relies on the gland being
sympathetically innervated®”| and, furthermore, once formed
the concretions dlsagpear if the animals are superior cervica
ganglionectomized™]| Thus, both the deposition and the

maintenance of calcium deposits within the pineal are active
processes which somehow relate to the NE activity at the level
of the pinealocytes. To assume, however, that an increased
number of calcium deposits in the gland directly impairs its
ability to produce melatonin is unfounded experimentally.
The biosynthetic activity of the human pineal gland
responds like that of other species in advanced age; thus, the
general consensus is that the amplitude of the blood melatonin
rhythm drops gradually as humans become old® *. Besides
producing and secreting less melatonin at night, the pineal
gland in elderly individuals exhibits a shorter duration of
elevated nocturnal melatonin (Fig. 3)®”| Finaly, the chief
urinary metabolite of melatonin, 6-hydroxymelatonin gulfate,
shows a gradua age-related decline in humans between 20
and 95 years of age™. Although no specific studies have been
conducted to correlate the degree of pineal cacification with
circulating melatonin levels in humans, both morphologica
studies of the pinealocytes™ and preliminary biochemical
analyses of pineal enzymes® indicate no negative effect of
concretions on the ability of the gland to produce melatonin.
While a reduction in the amplitude of the melatonin
rhythm in advanced age is now well documented, this is not
the only parameter of the rhythm that changes with age.
Usudly, as the melatonin peak diminishes, so does the
duration of elevated melatonin. Both the amplitude as well as
the duration of the melatonin peak may be important aspects
of melatonin’s ability to express its physiological activity.
Finaly, melatonin may only be active when its peak is
internally coincident with a sensitive period for melatonin®.

young and old animals at that time point.
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Fig. 3. Blood melatonin concentrations in young and elderly

human females throughout a 24h period. Mean age of the
subjects # SEM is indicated. Modified from Nair et al.®"|

Thus, any test of pineal/melatonin/ageing interactions should
take into account all of these aspects of the melatonin rhythm.

Mechanisms of Attenuation of the Melatonin Rhythm
The most frequently proposed mechanism invoked to explain
the attenuation of the pineal and plasma melatonin rhythmsin
old age is areduction in the number of B-adrenergic receptors
on the pinealocyte membrane. As noted above, these receptors
are primarily responsible for mediating the effects of
nocturnally released NE from sympathetic neurons within the
gland and initiating the intracellular events which lead to the
augmented nighttime production of melatonin '),

Two publications have discussed the change in B
adrenergic receptors in the pineal of rats during ageing®*"|
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With the use of the radioligand [*H]-dihydroalprenolol, 3-
mon-old male Fisher 344 rats were found to exhibit a higher
density of pineal B-adrenergic| receptors than did the pineal
gland in 24-mon-old| rats, although the affinity of the ligand
for the receptor was not influenced by age. Using the same rat
strain but another receptor ligand, i.e., [*T]-iodopindolol) it
was again shown that whereas the B-adrenergic receptor
affinity for the radioligand was not atered with age, the
density of the receptorsin the pineal gland of 28-mon-old male
rats was only 50% that of the pineal of young adult males®”
The implication of these fmdings is that the progressive
attenuation of the melatonin rhythm during ageing may relate
to a gradual diminution of B-adrenergic| receptor availability
on the pinealocyte membrane.

That the observed depression in pineal ocyte p-receptor
density accounts for the reduced melatonin-forming ability of
the pineal gland in advanced age has recently received strong
experimental support. Fisher 344 rats are a commonly used
model to investigate ageing phenomena. Using this rat strain
it has been shown that live can be dramatically prolonged by
restricting food intake throughout 1ife®| Thus, ad libitum fed
Fisher 344 rats usualy die at approximately 30 mon of age
while food-restricted animals not uncommonly survive to 44
mon of age. When pinea biosynthetic activity and [
adrenergic receptor density were compared in ad fibitum and
food-restricted (by 40%) 28-mon-old rats there were obvious
differences in both parameters. As seen in other studies, the
ad libituml fed old rats (compared to 3-mon-old animals) had
highly depressed nocturnal pineal NAT activity and pineal and
serum melatonin levels®™|  All three parameters were
significantly preserved in old rats that had experienced
virtualy life-long food restriction (Fig. 4). Preservation of
pineal melatonin synthesis was accompanied by a similar
maintenance of high P-adrenergiq receptor density in the
pineal gland (Fig. 5"/ Although a definitive causal
relationship between the preserved melatonin rhythm and the
number of P-receptors is not unequivocaly proven by these
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Fig. 5/ Scatchard analysis of specific (™I} iadopindolol binding
data from 3 groups of rats. The data suggest a single class of
B-adrenergic| receptors. From Henden et al. ®®

observations, the findings| are certainly consistent with this
possibility.

There are obviously other potential explanations for the
reduced ahility of the pineal gland to metabolize serotonin
(SHT) to melatonin in the pineal gland of old animals, but few
have been serioudy investigated.  Presynapticaly, the
formation and or release of NE from the intrapineal
sympathetic nerve endings could be reduced as a consequence
of ageing; this would presumably result from a diminished
nocturnal firing rate of the neurons in the SCN. Although
these are ideas that need testing, it has not been done to date.
Post B-adrenergic receptor mechanisms within the pineal
gland may remain intact during ageing as suggested by the
observation that if p-receptor density is preserved by
restricting food intake, the synthetic mechanisms for melatonin
production are virtually normal®| |t is possible, however, that
the intracellular synthetic mechanisms were independently
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preserved in the old rats by life-long food restriction.

One factor that seems definitely not to account for the drop
in melatonin with age is a lack of the precursor 5SHT. In the
pineal gland of old Fisher rats (either ad libitum or food-
restricted), nocturnal 5HT levels are actually higher than those
of 3-man-old animals; thus, there is ample precursor available
for melatonin synthesis in rats of all ages™.

Potential Consequences of the Attenuated
Melatonin Rhythm during Aging

In recent years, melatonin has been at least theoretically
defined as an anti-aging hormone(“). Indeed, the hypothesis
has been put forward that “aging is secondary to pinea
falurer*(*).  According to this hypothesis, aging is a
syndrome of a relative melatonin deficiency accompanied by
adiminished melatonin; 5HT ratio, which is detrimental to
neurophysiology and causally related to the aging process.
The findings discussed above could relate to the theory.
Namely, dietary restriction clearly increases the life span of a
variety of animals; likewise, the procedure also tends to
preserve the pineal melatonin rhythm™. The conservation of
the melatonin rhythm in food-restricted animals is particularly
interesting since, typicaly, prolonged food restriction
depresses the function of virtually every other endocrine
organ(®), yet the melatonin cycle responds in an opposite
manner, i.e., it is maintained(*). The question then arises, is
the prolonged life span experienced by food-restricted animals
related to greater melatonin availability? Only a few data
relate to the ability of melatonin to influence the duration of
survival, but the correlations are positive. When mice are
given melatonin in their drinking water, they lived noticeably
longer (20%), i.e., from a mean of 752+/-80 days in non-
melatonin treated mice to a mean of 931+/-80 days in mice
given melatonin every night(®). The contrary expectation
would be that pinealectomized animals, with the resulting
melatonin deficiency, may die at an earlier age than pineal
intact animals; such studies have not been performed and
should have a high priority.

Whereas the observations in the previous paragraph are
tantalizing and suggestive of a potential association between
melatonin and aging, as yet there is no definitive evidence
indicating that there is a causa link. There are key
experiments that could be performed to either prove or
disprove an interaction of aging processes and melatonin
secretion.  For example, the administration of melatonin
prophylactically throughout life could be tested for its ability
to retard any number or age-related processes. On the other
hand, as noted above, surgica removal of the pineal gland,
which removes the bulk of the circulating melatonin and
certainly eliminates its circadian levelsin the blood, would be
expected to generally hasten the manifestations of aging. In
these studies, however, the effects of the respective treatments
on other bodily functions, e.g., reproduction, should be
monitored since there are some correlations between

reproductive activity and life expectancy® additionally,
disturbances of circadian rhythms resulting from either excess
or limited melatonin availability may lead to deterioration of
physiological processes which result in premature death™.

If melatonin-treated animals do survive longer, why do
they? Is it merely a consequence of a generalized beneficia
metabolic effect of melatonin, or does it relate to a specific
function of the pineal hormone? The immunostimulatory
effect of melatonin is one argument that could be used to
explain the increased longevity in melatonin-treated animals.
Although this is certainly a proposition posed by workers in
this field, they are extremely careful not to conclude that
melatonin’s only beneficial effect in reference to survivability
is due to its immunoenhancing properties® “.

The aleged gtimulatory effects of melatonin on the
immune system are also interesting in the context of aging
inasmuch as the neuropathology normally associated with
advanced age may be related to an immunological disorder in
which there are elevated serum levels of brain resctive
autoantibodies (BRA)®.  New Zealand Black (NAB) mice
already have high circulating BRA levels early in life, and
they rarely survive for more than 12 months(“). However, if
NZB mice are treated with melatonin, their life expectancy is
increased and neuropathological sighs normally associated
with aging develop more dowly than in mice not given
supplemental melatonin®. The implication is that melatonin
may prolong life by suppressing BRA production.

Equally important and possibly related to melatonin’s
stimulatory role on the immune system is the ability of
melatonin to suppress tumor growth®. This effect was
demonstrated at least two decades ago and more recent
findings are strongly supportive of the oncostatic properties of
melatonin in given situations® . If melatonin-treated
animals do exhibit an increased duration of survival, it could
relate to the increased resistance they exhibit to infection
and/or to the reduced likelihood of the animals developing
immunologically-related tumors. Even if melatonin were
found not to promote increased life expectancy, because of its
aleged immunoenhancing and oncostatic properties, it may
improve the quality of life.

The ability of melatonin to function as a tumor-inhibiting
agent may be directly applicable to the experiments
summarized above which describe the prolonged life span of
food-restricted rata. As mentioned, ad libitum fed Fisher rats
typicaly die a about 30 months of age. At thistime, they not
uncommonly exhibit numerous tumors, e.g., mammary gland
and epidermal tumors among others; these likely contribute to
the death of these animals™ *. When this same strain of rat
is food-restricted, they survive much longer and a 30 months of
age they display few of the tumors characterigtic of ad libitum-
fed animals and, as noted, their melatonin rhythm is partialy
preserved. It has been known for years that underfeeding
delays the development of experimental cancers. Could this
be due to the preservation of the cyclic production of
melatonin, a natural oncostatic agent? Additionally, it was
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shown many years ago that dietary restriction increases the
sengitivity of the neuroendocrine-reproductive axis to
melatonin®. If cancer cells also exhibit an increased
sensitivity to melatonin when certain nutrients are limited,
then the action of food restriction in reference to tumor growth
could be two-fold, i.e., it not only preserves the melatonin
rhythm but it also renders the tumorous cells more liable to
inhibition by melatonin. This combination, because it would
suppress tumor growth, could prolong life span especially
when combined with the ahility of melatonin to enhance the
function of the immune system®.

Mechanistically, it is not yet totally clear how and where
melatonin intervenes to modulate aging and age-related
processes, if infact it does. The bulk of melatonin binding
sites (receptors) that have been identified are in the central
nervous system, although there are occasiona reports of
receptors distributed outside of the brain as well(™®).
Melatonin binding sites on immunologically active organs and
cells as well as on tumor cells are amost undocumented,
although this does not mean they do not exist at these
locations. Even in organs where melatonin receptors are well
studied, e.g., the pars tuberalis of the anterior pituitary gland,
the molecular mechanisms of action of melatonin are only
partialy defined®*®.

Besides the possible decreased longevity, an increased
probability of cancer, and the relatively suppressed immune
function that may accompany a relative melatonin deficiency
in old age, there may be other age-associated phenomena
which are related to the gradually deteriorating melatonin
cycle during aging.  Thus, sleep inefficiency®™®,
Alzheimer's disease™, and psychiatric disorders® are only a
few of the potentially associated conditions.

Final Comment

Numerous reports now suggest that the pineal gland, via its
hormone melatonin may somehow either directly or indirectly
delay aging itself or inhibit age-related disease processes.
Because of these findings, melatonin has been classified as an
anti-aging hormone and as a juvenile hormone. If, in fact,
these well-based predictions are finally unequivocally verified
the pined gland could be known as the veritable “fountain of
youth”. The data accumulated to date certainly justify serious
consideration of the possibility that supplemental melatonin
may be beneficia during aging.
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