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Preface

Three years ago, most authors contributing to this book gathered at the Heinrich Fabri
Institute of the University of Tiibingen at Blaubeuren near Ulm in Germany for the third
conference on “Pineal Gland and Cancer”. In 1987, the late Derek Gupta organized the
second meeting and published the first book on the topic, 10 years after Vera Lapin, as
part of the 25th anniversary celebrations of the Vienna Cancer Research Institute, had
held the first meeting. It was in Vienna during the 1930s and 1940s that W. Bergmann
and P. Engel demonstrated that pineal extracts possess growth inhibitory properties on
experimental rodent tumors and R. Hofstdtter reported favorable results when these
extracts were given to cancer patients. In the 1970s, Vera Lapin and others reported
that surgical removal of the pineal gland (pinealectomy) stimulates experimental
tumor growth rendering fundamental support for an involvement of the pineal gland
in malignancy. A focal question of past and present research in this field is whether the
pineal gland exerts its tumor inhibitory activity primarily or exclusively via melatonin.
Currently, it appears that the action of melatonin on experimental tumor growth criti-
cally depends on the circadian timing of its administration as well as on the type
and stage of cancer, and that primarily highly differentiated tumor cells are controlled.
Initial clinical applications of the pineal hormone for incurable cancers raise hopes for
a promising future use, particularly when combined with other therapies (e.g., inter-
leukin-2) increasing their efficacy and reducing their toxicity. Such studies, how-
ever, require proper chronobiologic design and replication as well as complementary
laboratory studies to better understand the mechanisms involved and to integrate
these findings into our general knowledge about the functions of melatonin.

It is generally accepted that melatonin acts as a chemical signal of the main circadian
oscillator of the body located in the suprachiasmatic nuclei, which are tuned to environ-
mental photoperiods. Retinal impulses thus convey temporal information, about time
of day as well as season, to the cells and functional systems of the body including the
neuroimmunoendocrine network. At the cellular level, melatonin may provide free
radical scavenging properties that are histologically relevant to prevent oxidative
damage to the cell and its nucleic acids. It is a matter of current debate whether pineal-
derived melatonin, due to its low concentrations in the circulation, meaningfully
neutralizes free radicals. Because of its high lipophilicity, melatonin freely passes into
cells and can thus be concentrated in cellular as well as subcellular compartments.
Thus, melatonin exists at considerably higher concentrations in these sites of action
than in plasma. It is also conceivable that melatonin produced abundantly in extra-
pineal tissues, e.g., within the enterochromaffin cells of the gastrointestinal tract, may
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function locally to scavenge free radicals being converted to a kynurenine derivative.
Pineal melatonin, on the other hand, functioning as a temporal signal and acting via
specific receptors is metabolized in the liver mainly to 6-sulphatoxymelatonin. Thus
the prime function and metabolic fate of melatonin derived from the pineal gland
are fundamentally different from the extra-pineal hormone. The overlap of biological
actions as well as of metabolic fates of melatonin, within different compartments of the
body, along with inadequate circadian control of experiments may help explain why
experimental studies with melatonin sometimes lead to puzzling results, which are
difficult to reconcile with the original hypothesis. Because pineal melatonin is primar-
ily a temporal signal, it is understandable that its effects on tumor growth are criti-
cally dependent on the biological time of its administration (with respect to the cell
cycle, to the time of day and season), and thus melatonin can either inhibit, stimulate,
or have no effect upon the host—cancer balance. These cellular actions appear to be
receptor-mediated and coupled to other hormone-response pathways, particularly
those of the gonadal steroids crucially involved in the control of tumors of the
reproductive tract. This relationship between melatonin and sex steroids may explain
why melatonin primarily affects well-differentiated malignant tumor cells still posses-
sing specific receptors. It is, however, currently unclear how the growth of some un-
differentiated tumors of endocrine origin and leukemias may be stimulated by mela-
tonin. This possibility raises concern about any uncontrolled human use of the pineal
hormone as is currently advocated in some countries due to unjustified claims of it
being a “wonder drug” preventing aging and even cancer. The observations of both an
inhibitory and stimulatory action of melatonin on tumor growth, however, indicate
that melatonin can exert profound control over cellular growth and differentiation,
raising hopes for a future use of melatonin to prevent or control human cancer. This
idea absolutely requires chronobiologically adequate research providing better insight
into the mechanisms of action including the biological time dependence. In the mean-
time, patience will be required not only by those actively involved in research and
cancer treatment but also by those evaluating the validity of such studies for further
financial support. Patience without properly designed clinical chronotherapeutic trials
using melatonin, will, however, not be rewarded but will rather cause additional
confusion. Finally, it has to be stressed that apart from melatonin effects, alternative
routes of the pineal gland controlling tumor growth seem to exist. These routes may
include as yet unidentified low molecular weight pineal compounds and autonomic
nervous system effects.

We hope that this book will help those working in this field to link the pineal gland
and cancer and encourage others from diverse areas to join and thus enrich this field
of research. The interplay between the pineal gland and malignancy has to be viewed
in the chronobiologic framework of the largely epigenetic, highly complex, and non-
linearly organized psychoneuroimmunoendocrine network as well as progressing
genomic aberrations within the tumor. Therefore, scientific support is required from
biomathematicians, informaticians, and even theoretical physicists being familiar
with system theory, (bio)cybernetics, and other areas suitable to adequately describe
complex multidimensional problems. The use and development of advanced models
will help to channel the current flood of experimental findings and to gradually
develop more effective (onco)therapeutic strategies with minimal side effects. For such
purposes, not only the pineal gland but also other areas of the diencephalon should be
considered, such as the hypothalamus, as well as subcortical structures, particularly
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the limbic system, because tumor growth is also likely to be perceived and responded
to by higher nervous centers. Among the cited structures of the brain, the pineal gland
is most accessible at present because of the clear melatonin signal. Therefore, it is
logical to focus current investigations in brain-tumor interactions on the link between
the pineal gland and cancer.

We would like to express our deepest gratitude to all those who kindly supported
the Blaubeuren conference and this book. First of all, it has to be mentioned (and we
apologize) that due to very limited funding almost all participants had to pay their
own travel expenses. Without their conviction concerning the importance of the topic
this conference had never been possible. Mrs. Dipl. Biochem. Anita Buchberger, Mrs.
Angela Karenovics, Mrs. Heike Pfrommer, and Mrs. Ellen Lehmann worked hard orga-
nizing the meeting and thus paved its success. We are also grateful to the administra-
tion of the University of Tiibingen who allowed us to utilize the excellent facilities of
the Heinrich Fabri Institute at Blaubeuren for the conference sessions as well as for
accommodating the participants. Financial support for this book was obtained fore-
most from the Deutsche Telekom AG and the Margarete Markus Memorial Grant for
Cancer Research of the Margarete Markus Charity. Additional support was received
from the Daimler-Chrysler Company, Eli Lilly Ltd. in England, IBL GmbH, Jenapharm
GmbH, Merckle-Ratiopharm AG in Germany, Servier International, France, and some
donors who wish to be anonymous. At this point we would also like to highlight the
pleasant and professional co-operation with the team of the Springer-Verlag in
Heidelberg. Finally, we would like to thank the Deutsche Forschungsgemeinschaft for
funding a project on “The Role of Melatonin in the Neuroendocrine Control of Gyne-
cological Neoplasias” at the Tubingen University Women’s Hospital (1990-1997) and
the National Cancer Institue of the National Institutes of Health for its support of
melatonin/cancer studies in the United States.

The Editors
September 2000
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Significance of the Pineal Gland
and Its Hormone Melatonin



1 Some Historical Remarks Concerning Research
on the Pineal Gland and Cancer

Vera Lapin

Mr. Chairman, ladies and gentlemen, dear fellow pinealogists,

First of all, I would like to thank Drs. Christian and Hella Bartsch for their kind
invitation to this conference. I am delighted that I can still attend and listen to your
presentations on research work concerning the pineal gland and cancer. I am also glad
that I, too, could contribute to this research. It was only 20 years ago that I organized
a small workshop on this subject.

For a long time, the function of the pineal gland was a mystery. All of us know
the significance of this organ as “the third eye” and its role in different mythologies
and religions. You might even know that Descartes called this gland “the seat of the
soul”.

We can relate our modern research on the pineal gland to systematic investigations
of this organ at the turn of the century. Research on the link between the pineal gland
and cancer has had a long tradition in Austria. Engel presented, in 1936 at the meeting
of the Viennese Society of Endocrinologists, an extensive lecture, reviewing all scien-
tific activities concerning the pineal gland since 1896. In 1934, Engel and Bergmann
reported their results in experimental cancer treatment with pineal extracts or whole
gland implants. In the following years, Toygarli and Hutschenreiter investigated the
effect of pineal substances in veterinary medicine. Hofstétter, Janovetz, Sander, and
Schmid performed similar research in human medicine. In the meantime, and perhaps
until today, the real significance of the role of the pineal gland in oncogenesis re-
mained obscure. Its role in different processes such as sexual and reproductive
function, circadian rhythms, immunity and aging, kept posing new questions rather
than offering answers (for review see Lapin 1976).

My own work began in the early 1970s, at the University Institute for Cancer
Research in Vienna, upon a suggestion by Prof. Wrba to investigate the influence of
ablation of the pineal gland in experimental animals on the growth of neoplasma.
In those days we were slowly beginning to understand the function of thymus and
bursa Fabricii and the differentiated functions of T and B lymphocytes. Our know-
ledge of receptors, neuronal and tissue mediators was non-existent. Tt was yet to be
acquired.

I wanted to determine the role the thymus and the pineal gland played in carcino-
genesis. I started my experimental work with newborn rats, as the function of their
thymus and pineal glands is immature. In order to obtain a suitable experimental
model, I developed a technique for simultaneous “thymectomy” and “pinealectomy” in
experimental animals. For further studies I used three experimental cancer models:
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1. Transplantable tumors “Yoshida sarcoma”
2. Tumor induction by chemical carcinogenic substances
3. Viral induction of tumors by Polyomavirus

By using the chemical carcinogen DMBA and/or transplantable tumors, I could
provoke specific leukemia-like dissemination of malignant cells in rats, whose both
pineal gland and thymus had previously been removed. I also established that the “viral”
induction of kidney sarcoma by Polyoma virus was positive only in thymectomized rats,
but not in the pinealectomized ones. Hence my interpretation of this finding was that
this kind of carcinogenesis was not affected by the endocrinium. In other words,
the absence of the pineal gland has a specific effect on carcinogenesis, which could be
interpreted as proof that the pineal gland would be involved in the regulation of the
central neuroendocrinological mechanism which, in turn, would influence the immuno-
logical control of carcinogenesis. Certainly, such a hypothesis was in need of further
research (Wrba et al. 1975; Lapin 1976, 1978; Lapin and Ebels 1976).

Of course, my work was not without difficulties, which might sound so familiar to
many of you. There was lack of support, not a material one, but, much more important
to a researcher, there was no enough encouragement for my work. Nobody seemed to
be interested in my research. From time to time, I did report about my progress, but in
the end this was a one-person department, one-person job, and one-person involvement.
Slowly, first through the literature, and later also personally in some cases, I made
acquaintance with many fine pineal researchers: Drs. Reiter, Cardinali, Wurtman,
Fraschini, Miline, Quay, Tapp, Dilman, Benson, Aubert, just to name a few. Soon I met
Dr. Ebels from Utrecht and in cooperation with her I investigated the effect of non-
melatonin sheep pineal fractions on experimental tumors. Stimulated by such
contacts, I decided to pursue my own experimental work and, in 1976, I published a
review article about the pineal gland and malignancy.

At that time I received a kind letter from two German students who were under-
taking studies in India and had a very keen interest in several aspects of pineal
research. They were Christian Bartsch and Hella Trompelt.

In 1977, T organized the first conference on the pineal gland and oncogenesis,
entitled “Pineal Gland as a New Approach to Neuroendocrine Control Mechanisms in
Cancer”. And the rest, I think, you all remember better than I do.

Now I would like to wish you all the very best for your research. Let this meeting be
a successful one! Thank you.
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2 Biology of the Pineal Gland and Melatonin in Humans

Lutz Vollrath

2.1 Introduction

The preliminaries of this conference have revealed that there is a fair amount of
scepticism among scientists regarding possible interrelationships between the pineal
gland hormone melatonin and cancer. I am sure that by the end of this conference we
will be in a better position to judge for ourselves whether or not the scepticism is justi-
fied. In my view, despite the scepticism, scientists have a moral obligation towards the
public, and especially the hundreds of thousands of cancer patients, to explore even the
remotest possibilities to prevent, cure, or at least alleviate the suffering of this disease.
On the other hand, it is mandatory not to waste public money, but to discontinue a
specific branch of research once we are convinced that it is no longer promising.

This is not the place to consider in detail the reasons for the scepticism. My impres-
sion is that three factors play a role. The first is that a menacing and multi-factorial
disease such as cancer is being related to a single organ and in particular to one whose
function remained mysterious for a long time. The second is the successful attempt of
the media and some scientists to promote melatonin as a wonder drug (Reppert and
Weaver 1995; Turek 1996; Wirz Justice 1996; Kendler 1997; Weaver 1997; Bergstrom and
Hakanson 1998). This has recently discredited melatonin research to a certain degree.
Thirdly, the results dealing with interrelationships between the pineal gland and
cancer have not been so spectacular as to incite research in this area on a large scale.
Compared to other areas of the biosciences, the number of scientists working in this
field is relatively small.

The aim of the present contribution is to deal with the basics of the hormone
melatonin and of the organ in which most of the hormone is synthesized, the pineal
gland. As,for obvious reasons,only certain aspects of the gland can be studied in humans,
a short overview dealing with the gland in vertebrates in general is given first. More
details may be obtained from specialized books and review articles (Wurtman et al. 1968;
Quay 1974; Reiter 1981; Vollrath 1981; Vaughan et al. 1986 a; Arendt 1995; Korf et al. 1998).

2.2 The Pineal Gland in Animal Species
The mammalian pineal gland is a neuroendocrine transducer (Wurtman and Axelrod

1965; Wurtman and Anton Tay 1969) in which neuronal signals originating in the retina-
SCN (suprachiasmatic nuclei)-system are transformed into a hormonal message, the
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message being the circadian synthesis and release of the indolalkylamine melatonin
(MEL). Although MEL is without doubt the major active principle of the pineal gland,
a variety of peptides have been extracted from pineal tissue with antigonadotropic
(Benson and Ebels 1978) and antitumor activities (Bartsch et al. 1987). Moreover,
peptides derived from proenkephalin, prodynorphin, and pro-opiomelanocortin are
present (Schroder et al. 1988).

2.2.1 Structural Aspects, Innervation, and Pinealocyte Receptors

The mammalian pineal gland is a tiny and simple-structured organ. In humans it has
the shape of a pine cone, measuring ca. 10 mm in length and weighing approximately
100 mg. It is part of the diencephalon and projects from the epithalamus backwards,
overlying the tectal plate of the mesencephalon (Fig. 2.1). Anteriorly, the pineal gland
is attached to the epithalamus by a stalk containing commissural fibers running from
the epithalamus to the gland. In common laboratory rodents, the pineal gland has a
more complex form than in humans, usually extending to the calvarial roof. Here, the
pineal gland may be dumb-bell-shaped, e.g., in guinea pigs, or may consist of two
distinct parts, the large superficial pineal and the small deep pineal part lying inter-
calated between the habenular and posterior commissures (e.g., in rats).

The main cellular component of the pineal gland is the pinealocyte. In rats, pinealo-
cytes amount to 82% of the cells present, the remainder being mainly astrocyte-like
glial cells (12%) (Wallace et al. 1969). Nerve cell bodies are not regularly present.
Pinealocytes are neuron-like cells in that they consist of a cell body with cell processes
of variable lengths, often forming bundles. The ultrastructure of the cytoplasm is not
very revealing. There are few, if any, electron-dense secretory granules. This is not

Fig. 2.1. Median-sagittal
section through the head of
an adult human (magnetic
resonance image) to show
the location of the small
diencephalic pineal gland,
indicated by an arrow, over-
lying the mesencephalon.
(Courtesy of Dr. K. Blasinger
of Radiologische Gemein-
schaftspraxis im Fort Malakoff
Park, Dr. B. Buddenbrock,
Dr. K. Blasinger and

Dr. P. Benz, Mainz, Germany)
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surprising as MEL is not stored in granules and not linked to a carrier protein, but is
released into the bloodstream soon after its synthesis. There is usually little rough and
smooth endoplasmic reticulum, indicating that peptide and protein synthesis for
export is not very pronounced and that functions residing in the smooth ER such as
steroid metabolism and detoxification are likewise inconspicuous. In the terminals of
pinealocyte processes, electron-lucent vesicles may be abundant. They contain the
proteins that are needed for exocytosis as well as transmitters for intercellular signal-
ling, e.g., glutamate (Redecker and Veh 1994) and L-aspartate (Yatsushiro et al. 1997),
the latter of which inhibits MEL synthesis (Yamada et al. 1997). The vesicles take up
glutamate, but not MEL, serotonin, noradrenaline, y-aminobutyric acid (GABA), or
acetylcholine (Moriyama and Yamamoto 1995).

That pinealocytes are neuron-like cells is further illustrated by the fact that they
can be stained with antibodies against certain neuronal markers such as neuro-
filament protein, synaptophysin (Vollrath and Schréder 1987; Schréder et al. 1990),
synaptotagmin I, synaptobrevin II, syntaxin I (Redecker 1996; Redecker et al. 1997),
and rab 3 (Redecker 1995). Moreover, pinealocytes contain synaptic organelles, the
synaptic ribbons (Vollrath 1981; McNulty and Fox 1992; Bhatnagar 1994; Wagner
1997), which are restricted to certain sensory and nerve cells. These organelles
are basically plate-like structures (Jastrow et al. 1997) with prominent day < night
(Vollrath 1973) and seasonal changes in number and size (Karasek et al. 1988; McNulty
et al. 1990). Synaptic ribbons are thought to transport synaptic vesicles to the pre-
synaptic membrane for exocytosis and may play a role in intercellular communication
between pinealocytes together with gap junctions (Moller 1976; Taugner et al. 1981).
Some of the pinealocytes exhibit action potentials, even in vitro (Schenda and Vollrath
19984, b). These electrically active cells appear to interact to form an intrapineal
network which may monitor the intrapineal neurotransmitter levels (Schenda and
Vollrath 1999).

In submammalian vertebrates (Collin 1971; Oksche 1971; Korf et al. 1998), the gross
anatomy of the pineal gland is more complicated than in mammals. Here the pineal
gland is part of a complex that consists of the pineal organ proper plus the parapineal
organ in lampreys and fishes, the frontal organ in certain amphibian species, and the
parietal eye in certain reptiles, the lizards. The intrinsic cells of the pineal complex
are mainly photoreceptors and modified photoreceptors with rudimentary outer seg-
ments, which explains the direct light sensitivity of these organs. Cells resembling
mammalian pinealocytes are present to varying degrees. In the avian pineal gland,
modified photoreceptors predominate. Avian and teleost pineal glands have a built-in
circadian oscillator so that MEL continues to be formed in a circadian manner in vitro.

The kinship of mammalian pinealocytes to photoreceptors is highlighted by the
observation that in some of them, photoreceptor proteins are demonstrable, e.g.,
rhodopsin (Korf et al. 1985a; Huang et al. 1992), S-antigen (Korf et al. 1985b, 19864, b,
1990), recoverin (Korf et al. 1992; Schomerus et al. 1994), and peripherin (Lerchl et al.
1998a). The calcium-binding prolein calretinin has also been demonstrated immuno-
cytochemically in pinealocytes of different mammalian species including human
(Novier et al. 1996).

The question of a possible functional heterogeneity of mammalian pinealocytes
has not been definitively answered. In particular, it is not known whether all of the
pinealocytes are engaged in MEL synthesis. Inmunocytochemistry suggests that this
may not be the case (Freund et al. 1977).
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2.2.1.1 Innervation (Korf and Moller 1984; Korf 1996)

The pineal gland receives nervous input from several sources, but, except for sympa-
thetic innervation which is responsible for the circadian synthesis of melatonin, the
functional significance of the nervous connections is obscure.

Sympathetic Innervation. The mammalian pineal gland is densely innervated by post-
ganglionic noradrenergic sympathetic nerve fibers coming from the superior cervical
ganglia of the sympathetic trunk. The sympathetic fibers destined for the pineal gland
follow the internal carotid nerve, giving off the pineal nerve. The nerve fibers termi-
nate mainly in the perivascular spaces of the gland and usually do not form direct
synapses on pinealocytes. These fibers are of utmost importance because they convey
circadian and photic information to the pineal gland and regulate MEL synthesis. The
circadian information comes from the circadian oscillator of the body, the SCN which
is linked to the retina via the retino-hypothalamic tract (Reuss 1996). From the SCN, a
multisynaptic neuronal pathway extends via the hypothalamic paraventricular nuclei,
lower brain stem, spinal cord, intermediolateral columns of the spinal gray matter,
and preganglionic cholinergic sympathetic neurones to the superior cervical ganglia
mentioned above. Some photic information reaches the gland via central, nonsym-
pathetic fibers (see below). The reason for the circadian synthesis of MEL is that during
the day, the sympathetic nerve fibers release much less noradrenaline (3 fmol) than
during the night (12.5 fmol; rat) (Drijfhout et al. 1996c). Recently, the interesting
observation has been made that in genetically mutant anophthalmic rats lacking a
complete visual system, the MEL rhythm was entrained to light/darkness and could be
suppressed by exposure to continuous light, indicating that extravisual light percep-
tion exists in these animals (Jagota et al. 1999). Also in mice lacking rod and cones, light
has been shown to inhibit MEL synthesis (Lucas et al. 1999).

Parasympathetic Innervation. Hard data on parasympathetic cholinergic innervation
of the mammalian pineal gland are scarce (Wessler et al. 1997; Korf et al. 1998). Recent-
ly, it has been shown that cholinergic mechanisms regulate Ca influx into pinealocytes
(Schomerus et al. 1995; Korf et al. 1996), cause depolarization, activate L-type Ca**
channels (Letz et al. 1997), and increase the firing rates of spontaneously active pineal
cells (Letz et al. 1997; Schenda and Vollrath 1998b). Moreover, acetylcholine (ACh) pre-
vents MEL synthesis by inhibiting noradrenaline release from intrapineal sympathetic
nerve fibers (Drijthout et al. 1996a) and by triggering glutamate release from pineal
stores (Yamada et al. 1998a, b). The source of ACh may not necessarily be the para-
sympathetic innervation of the gland. In the rat, pinealocytes synthesize relatively
large amounts of ACh, the synthesis being distinctly higher at night than day (Wessler
et al. 1997).

Central Innervation. There is abundant morphological evidence for neuronal pro-
cesses entering the pineal gland directly from the epithalamus via the habenular and
posterior commissures. Recently, a paired connection from the pretectal area to the
pineal gland has been described in humans (Sparks 1998). Electrophysiological studies
involving electrical stimulation have clearly shown that interactions are demonstrable
between the epithalamus and the pineal gland, and vice versa (Reuss 1987). Particu-
larly striking are electrophysiological experiments (Thiele and Meissl 1987), showing



2 Biology of the Pineal Gland and Melatonin in Humans 9

that after sympathectomy of the pineal gland, pineal cells lying near the stalk still res-
pond to light, even of different wavelengths, and to darkness. These results illustrate
that photic information does not only reach the pineal gland via the peripheral sym-
pathetic nervous system mentioned above, but also via the epithalamus. Apparently,
the latter photic input does not suffice to induce circadian rhythmicity of MEL syn-
thesis since sympathectomy is well known to abolish the circadian rhythm in the
pineal gland (Moore et al. 1967).

Peptidergic Innervation (Korf et al. 1998). There is abundant evidence for the presence
of a variety of neuropeptides in intrapineal nerve fibers, e.g., NPY, CPON, substance P,
somatostatin, VIP, LHRH, CGRP, vasopressin, and oxytocin. Whereas most of the intra-
pineal NPY is present in postganglionic sympathetic fibers, the origin of the remainder
of the NPY fibers and of the other peptide-containing fibers is obscure. They may come
from various diencephalic and mesencephalic nuclei or from the pterygopalatine and
trigeminal ganglia (Reuss 1999).

2.2.1.2 Pinealocyte Receptors

With respect to MEL synthesis, ;- and a;-adrenoreceptors of pinealocytes are the most
important ones. While fB;-adrenoreceptor density shows a somewhat variable, low-
amplitude day/night rhythm with peaks either late in the day or at night, a,-adreno-
receptors do not appear to exhibit such a rhythm (Pangerl et al. 1990). 3,-Adreno-
receptor mRNA expression is greatly enhanced at night (Pfeffer et al. 1998).

The existence of nicotinic ACh receptors in the pineal gland has been postulated
from results obtained by immunocytochemistry (Reuss et al. 1992), radiolabelled
ligand binding (Stankov et al. 1993), calcium imaging (Schomerus et al. 1995), and
patch-clamp studies (Letz et al. 1997). Evidence for muscarinic ACh receptors is also
available (Taylor et al. 1980; Govitrapong et al. 1989). There are also receptors for VIP,
PHI, PACAP, NPY, vasopressin, and oxytocin (Korf et al. 1998).

2.2.2 Melatonin (MEL) Synthesis and the Regulation of its Day/Night Rhythm

The hormone MEL was discovered and given its name by the dermatologist Aaron
Lerner and co-workers (Lerner et al. 1958), who studied pigment disorders of the skin
and were interested in characterizing the pineal compound that leads to melanin
aggregation in dermal melanophores, described in 1917 (McCord and Allen 1917) in
frogs. Lerner and co-workers (Lerner et al. 1959) extracted MEL from 250,000 bovine
pineal glands and characterized it to be 5-methoxy-N-acetyltryptamine (Fig. 2.2).
We now have a fairly complete picture of how MEL synthesis proceeds and how it is
regulated.

Pinealocytes take up the amino acid tryptophan from the circulation and convert it
to 5-hydroxytryptophan by tryptophan hydroxylase. 5-Hydroxytryptophan is decarbo-
xylated by aromatic L-amino acid decarboxylase to 5-hydroxytryptamine (serotonin).
Serotonin is N-acetylated by arylalkylamine-N-acetyltransferase (AA-NAT) yielding
N-acetyl-5-hydroxytryptamine which is then O-methylated by hydroxyindole-O-methyl-
transferase (HIOMT) to the final product 5-methoxy-N-acetyltryptamine (melatonin).
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O Fig. 2.2. Structural formula
of melatonin (5-methoxy-N-
acetyltryptamine), a derivative

NH of the amino acid tryptophan
CHs

For experimental studies involving animals, it must be noted that certain strains of
mice are not capable of synthesizing MEL because of a gene-related defect of AA-NAT
and HIOMT or of HIOMT only (Ebihara et al. 1986, 1987; Goto et al. 1989). Although
the greatest amount of MEL produced in the body stems from the pineal gland, MEL is
also synthesized in the retina, expressing a circadian rhythm even in vitro (Tosini and
Menaker 1996; Tosini and Menaker 1998), ciliary body (Martin et al. 1992), inner ear
(Biesalski et al. 1988), and intestine (Lee and Pang 1993). Y79 human retinoblastoma
cells also synthesize MEL (Janavs et al. 1991). MEL formation is not restricted to verte-
brates. It has been demonstrated in insects (Vivien Roels et al. 1984; Wetterberg et al.
1987; Finocchiaro et al. 1988) and in plants (Dubbels et al. 1995). In the unicellular alga
Gonyaulax polyedra, MEL formation undergoes a circadian rhythm with enhanced
formation in darkness (Hardeland et al. 1996b).

Soon after the discovery of MEL, the day < night rhythm of its synthesis was detect-
ed, the regulation of which has been the subject of intense research for more than two
decades. As mentioned above, during nighttime there is an increased release of nor-
adrenaline (NA) from intrapineal postganglionic sympathetic nerve fibers (Drijfhout
et al. 1996¢), regulated by the above-mentioned circadian oscillator, the hypothalamic
SCN.NA acts upon cell membrane-bound ;- and a;-adrenoreceptors of pinealocytes,
that interact with G, proteins to stimulate adenylate cyclase activity and cAMP forma-
tion. The increased cAMP levels stimulate AA-NAT activity through transcriptional,
translational, and posttranslational events, involving cAMP-inducible protein kinase A
(PKA), immediate early genes (IEGs), and transcription factors. Currently, intense
research is underway to elucidate the function of the IEGs c-fos, jun-B, and fra-2 as
well as the transcription factors FRA-2, CREB (cyclic AMP response element binding
protein), and ICER (inducible cyclic AMP early repressor) (Stehle et al. 1993; Stehle
1995). AA-NAT mRNA increases more than 150-fold at night in rats (Roseboom et al.
1996), and the AA-NAT protein is posttranslationally regulated by proteasomal
proteolysis (Gastel et al. 1998). Moreover, the increased cAMP levels stimulate trypto-
phan hydroxylase activity (Ehret et al. 1991) and the formation of f;-adrenoreceptor
mRNA (Pfeffer et al. 1998). Following an 8-h phase advance of the light/dark cycle, it
takes 10 days for the MEL rhythm to adjust completely (Drijfhout et al. 1997).

MEL synthesis exhibits a day < night rhythm independently of whether the animals
are diurnally or nocturnally active (Reiter 1982). Three types of rhythms are distin-
guished (Reiter 1986). In the type I rhythm, the nocturnal increase occurs rather late
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and exhibits a short-term peak only (Syrian hamster, Mongolian gerbil); in type II,
MEL begins to increase slowly at the day/night transition reaching a peak near the
middle of the dark, followed by a drop, reaching daytime levels at about the time of
lights on (albino rat, ground squirrel, Turkish hamster); in the third type, there is a
rapid increase of MEL synthesis at the beginning of the dark period followed by a long
high plateau and a drop roughly at light onset (e.g., white-footed mouse, cotton rat,
Djungarian hamster, cat, sheep).

2.2.3 The influence of Light and Darkness on MEL Formation

The day < night rhythm of MEL secretion is often interpreted in the sense that dark-
ness stimulates MEL synthesis and light inhibits it. This conclusion is only partly
correct because the day < night rhythm is still present in animals that are blind or that
are kept under constant darkness. Under these conditions the rhythm becomes free-
running with a period slightly longer than 24 h since the synchronizing effect of the
ambient lighting regime is lacking and since the pineal gland is driven by the endo-
genous circadian rhythm of the SCN. In common laboratory animals it is not possible
to stimulate MEL synthesis during daytime by exposure to darkness. In contrast, there
is ample evidence that short pulses of light given at night acutely suppress MEL
formation (Klein and Weller 1972a; Kanematsu et al. 1994; Drijfhout et al. 1996b).
Light pulses as short as 1 ms are effective (Vollrath et al. 1989). The irradiance requir-
ed to suppress MEL synthesis varies considerably between species. In albino rats,
0.0005 pW/cm? is sufficient (Webb et al. 1985), but in Richardson’s ground squirrel a
light irradiance of 1850 mW/cm? is required (Reiter et al. 1983). The suppressive effect
of light depends also on the wavelength. In hamsters, blue light is most effective
(Brainard et al. 1984; Reiter 1985). In rats, white light is most effective followed by
green, blue, and red light (Zawilska et al. 1995). Red light cannot be regarded as “safe”
light when studying nocturnal MEL production in albino rats because high intensities
have been shown to have a suppressive effect (Sun et al. 1993). Red light given
at 0400 hours is more effective in suppressing MEL synthesis than when given at
2400 hours (Honma et al. 1992b). In some species also UV light depresses MEL syn-
thesis (Brainard et al. 1986; Benshoff et al. 1987; Zawilska et al. 1998) and entrains the
SCN (Amir and Robinson 1995). Whether or not MEL synthesis recovers after a light
pulse depends on the time point light is given: the earlier the animals cease to be expos-
ed to light, the greater the chance for MEL synthesis to recover that night (Illnerova
and Vanecek 1979).

The depressive effect of light given at night is brought about by an abrupt decrease
of NA release from the intrapineal nerve fibers (Drijfhout et al. 1996b) followed by a
decrease of pineal cAMP levels and AA-NAT activity (Klein and Weller 1972b; Klein
et al. 1978), the AA-NAT protein undergoing reversible proteasomal proteolysis (Gastel
et al. 1998). In the morning decline of MEL synthesis, ICER appears lo be involved
(Stehle et al. 1993; Takahashi 1994).
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2.2.4 The Function of MEL in Non-Human Mammals

The role of MEL is threefold. First, it provides feedback to the circadian clock, the SCN,
and helps to adjust the clock (Cassone et al. 1986, 1987; Mason and Brooks 1988; Stehle
et al. 1989; McArthur et al. 1991; Reuss 1996). Second, during pregnancy and in the
newborn, it sets the circadian phase of the descendants (Deguchi 1975, 1978; Takahashi
and Deguchi 1983; Weaver and Reppert 1986; Yellon and Longo 1987, 1988; Zemdegs et
al. 1988; Horton et al. 1989; McMillen et al. 1995; Shaw and Goldman 1995). Third, in
photoperiodic mammals, MEL adjusts the physiology of the body to the seasonal
requirements. According to Reiter (1982), the pineal gland ensures that the young are
born at a season when they can best survive. This goal is achieved because the pineal
gland measures day/night length and adjusts MEL secretion accordingly. When the
nights become longer in the autumn/winter, the enhanced nocturnal MEL secretion is
prolonged. This MEL message is interpreted differently by different photoperiodic
species. In Syrian hamsters, the gonads and the accessory organs become atrophic. In
this species, MEL is clearly antigonadotropic and at least 12.5 h of light per day are
necessary to keep the gonads in a functioning state. In contrast, the nocturnal
prolongation of MEL synthesis in sheep is the signal to begin with reproduction, MEL
here being progonadotropic (Arendt et al. 1983). Timed infusion of MEL to intact or
pinealectomized animals has unequivocally shown that it is the duration of the elevat-
ed nocturnal MEL secretion that mediates the seasonal changes and not the amplitude
(Bartness et al. 1993).

2.2.5 Influence of Magnetic and Electromagnetic Fields on the Pineal Gland

As a lack of MEL has been accused of influencing the development of cancer and as
magnetic (MFs) and electromagnetic fields (EMFs) have been reported to depress
MEL levels, this aspect is briefly mentioned.

That the pineal gland is susceptible to changes in the ambient static MF was first
shown in our laboratory by electrophysiological in vivo studies. In guinea-pigs expos-
ed to artificially generated earth-strength magnetic fields (0.5 Oe) for 17 min, single-
unit recordings revealed that after a lag phase of 2 min a proportion of pinealocytes
responded with more than 30% decrease in the firing rate, which persisted as long as
the recordings of individual cells could be maintained (Semm et al. 1980). Later, we
showed that magnetically sensitive cells are also present in the rat pineal gland (Reuss
et al. 1983), and that in rats and other laboratory rodents, excluding Syrian hamsters,
nocturnal MEL formation is abruptly inhibited by the MF (Welker et al. 1983; Olcese et
al. 1985; Olcese and Reuss 1986). In the rat, MEL formation is depressed even when the
horizontal component of the artificial MF is changed as little as 5° (Welker et al. 1983).
The depressive effect of MF stimuli on the pineal gland has been confirmed by several
other groups (Cremer Bartels et al. 1983, 1984; Rudolph et al. 1988; Lerchl et al. 1990,
1991; Richardson et al. 1993; Schneider et al. 1994). Zero-compensation of the earth’s
MF did not affect pineal MEL secretion (Khoory 1987).

In mammals, there is compelling evidence that MFs affect the pineal gland via the
retina. In intact rats, the MF stimulus decreased retinal dopamine and NA levels, but
did not affect retinal MEL (Olcese et al. 1988). In cone-dominated pigmented ground
squirrels, retinal dopamine levels decreased following the MF stimulus, whereas an
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increase was observed in the rod-dominated golden hamster (Olcese and Hurlbut 1989)
in which the MF stimulus was without effect on pineal MEL secretion (Olcese and Reuss
1986). In acutely blinded rats, MFs had no effect on pineal MEL secretion (Olcese et al.
1985), and in rats with degenerate retinas due to constant light exposure, MFs did not
affect retinal catecholamine levels in contrast to intact animals (Olcese et al. 1988). More-
over, MF effects were more readily demonstrable when the experiments were carried out
under dim red light in contrast to complete darkness (Reuss and Olcese 1986). In
Mongolian gerbils, retinal pigmentation may play a role as MF effects were demonstrable
in albinotic but not pigmented strains (Stehle et al. 1988). An involvement of the retina
is also suggested by the fact that in quail, MF exposure was followed by a decrease in
retinal HIOMT and that in humans visual acuity decreased at nighttime (Cremer Bartels
et al. 1983). There are also hints that MF may affect the mammalian pineal gland and
pinealocytes in vitro (Lerchl et al. 1991b; Richardson et al. 1992; Rosen et al. 1998).

In contrast to the earth-strength MFs just mentioned, strong static MFs as used in
nuclear magnetic resonance imaging (NMRI) are without effect on pineal MEL secre-
tion (Reuss et al. 1985), but they seem to reduce the stimulatory B-adrenergic effect on
the pineal gland (LaPorte et al. 1990).

Considerable effort has been devoted to studying the effects of exposure to
50 Hz/60 Hz pulsed MFs, EFMs, and to pulsed direct current MFs. Most often a decrease
of MEL secretion or serum MEL levels has been reported (Wilson et al. 1981, 1986;
Kato et al. 1993, 1994; Grota et al. 1994; Yellon 1994; Selmaoui and Touitou 1995; Rogers
et al. 1995b; Mevissen et al. 1996). In a considerable number of studies, no effects could
be demonstrated (Lee et al. 1993; Bakos et al. 1995; Rogers et al. 1995a; Truong and
Yellon 1997; John et al. 1998). Inconsistent results were also reported (Loscher et al.
1998; Reiter et al. 1998), but when an effect was seen it was invariably a decrease of MEL
levels. An increase of MEL levels was found in rats during daytime (Jentsch et al. 1993)
and in the brook trout at night (Lerchl et al. 1998b). In one study, an increase of intra-
pineal NA levels has been described (Zecca et al. 1998). To what extent the above in-
consistencies are due to the methodology used (e.g., short-term versus long-term
exposure; species differences; type of magnetic field: intensity, continuous versus
intermittent, square-wave versus sinusoidal; time of day, season, etc.) is not known.

High-frequency EMFs (e.g., 900 MHz, as used in mobile phones) are apparently
without effect on MEL synthesis (Vollrath et al. 1997). Relevant studies in humans will
be mentioned below.

2.3 The Human Pineal Gland and MEL
2.3.1 General Aspects

For obvious reasons, the human pineal gland has not been as extensively studied
as that in experimental animals. Yet, sufficient evidence has accumulated to conclude
that in humans, MEL synthesis and its regulation are basically similar to that in other
mammals. That the human pineal gland is an important source of MEL is indicated by
the fact that the hormone is clearly demonstrable in postmortem pineal glands
(Arendt et al. 1977; Kopp et al. 1980; Beck et al. 1982), there is a close parallelism be-
tween pineal and serum MEL levels (Arendt et al. 1977), and that after pinealectomy
serum MEL levels are extremely low (Neuwelt and Lewy 1983; Murata et al. 1998).
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Also, the two most important enzymes of MEL synthesis, AA-NAT and HIOMT, have
been demonstrated in the pineal gland (Smith et al. 1977, 1981; Bernard et al. 1995)
together with HIOMT mRNA (Donohue et al. 1993; Rodriguez et al. 1994). The AA-NAT
gene has been mapped to chromosome 17925 (Coon et al. 1996).

Innervation and Receptors. Also in humans, pineal MEL synthesis is regulated by pre-
ganglionic and postganglionic sympathetic neurones coming from the intermedio-
lateral column of the spinal cord and the superior cervical ganglia of the sympathetic
trunk, respectively. As the ganglia receive their input from spinal cord segments
C8-T3, patients with cervical spinal lesions down to that level or with sympathectomy
have low MEL levels without a diurnal rhythm, whereas in patients with spinal injuries
in the thoracic or lumbar regions (T2-L12), MEL levels are usually normal with a clear
day/night rhythm (Kneisley et al. 1978; Li et al. 1989; Bruce et al. 1991).

As MEL synthesis is regulated by NA released from intrapineal postganglionic sym-
pathetic nerve fibers, it is relevant that ;- and B,-adrenergic receptors have been
demonstrated in human postmortem pineal glands (Little et al. 1996). Hence, MEL
synthesis can be inhibited by administration of f-adrenergic receptor antagonists such
as atenolol (Cowen et al. 1983; Arendt et al. 1985b; Rosenthal et al. 1988; Cagnacci et al.
1992, 1994; Deacon et al. 1998) and propranolol (Wetterberg 1978; Lewy et al. 1985;
Rommel and Demisch 1994; Mayeda et al. 1998).

It is not clear which role a-adrenoceptors play with respect to MEL synthesis/release.
Clonidine, an a,-adrenoceptor agonist, reduced plasma MEL levels, perhaps by acting
on inhibitory presynaptic a,-adrenoceptors (Lewy et al. 1985, 1986). In another study,
clonidine and the a,-antagonist yohimbine were without effect on nocturnal MEL
levels, although an increased excretion of 6-sulfatoxymelatonin was noted between
1800 and 2200 hours under yohimbine (Kennedy et al. 1995).

As the MEL-regulating NA is catabolized by monoamine oxidase (MAO)(Goridis
and Neff 1972), MEL levels can be increased by administering nonselective MAO
inhibitors, e.g., tranylcypromine (Oxenkrug et al. 1986; Oxenkrug et al. 1988) or
MAO-A inhibitors such as clorgyline (Murphy et al. 1986) or brofaromine (Bieck et al.
1988). The MAO-B inhibitors deprenyl (Murphy et al. 1986) and pargyline (Bieck et al.
1988) are without effect.

MEL secretion in humans is likely to be affected by many different substances given
the fact that binding sites/receptors in the pineal gland have been described for benzo-
diazepines (Suranyi Cadotte et al. 1987) as well as for luteinizing hormone (LH),
follicle-stimulating hormone (FSH), estrogen,and androgens (Luboshitzky et al. 1997).
Thus, the benzodiazepine alprazolam (McIntyre et al. 1988, 1993) and the prostaglan-
din antagonists ibuprofen and indomethacin (Surrall et al. 1987) decreased nocturnal
plasma MEL levels, whereas chlorpromazine led to an increase (Smith et al. 1979). In
women, sex steroids do not affect MEL secretion (Delfs et al. 1994).

2.3.2 Release and Fate of MEL

There is general consensus that MEL synthesized in the pineal gland is not stored in
secretory granules, but is readily released into the bloodstream. In view of the close
topographical relationship of the pineal gland to cerebrospinal fluid (CSF)-containing
compartments, it has been studied whether MEL is released into the CSE Evidence
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against this route include the following facts: (a) MEL levels are lower in CSF than
in serum (Arendt et al. 1977; Vaughan et al. 1978; Tan and Khoo 1981), (b) there is no
gradient of MEL levels between CSF from cranial and lumbar sources (Brown et al.
1979), and (c) MEL levels in CSF and plasma change correspondingly after oral ad-
ministration of MEL (Young et al. 1984). A recent study has challenged the view that
MEL is mainly released into the bloodstream, because it was found that MEL levels
were lower in serum than CSF (Rousseau et al. 1999).

The question whether MEL release is pulsatile has not been definitively answered.
Episodic MEL secretion (Weitzman et al. 1978; Weinberg et al. 1979; Fevre-Montange
et al. 1981; Follenius et al. 1995) with 8-12-min peaks (Vaughan et al. 1979a,b) or
four peaks and troughs during nighttime (Claustrat et al. 1986) could not be verified
(Bojkowski et al. 1987b; Trinchard Lugan and Waldhauser 1989) using sampling
frequencies of 0.5 or 3, 8, and 10 min, respectively. Most recently, more evidence for
pulsatile MEL release has been obtained (Geoffriau et al. 1999).

Between 50 and 75% of the MEL released into the bloodstream binds reversibly to
plasma proteins (Cardinali et al. 1972; Morin et al. 1997; Di et al. 1998; Kennaway and
Voultsios 1998), especially to a;-acid glycoprotein and less so to albumin (Morin et al.
1997). Hence, when measuring MEL, the bound and free hormone have to be consider-
ed separately. MEL measured in saliva, which is approximately 70% lower than in
plasma, apparently reflects the unbound form (Nowak et al. 1987; Kennaway and
Voultsios 1998).

Circa 70-80% of the circulating MEL is metabolized in the liver, first to 6-hydroxy-
melatonin and then to 6-hydroxymelatonin sulfate (6-sulfatoxymelatonin) (Jones et al.
1969; Young et al. 1985) followed by excretion through the urine, the remainder being
excreted unmetabolized (Kopin et al. 1961). Glucuronide conjugation of 6-hydroxy-
melatonin plays a minor role.

The half-life of MEL in serum has been calculated to be less than 30 min (Weitzman et
al. 1978; Brown et al. 1997), 43.6 min (Iguchi et al. 1982), and 57 + 34 min (Claustrat et al.
1986), respectively. For further details on MEL pharmacokinetics see Mallo et al. (1990).

2.3.3 Interindividual Variation of MEL Secretion

There is relatively strong interindividual variation of MEL secretion (Arendt et al.
1979). Within individuals the rhythm is rather constant (Bojkowski et al. 1987b). For
interindividual differences, coefficients of variation of 25% have been calculated,
whereas 8% was calculated for intraindividual differences (Lerchl and Partsch 1994).
Low and high MEL secretors can be distinguished. Circa 5% of the general population
are thought to not synthesize appreciable amounts of MEL (Langer et al. 1997). In low
MEL secretors, the peak serum levels at night lay between 18 and 40 pg/ml, whereas in
high MEL secretors they were between 54 and 75 pg/ml and occasionally even higher
(Arendt et al. 1979; Laakso et al. 1990). With respect to nocturnal MEL excretion, the
mean cut-off point between low and high secretors was calculated to be 0.25 nmol/l
(Bergiannaki et al. 1995).
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2.3.4 Day/Night Rhythm of MEL Formation in Humans

Like in animal species, there is a pronounced day < night rhythm of serum MEL levels
in humans, the day/night increase being up to 30-fold.

The rhythm was apparently first described by Pelham and colleagues (Pelham et al.
1973) and amply confirmed using different techniques, including bioassay (Lynch et al.
1975a, b; Vaughan et al. 1976), radioimmunoassay (RIA) (Arendt et al. 1975,1977,1978;
Lynch et al. 1978b; Weitzman et al. 1978; Fevre-Montange et al. 1983a, b; Touitou
et al. 1984; Bartsch et al. 1985, 1992b; Sieghart et al. 1987; Di et al. 1998), gas chromato-
graphy mass spectrometry (Wilson et al. 1977, 1978), the highly specific gas chromato-
graphy negative chemical ionization mass spectrometry (Lewy and Markey 1978),
as well as high-performance liquid chromatography (Vieira et al. 1992; Peniston
Bird et al. 1993). The day < night rhythm has also been demonstrated in postmortem
pineal glands (Stanley and Brown 1988; Schmid et al. 1994; Hofman et al. 1995),
saliva (Miles et al. 1985a, b, 1987; McIntyre et al. 1987; Nowak et al. 1987; Nowak 1988;
Laakso et al. 1990, 1994; Nickelsen et al. 1991; Demel 1992; Kennaway and Voultsios
1998), milk (Illnerova et al. 1993b), amniotic fluid (Kiveld et al. 1989), and urine, here
mostly in the form of the metabolic product of MEL, 6-sulfatoxymelatonin (Bartsch
et al. 1992b).

The shape of the thythm is roughly sinusoidal (Fig. 2.3). In the normal population,
daytime MEL secretion is invariably very low. With the most sensitive assay methods,
plasma/serum MEL levels have been found to lie in the region of 1.5 pg/ml (Lewy and
Markey 1978). The nocturnal increase is slow. Statistically significant day/night diffe-
rences occur between 2100 hours (Arendt et al. 1977; Arendt et al. 1982; Brzezinski
et al. 1988) and 2300 hours (Oxenkrug et al. 1988), the time point of increase being
season dependent (see below). With the magnitude of the RIA error taken into con-
sideration, nocturnal MEL secretion onset was calculated to occur at 2206 hours
(1940 - 0029 hours) (Brown et al. 1997). This wide range is understandable as the phase
of the rhythm depends on the season (see below) and whether the subjects studied are
morning- or evening-type people, the latter showing a phase delay compared to the
former (Duffy et al. 1999). Nocturnal MEL secretion usually peaks around 0200 hours
(Arendt et al. 1977, 1982; Smith et al. 1977; Wetterberg 1978; Bojkowski et al. 1987b;
Brzezinski et al. 1987; Webley and Lenton 1987; Oxenkrug et al. 1988; Schober et al.
1989), but peaks appearing between 0200 and 0500 hours have also been described

Fig. 2.3. Salivary melatonin levels of a single male adult, measured at 1-h intervals during a single
normal-routine day by means of radioimmunoassay. The curve obtained is roughly sinusoidal,
with low levels during daytime, a slow increase beginning at 2300 hours and a distinct peak from
0300 to 0400 hours. Note that the two small peaks during daytime are unusual
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(Touitou et al. 1981, 1984; Arendt et al. 1982). The nocturnal maximum lies around
42 pg/ml (Lewy and Markey 1978), but, as pointed out above, in high MEL secretors it
may exceed 75 pg/ml. MEL secretion decreases in the morning, reaching daytime levels
around 0900 (Arendt et al. 1982) or 1100 hours (Brzezinski et al. 1988). More recently,
offset times of 0621 hours (median range 0246-0817 hours) have been calculated
(Brown et al. 1997). The total amount of MEL synthesized during a 24-h period has
been calculated to be 30 pg (Fellenberg et al. 1980), 80% of which is formed during
nighttime (Fellenberg et al. 1982).

Methods of Analyzing the Day/Night Rhythm of MEL Synthesis. A frequently applied
technique to characterize the rhythm is the cosinor method (Nelson et al. 1979; Lerchl
and Partsch 1994), giving details such as acrophase (calculated peak time), mesor
(calculated 24-h mean concentration), and amplitude. To determine the exact circadian
phase position, MEL secretion onset in the evening is determined in subjects exposed
to dim light (Lewy and Sack 1989). Brown and co-workers (Brown et al. 1997)
have applied the recently developed Bayesian statistical procedures to incorporate
the magnitude of the immunoassay error into the analysis of rhythm parameters.
Deconvolution analysis has also been used (Geoffriau et al. 1999).

2.3.4.1 The Day/Night Rhythm of MEL Secretion Is Basically a Circadian Rhythm

That the day/night rhythm of MEL secretion is basically endogenous and circadian in
nature, i.e., with a period slightly longer than 24 h, has been demonstrated in a large
proportion of blind people without conscious light perception (Lewy and Newsome
1983; Lewy et al. 1985; Sack et al. 1991, 1992; Nakagawa et al. 1992; Sack and Lewy 1993,
1997; Lockley et al. 1997; Klerman et al. 1998; Skene et al. 1999), in people living in the
Antarctic in winter (Broadway and Arendt 1986; Broadway et al. 1987; Kennaway and
Van Dorp 1991), and in people exposed to constant dim light (Middleton et al. 1997).
Interestingly, free-running MEL rhythms have been described in sighted people
(Hoban et al. 1989; Hashimoto et al. 1997a). Period length of the free-running MEL
rhythm was calculated to lie between 24.2 and 24.79 h (Lewy and Newsome 1983;
Lockley et al. 1997; Middleton et al. 1997; Sack and Lewy 1997; Hashimoto et al. 1997 a).
In one case, a period of 25.1 h has been reported (Hoban et al. 1989). Complete inver-
sion of the MEL rhythm takes about 5-7 (Lynch et al. 1978a; Nowak 1988) or even
11 days (Fevre-Montange et al. 1981).

Under normal conditions, the circadian rhythm is entrained by environmental light
and darkness. In people living in the Antarctic, the MEL rhythm is entrained to clock
time as long as the sun shines,becomes free-running in winter and re-entrains to day-
light in spring (Kennaway and Van Dorp 1991).

2.3.4.2 Ontogenesis of the Circadian Rhythm

MEL synthesis is demonstrable as early as in neonates. Yet there is no day/night rhythm
(Kennaway et al. 1992; Munoz Hoyos et al. 1993), as the circadian rhythm-generat-
ing system is not mature at birth, but matures progressively (Rivkees 1997). The
day < night difference present in blood taken from the umbilical vessels (Munoz
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Hoyos et al. 1992) is of maternal and not infant origin (Munoz Hoyos et al. 1993). It
takes a relatively long time for the day/night rhythm of MEL secretion to develop. As
revealed by studying the development of 6-sulfatoxymelatonin excretion in urine
(Kennaway et al. 1992), a day/night rhythm becomes apparent between 9 and 12 weeks
of age in full-term infants and 2 -3 weeks later in preterm infants. At 24 weeks of age,
total 6-sulfatoxymelatonin excretion was 25 % that of adult levels. The low mean night-
time serum MEL concentrations increased to a peak value at 1-3 years of age, being
considerably lower in individuals aged 15-20 years, when correlated with body weight
(Waldhauser et al. 1988).

2.3.5 Influence of Light and Dark on MEL Secretion

In the early days of MEL research in humans, there was no evidence that acute
exposure to light or darkness had any effect on MEL secretion. The day/night rhythm
was found to continue normally in blindfolded people (Vaughan et al. 1979¢) and
nocturnal MEL secretion could not be inhibited by light (Jimerson et al. 1977; Wetter-
berg 1978; Vaughan et al. 1979b). However, there is now ample evidence that acute light
exposure at night affects the pineal gland. There are two effects: it acutely suppresses
MEL synthesis and may shift the circadian oscillator leading to a phase shift of the
MEL rhythm.

2.3.5.1 Suppression of MEL Synthesis by Light

That light suppresses MEL synthesis in humans was first unequivocally shown by Lewy
and colleagues (Lewy et al. 1980). In subjects exposed to 2500Ix from 0200 to
0400 hours, plasma MEL concentrations dropped after 10 to 20 min from 50 pg/ml to
below 20 pg/ml and increased again to nocturnal levels at 0430 hours; 1500 Ix was less
suppressive and 500 Ix had no effect. Later it was shown that even 200-500 Ix suffices
to suppress MEL levels (Bojkowski et al. 1987a; Strassman et al. 1987; Brainard et al.
1997), 100 Ix being without effect (Strassman et al. 1987), and that there is a clear
dose-response relationship of light and MEL suppression (Brainard et al. 1988;
Mclntyre et al. 1989b, c; Dollins et al. 1993 b; Mayeda et al. 1998). The minimum intensi-
ties/duration of light to demonstrate the inhibitory effects on MEL in saliva were
285 1x/120 min, 339 1x/90 min, 366 1x/60 min, and 393 1x/30 min (Aoki et al. 1998). The
wider the pupils, the more effective the light stimulus (Gaddy et al. 1993). In view of the
slow time-dependent increase of MEL secretion at night, it is not surprising that light
given early at night may yield different results than when given later (McIntyre et al.
1989a; Petterborg et al. 1991). Like in several animal species, white light and green light
are most effective in suppressing MEL secretion (Horne et al. 1991; Morita et al. 1997).
In color-vision-deficient humans, the depressive effect of light on MEL synthesis is
not altered compared to normal controls (Ruberg et al. 1996). The depressive effect of
bright light on MEL levels is accentuated by caffeine (Wright et al. 1997) and can be
blunted by psoralen (Souetre et al. 1987, 1988). In women, light has been reported to
suppress MEL secretion more strongly (by 40 %) than in men (Monteleone etal. 1995).
In unipolar depressed patients, light did not affect MEL secretion differently than in
normal controls (Cummings et al. 1989).
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2.3.5.2 Light Phase Shifts the MEL Rhythm

In addition to suppressing MEL secretion, light exposure may also phase shift the MEL
rhythm. Depending on the time of day light is given it may lead to a phase advance or
a phase delay. Phase advances were achieved by exposing subjects to bright light for 3h
in the morning on 3 -6 consecutive days (Lemmer et al. 1994; Dijk and Cajochen 1997),
but even 1-day exposure suffices (Buresova et al. 1991; Samkova et al. 1997), showing
that the circadian pacemaker can be rapidly affected by light. Even room light (180 Ix)
is effective (Boivin and Czeisler 1998). The phase advance is apparently more pro-
nounced in the morning (1.2-2.6 h) than in the evening (0.6~2.2 h) (Buresova et al.
1991), but it may also be that only the time point of the evening MEL rise is phase
advanced (Vondrasova Jelinkova et al. 1999). Phase advances have also been observed
when light is given for 3 h both in the morning and in the evening. In winter, a phase
advance to summer conditions was achieved within 3 days, the nocturnal MEL signal
being 3 h shorter than in the winter condition (Buresova et al. 1992). The phase shift
persisted for 3 days after withdrawal of bright light (Illnerova et al. 1993 a). Also in the
Antarctic, 1 h of bright light both in the morning and in the evening phase advanced
the MEL rhythm (Broadway et al. 1987).

It is not quite clear yet whether light exposure alone is effective or whether addi-
tional factors are involved. The latter assumption is supported by the fact that a phase
advance of 1 h occurred when subjects, instead of being awakened at 0600 hours and
exposed to bright light from 0600-0900 hours, received dim light during this time
span and were awake (Samkova et al. 1997). A role of the quality of light and/or season
is suggested by the fact that in summer, 16 h of natural sunlight phase advances the
MEL rhythm and shortens the nocturnal MEL signal by 2 h compared to subjects
exposed in winter to the same time span of artificial + natural daylight (Vondrasova et
al. 1997).1n the case of a free-running MEL rhythm in a young man, a forced fixed sleep
schedule did not act as a zeitgeber for the MEL rhythm (Hashimoto et al. 1997a).

The question on whether acute exposure to darkness influences the MEL rhythm
has been little examined. In one study, exposure to darkness and sleep in the afternoon
rapidly phase advanced MEL onset by 2 h and the offset by 1 h (Van Cauter et al. 1998),
leaving the question on whether darkness alone is effective unanswered.

Whether phase delays can be achieved by giving light early at night has been little
studied and the results obtained are controversial, perhaps because of the different
exposure times used. Thus, in one study, exposure to 500 1x from 2300 to 2400 hours
phase delayed the MEL rhythm (Laakso et al. 1993), whereas 2500 Ix given from 1800
to 2100 hours had no effect (Lemmer et al. 1994).

2.3.6 Seasonal Differences in MEL Secretion

As light has profound effects on MEL secretion (see above) and as the durations of light
and darkness vary considerably in the temperate zones between seasons, seasonal
differences in MEL secretion can be expected to exist. However, as due to understand-
able reasons, long-term studies in individuals and populations are difficult to perform,
the data are relatively scarce. Moreover, the data obtained cannot be easily compared
as often different aspects have been examined. The general impression gained is that
seasonal differences do exist, despite the fact that in some studies (Griffiths et al. 1986),
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or in certain parts of a study (Bojkowski and Arendt 1988), no such differences could
be detected.

In several studies, phase shifts of the MEL rhythm have been described. Thus, the
nocturnal increase (Matthews et al. 1991) as well as the nocturnal peaks occur about
1.5 h earlier in summer than in winter (Illnerova et al. 1985; Bojkowski and Arendt
1988; Honma et al. 1992a). In contrast, remarkably stable nocturnal acrophases have
also been noted, occurring around 0300 hours throughout the seasons (Touitou et al.
1984). There is also evidence for a bimodal annual rhythm of plasma MEL levels with
peaks in January and July and nadirs in May and October (Arendt et al. 1977, 1979).

Whereas some studies point in the direction that plasma MEL levels are higher in
winter than in summer (Kauppila et al. 1987; Kiveld et al. 1988), the reverse has been
found in young men (Touitou et al. 1984).

Whether the duration of enhanced nocturnal MEL synthesis is season-dependent is
not entirely clear. While in some studies no differences were noted (Illnerova et al.
1985; Matthews et al. 1991), more recently it was found that the duration was 2-3 h
longer in winter than in summer conditions (Wehr 1991; Buresova et al. 1992; Vondra-
sova et al. 1997).

Total 24-h 6-sulfatoxymelatonin excretion did not reveal seasonal differences, but the
amount excreted between 1200- 1800 hours showed a statistically significant seasonal
rhythm, with peaks in December/January and in July (Bojkowski and Arendt 1988).

Data on pinealocyte receptors in relation to season also exist (Luboshitzky et al. 1997).

2.3.7 MEL Secretion in Old Age and Pineal Calcification

There is clear evidence that MEL secretion decreases with age (Brown et al. 1979;
Touitou et al. 1981, 1984; Sack et al. 1986; Bojkowski and Arendt 1990). On average, the
24-h mean plasma levels of MEL in the elderly are half of those in the young. This is
not to say that old people have invariably low MEL levels. In 70 -90-year-old people,
33% had normal daytime MEL levels, 53% exhibited decreased levels (0.17 nmol/l),
and the remainder were found to have increased levels (0.43 nmol/l or higher) (Touitou
et al. 1985). Interestingly, daytime MEL levels exhibited a sex difference, being higher
in elderly women than in elderly men. Usually, the circadian rhythm of MEL secretion
persists in old age (Touitou et al. 1981, 1984). A lack of circadian rhythmicity
was demonstrated in 1 of 13 elderly subjects (Ohashi et al. 1997). Whether the morning
decline of MEL levels is generally faster in the elderly (Ohashi et al. 1997) remains to
be established.

An important question is whether or not the decrease of MEL secretion in old age
is related to the common presence in the pineal gland of mulberry-shaped calcareous
concretions also termed acervulus, corpora arenacea, or brain sand (Ganapathy and
Kalyanaraman 1978; Vollrath 1981; Krstic 1986). The concretions consist mainly of
calcium and phosphorus in the form of hydroxyapatite, like in bone, and variable
amounts of Mg and trace elements as well as organic substances (Krstic 1976; Michotte
et al. 1977; Galliani et al. 1989, 1990; Galliani and Mongiorgi 1991; Bocchi and
Valdre 1993; Kodaka et al. 1994; Schmid et al. 1994; Nakamura et al. 1995; Schmid and
Raykhtsaum 1995). Individual concretions may measure up to 3000 pm in diameter
(Allen et al. 1981). The center of calcification is usually within 2 mm of the midline of
the gland, occasionally 2.6 mm from the midline (Pilling and Hawkins 1977).In a rare



2 Biology of the Pineal Gland and Melatonin in Humans 21

case an asymmetrical calcification of the pineal gland was present, giving the false
impression of a shift of the gland from the mid-sagittal plane of the brain (Ketonen et
al. 1980).

Concretions increase in number and size with age (Vollrath 1981). When averaged
over all age groups, in the Western world, ca. 50% of the pineal glands are calcified.
Pineal calcification is apparently much less frequent in India where concretions were
present in 16.7% of the patients examined (Kohli et al. 1992). In the Western world,
pineal concretion occur very early in life. Already in the first year of life, about 3%
of the children studied roentgenologically and by means of computed tomography
revealed concretions, increasing up to 7.1% in 10-year-old children (Helmke and
Winkler 1986; Winkler and Helmke 1987). There are apparently no sex differences
in their incidence. This may be different in India (Kohli et al. 1992). Although pineal
concretions greatly increase in frequency and size with age, they may be absent even
in people over 80 years of age (Hasegawa et al. 1987; Galliani et al. 1989).

The functional significance of the concretions is obscure. Experimental studies in
Mongolian gerbils have suggested that their occurrence is related to the secretory
activity of the gland because they are much rarer in animals in which MEL synthesis is
depressed due to pineal sympathetic denervation (Reiter et al. 1976; Welsh et al. 1979;
Champney et al. 1985) or to chronic administration of the f-adrenoceptor blocker
propranolol (Vaughan et al. 1986b). Also in humans, the formation of concretions has
been related to the secretory activity of the pineal gland (Galliani et al. 1990) or to
an alteration in calcium homeostasis in the pinealocytes (Schmid et al. 1994). Which
consequences does pineal calcification have in humans? As judged from 6-sufatoxy-
melatonin excretion, it does not appear to affect MEL secretion (Bojkowski and Arendt
1990). It has been shown to impair the sense of direction, perhaps by altering the
intracranial electromagnetic environment (Bayliss et al. 1985) and to lead to daytime
tiredness and sleep disturbance (Kunz et al. 1998).

2.3.8 Various Factors Influencing MEL Secretion

A large number of studies have been performed to examine which factors affect MEL
secretion, both in health and disease. In normal healthy subjects, usually no sex differ-
ences in MEL secretion are demonstrable (Arendt et al. 1979; Beck Friis et al. 1984; Sack
et al. 1986; Bojkowski and Arendt 1990), but in the elderly, MEL levels were higher in
women than men (Touitou et al. 1985). In different phases of the menstrual cycle,
usually no differences in MEL secretion are seen (Fellenberg et al. 1982; Brzezinski et
al. 1988; Kiveli et al. 1988; Berga and Yen 1990). In one study it was higher in the luteal
than in the follicular phase (Brun et al. 1987), whereas in another study morning serum
MEL levels decreased significantly during the luteal phase (Fernandez et al. 1990).
During parturition MEL levels do not change (Kiveld et al. 1989). After 2 days of
Jasting, a 19% decrease of MEL levels was noted, which did not occur when glucose
supplements were given (Rojdmark and Wetterberg 1989). In another study, after 72-h
fasting, daytime MEL levels increased, but nocturnal levels were unchanged (Meyer et
al. 1990).

There are some studies that suggest that physical exercise and stress affect MEL
levels. Physical exercise has been shown to increase daytime plasma MEL levels in
women, but this effect diminished with increasing intensities of exercise (Skrinar et al.
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1989). More detailed studies revealed that MEL levels may change within minutes, and
that the onset of MEL secretion at night may be affected 12-24 h later, the changes
depending on the duration, intensity, type, and time point of exercise. No effect was
noted when physical exercise was performed early in the morning or during the day.
Late evening exercise during the rising phase of MEL secretion blunted the increase.
High-intensity exercise performed when nocturnal MEL levels were already high led
to a 50 % increase of MEL levels. Low- and high-intensity exercise during the night led
to a phase delay of MEL onset the next night (Buxton et al. 1997). No or little effect has
also been described (David et al. 1987; Monteleone et al. 1992, 1993). There is evidence
that posture affects nocturnal MEL levels. They increase when moving from a supine
to a standing position and decrease when the positions are reversed (Deacon and
Arendt 1994; Nathan et al. 1998). They are also higher in sitting than in lying subjects,
but there was no increase when subjects changed from sitting to standing (Nathan et
al. 1998). Sleep deprivation increased MEL levels in the first night in one study (Salin
Pascual et al. 1988), but in another study, 36 h of sleep deprivation had no effect (von
Treuer et al. 1996).

MEL changes have been reported in several diseases, but only a few will be mention-
ed here. In cluster headache, the nocturnal MEL levels were clearly depressed (Chazot
et al. 1984, 1987; Claustrat et al. 1989). In coronary heart disease, strongly depressed
nocturnal MEL levels were found (Brugger et al. 1995). In orthostatic hypotension,
depression or a strong increase of urinary MEL excretion was observed (Tetsuo et al.
1981). In hypothalamic amenorrhea, MEL levels were higher than in normal controls
(Berga et al. 1988; Brzezinski et al. 1988). In Turner’s syndrome, the day/night rhythm
was unchanged and estrogen administration did not have an effect on MEL levels
(Schober et al. 1989). In anorexia nervosa and bulimia nervosa, MEL levels were not
different from controls, but when the eating disorder was combined with depression,
MEL levels were decreased (Kennedy et al. 1989). On the other hand, it was observed
that in anorectic people, nocturnal MEL (Arendt et al. 1992) and mean 24-h MEL secre-
tion (Brambilla et al. 1988) were higher than in healthy people, and that the MEL
rhythm was abnormal with peaks during the day and lack of peaks at night (Brambilla
et al. 1988). In depressed patients, MEL levels were found to be unaffected (Thompson
et al. 1988) or decreased (Claustrat et al. 1984; Beck Friis et al. 1985; Wetterberg 1985;
Almay et al. 1987). Under antidepressant medication, MEL levels decreased after
imipramine and mianserin treatment and increased slightly after phenelzine (Stewart
and Halbreich 1989). In healthy volunteers the antidepressant desipramine increased
evening production of MEL (Franey et al. 1986). In schizophrenia (Fanget et al. 1989),
chronic pain (Almay et al. 1987), and Alzheimer’s disease (Uchida et al. 1996; Liu et al.
1999; Mishima et al. 1999), lower than normal MEL levels were found and occasionally
also rhythm irregularities. Pineal glands of Alzheimer’s patients contain abnormal,
swollen noradrenergic axons (Jengeleski et al. 1989).

2.3.9 MEL and Seasonal Affective Disorder

In view of the fact that MEL secretion is light/dark dependent, considerable effort has
been devoted to studying which role MEL plays in seasonal affective disorder (SAD),
especially as the symptoms of winter depression can be successfully treated with
bright light (Rosenthal et al. 1986; Terman et al. 1988; Winton et al. 1989; Wehr 1992;
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Wirz Justice et al. 1993). Usually 2500- 5000 1x are used, but 500 and 1000 Ix are suffi-
cient to depress MEL levels in SAD patients (Gaddy et al. 1990). Usually, the light is
administered in the morning for several hours, but the time of day of the treatment
does not seem to be important (Wehr et al. 1986; Wirz Justice et al. 1993). On the other
hand, when light was given either in the morning or in the evening, evening light was
less antidepressant in one study (Lewy et al. 1998), whereas in another trial it was more
effective (Wirz Justice et al. 1993). As pointed out (Rosenthal and Wehr 1987), there are
no plausible comprehensive theories of the mechanism of phototherapy. Two main
theories have been suggested: first, that it acts by modifying MEL secretion (Rosenthal
et al. 1988); and second that it acts by correcting abnormally timed circadian rhythms
(Lewy et al. 1987a, b). Although there is no doubt that light depresses MEL secretion
and sets the circadian rhythm clock (see above), the precise role of MEL in SAD is
unclear. MEL suppression by light as well as retinal contrast sensitivity and visual-
evoked EEG responses are not different in SAD patients compared to healthy controls
(Murphy et al. 1993; Partonen et al. 1997), although in one study SAD patients showed
a significant seasonal variation in sensitivity to MEL suppression by light, with super-
sensitivity in the winter and subsensitivity in the summer (Thompson et al. 1990).

Compared to healthy controls, patients suffering from winter depression exhibited
phase delays of the MEL rhythm (Terman et al. 1987, 1988; Dahl et al. 1993; Wirz Justice
et al. 1993), which in other respects was normal (Checkley et al. 1993; Partonen et al.
1996). MEL levels were unchanged (Partonen et al. 1996) or higher during daytime
(Danilenko et al. 1994).

After a successful antidepressive light therapy, the MEL rhythm was phase advanc-
ed (Lewy et al. 1987a, 1998; Terman et al. 1987; Danilenko et al. 1994; Rice et al. 1995),
MEL levels increased (Terman et al. 1987; Salinas et al. 1992; Partonen et al. 1995; Rice
et al. 1995) or were unchanged (Rao et al. 1992) (nonseasonal depression!).

Apparently, the therapeutic effect of light in SAD is not mediated by phase shifts in
melatonin secretion (Checkley et al. 1993) and it is doubtful whether the phase of the
MEL rhythm plays a causative role in SAD. Phase position is apparently not correlated
with depth of depression or with a preferential response to morning or evening light
(Wirz Justice et al. 1993). When responders and nonresponders to the light therapy
were compared, the time of onset of the nocturnal MEL increase did not differ (Rice
et al. 1995). The fact that under two different light regimes in which MEL levels were
equally suppressed the antidepressive effects of the two light treatments differed
(Winton et al. 1989) speaks against a decisive role of MEL levels. MEL administration
had no effect on the depressive symptoms, neither when given in the morning nor in
the evening (Wirz Justice et al. 1990). Also, the antidepressive symptoms did not differ
after atenolol, which suppresses MEL synthesis and placebo (Rosenthal et al. 1986,
1988). In some patients, the antidepressive effect of the light therapy could be partially
reversed by oral administration of MEL (Rosenthal et al. 1986).

2.3.10 Electromagnetic and Magnetic Fields

The question of whether or not electromagnetic or magnetic fields affect MEL secre-
tion/excretion in humans has not yet been definitively answered.

Exposure to electromagnetic fields (50-60 Hz, 20 pT, continuous or intermittent)
were found to be without effects in some studies (Graham et al. 1996, 1997; Selmaoui
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et al. 1996a, b). The finding in one experiment that men with preexisting low levels of
MEL showed significantly greater suppression of MEL when they were exposed to
200 mG magnetic-field condition could not be repeated (Graham et al. 1996, 1997).
Wilson and colleagues (Wilson et al. 1990) noted that exposure to conventional elec-
tric blankets did not have an effect on 6-sulfatoxymelatonin excretion; however 7 of 28
volunteers exposed to continuous polymer wire blankets which switched on and off
twice as often and produced 50% stronger magnetic fields than the ordinary blankets,
showed an increased 6-sulfatoxymelatonin excretion. After exposure to 20 pT (50 Hz,
circularly polarized), a roughly 30-min delay in MEL secretion onset time with indica-
tions of a marginal reduction in maximum MEL levels was found in about 20% of the
test persons, magnetic fields generated by square-wave currents being more effective
compared to sinusoidal waveforms (Wood et al. 1998). In electric utility workers expos-
ed to 60 Hz, a reduced 6-sulfatoxymelatonin excretion was noted (Burch et al. 1998,
1999). A significant depression in nocturnal MEL rise was observed in patients suffer-
ing from low back pain syndrome after long-term intermittent exposure to a very low-
frequency magnetic field (2.9 mT, 40 Hz, square wave, bipolar) (Karasek et al. 1998).

Little work has been published on possible effects on MEL secretion of high-
frequency (900 MHz, 1800 MHz) electromagnetic fields as used in cellular phones. Both
900 MHz (Mann et al. 1998; de Seze et al. 1999) and 1800 MHz (de Seze et al. 1999) were
found to be without effect.

Strong, static magnetic fields as used in NMR imaging, likewise did not suppress
nocturnal MEL levels (Prato et al. 1989; Schiffman et al. 1994).

2.3.11 Function of MEL in Humans

As with other hormones, the function of MEL depends on the presence of receptors.
However, receptor-independent functions, such as scavenging of radicals etc., have to
be considered as well (see below). In contrast to animal species, information on MEL
receptors in humans is scarce.

2.3.11.1 MEL Receptors (Brydon et al. 1999)

There are principally three high-affinity MEL receptor subtypes, MEL1a, MEL1b, and
MELIc, but only the first two are found in humans. The receptors are all G-protein-
coupled. In humans, MEL1la receptors were first detected in the hypothalamic SCN
(Reppert et al. 1988; Weaver et al. 1993). In the SCN, also the MELla receptor mRNA
was demonstrable, but not the mRNA of the MEL1b receptor (Weaver and Reppert
1996). The gene location for the MEL1a receptor is 4935.1 (Slaugenhaupt et al. 1995).
The MEL1b receptor maps to 11q21-22, is present in retina and brain, and inhibits
adenylyl cylase (Reppert et al. 1995). It is now thought that the effect of MEL on the
circadian system is mediated via the MEL1a receptor. It is not yet clear in which parts
of the human body MEL receptors are well represented. The MEL1la receptor is appar-
ently also present in kidney, intestine (Lee and Pang 1993; Song et al. 1997), and mela-
noma cells (Ying et al. 1993).
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2.3.11.2 Routes of MEL Administration

In humans, MEL is usually administered orally. In exceptional cases, the dosages
were as high as 6.6 g daily for 35 days or 1.35 g daily for 51 days (Lerner and Nordlund
1978). Currently, doses of not more than 5 mg are usually given. To obtain plasma MEL
levels comparable to normal nocturnal levels, ca. 0.3 mg of MEL has to be given orally
(Zhdanova et al. 1996).

MEL has also been administered intravenously (Lerner and Nordlund 1978),
intranasally (Vollrath et al. 1981), transdermally (Lee et al. 1994; Bangha et al. 1997 a, b;
Benes et al. 1997), or oral-transmucosally (Benes et al. 1997). Except for transdermally,
where it takes 2-4 h before plasma MEL concentrations increased above baseline (Lee
et al. 1994), MEL is rapidly absorbed. When given orally, plasma MEL levels increase
strikingly after 30— 150 min, with elimination half-lives between 0.5 and 0.8 h (Wald-
hauser et al. 1984; Aldhous et al. 1985). There is clear intersubject variation in MEL
absorption (Waldhauser et al. 1984; Lee et al. 1994; Benes et al. 1997), varying 25-fold
among subjects (Waldhauser et al. 1984). A melatonin preparation with a pulsatile
liberation pattern has been described (Hoffmann et al. 1999).

Although MEL administration does not appear to have side effects (Lerner and Nord-
lund 1978; Waldhauser and Wurtman 1983; Palm et al. 1997; Avery et al. 1998; McArthur
and Budden 1998; Suhner et al. 1998b), caution has been expressed against regular use
because of a lack of controlled long-term studies and in particular when unlicensed
preparations are taken (Arendt 1997; Arendt and Deacon 1997; Cupp 1997). No data on
the toxicology of MEL in humans are available (Guardiola Lemaitre 1997). In view of the
fact that in lower vertebrates MEL affects melanophores responding with pigment ag-
gregation (Lerner et al. 1958), it is relevant to note that long-term administration of MEL
did not affect skin color in humans, as measured by reflectometry (McElhinney et al.
1994). The pharmacokinetics of MEL in humans (Mallo et al. 1990) and the toxicity of
MEL in rats and mice (Sugden 1983) are dealt with in the indicated publications.

2.3.11.3 Effects of MEL Administration

Principally, two groups of effects of MEL have to be considered in humans: acute
effects, possibly not involving the circadian oscillator, and delayed effects mediated
by the SCN becoming apparent in the circadian organization of the body. Although,
in practice, the two groups of effects may intricately interact, they are considered
separately to get a clearer picture. Long-term effects of MEL which are of utmost
importance in photoperiodic mammals and account for seasonal changes are appar-
ently not present in humans. When considering the effects of MEL administration
it should be borne in mind that most often pharmacological and not physiological
dosages were applied. The most frequently documented effects of MEL administration
relate to sedation and body temperature regulation.

Sedative Effects

Numerous studies have demonstrated sleep-promoting effects of MEL treatment in
humans, as evidenced by subjects’ self-reports, polysomnographic recordings, and
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continuous actigraphic registration of motor activity (Dawson and Encel 1993; Arendt
et al. 1997; Zhdanova et al. 1997; Defrance and Quera Salva 1998; Geoffriau et al. 1998).
However, reports showing no effect have also been published (James et al. 1987).
Already in the 1970s and 1980s, sedation and sleep induction were clearly documented
following MEL administration (Anton Tay et al. 1971, 1974; Cramer et al. 1974, 1976;
Vollrath et al. 1981; Arendt et al. 1984, 1985a; Lieberman et al. 1984; Borbely 1986;
Nickelsen et al. 1989), and also more recent studies support the early findings (Palm et
al. 1997; Jean Louis et al. 1998; McArthur and Budden 1998; Sack et al. 1998; Skene et al.
1999; Zisapel 1999). As little as 0.3 mg of MEL given at different time points during the
day or evening produces a sedative effect, usually within 1 h (Dollins et al. 1993 a, 1994;
Zhdanova et al. 1995, 1996). Recently, 10 ng MEL administered intravenously was found
to be effective (van den Heuvel et al. 1999). The latency to maximum effect varied
linearly from 3 h 40 min at 1200 hours to 1 h at 2100 hours (Tzischinsky and Lavie
1994). There is a decrease of latency to sleep onset and to stage 2 sleep, usually without
altering the sleep architecture (Reid et al. 1996; Gilbert et al. 1999). Also, actual sleep
time and sleep efficiency have been described to increase (Tzischinsky and Lavie 1994;
Nave et al. 1995, 1996; Attenburrow et al. 1996; McArthur and Budden 1998). The dura-
tion of REM sleep is apparently not affected by MEL (Dijk et al. 1995). With respect to
non-REM sleep, different results have been obtained. An increase (Attenburrow et al.
1996) and no effect were noted (Dijk et al. 1995). However, in the latter study, MEL
enhanced EEG power density in non-REM sleep in the 13.75~14.0 Hz bin range
(i.e., within the frequency range of sleep spindles). MEL significantly increased sleep
propensity, the spectral power in the theta, delta and spindles bands, and significantly
decreased the power in the alpha and beta bands (Attenburrow et al. 1996). In the EEG,
sedative effects of MEL can be demonstrated rather quickly, even before any subjective
soporific effects are recognized (Cajochen et al. 1997; Milstein et al. 1998). These find-
ings indicate that MEL possesses a time-dependent hypnotic effect and suggest that
endogenous MEL may participate in sleep-wake regulation. MEL administered peri-
operatively was sedative as well (Naguib and Samarkandi 1999).

In view of these findings, many attempts have been made to treat sleep disorders
with MEL. MEL works very well in people with sleep disorders due to total blindness
(Folkard et al. 1990; Palm et al. 1991, 1997; Tzischinsky et al. 1992), old age (Garfinkel
et al. 1995; Hughes et al. 1998; Brusco et al. 1999), jet lag (Suhner et al. 1998a), and
a number of neurological diseases such as Alzheimer’s disease (Brusco et al. 1999) and
tuberous sclerosis (O’Callaghan et al. 1999). In chronic insomniacs, MEL does not seem
to be very effective (James et al. 1990; Ellis et al. 1996). In one study, MEL was found to
reinforce REM sleep (Kunz and Bes 1997). A beneficial effect has also been reported in
a study in which very high dosages (75 mg for 14 days, at 2200 hours) had been used
(MacFarlane et al. 1991). Sleep loss and exacerbation of symptoms of dysphoria follow-
ing MEL administration were noted in moderately to severely depressed patients and
in patients with Huntington’s chorea (Carman et al. 1976).

In view of the sedative effects of MEL, it is not surprising that also changes in
neurobehavioral performance were noted, such as a decrease of number of correct
responses in auditory vigilance, response latency in reaction time and self-reported
vigor as well as increases in self-reported fatigue, confusion, and sleepiness (Dollins et
al. 1993a). Decrements in alertness (Arendt and Deacon 1997), in performance on
tracking tasks, and on response and reaction time scores for visual choice and extend-
ed two-choice visual tasks were also observed (Rogers et al. 1998).
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Body Temperature

There is clear evidence that MEL depresses body temperature (BT) (Carman et al.
1976; Cagnacci et al. 1992, 1994; Dollins et al. 1993 a, 1994; Tzischinsky and Lavie 1994;
Reid et al. 1996; Arendt and Deacon 1997; Cagnacci et al. 1997; Gilbert et al. 1999).
MEL can accelerate the evening decline in BT (Krauchi et al. 1997) and MEL and BT
are inversely correlated, MEL accounting for ca. 40% of body temperature amplitude
(Cagnacci et al. 1992). Thus, suppression of MEL secretion during the night increases
BT (Cagnacci et al. 1997). Interestingly, MEL's hypothermic effect could not be demon-
strated in women during the luteal phase and in elderly women. While the lack of effect
in elderly women has been interpreted to represent a result of ageing, that of the luteal
phase could be meaningful to avoid possible interference with embryo implantation
(Cagnacci et al. 1997).

MEL’s Function As Zeitgeber for the Circadian Oscillator

As pointed out above, the MEL rhythm is generated by neurons lying in the SCN which
are equipped with MEL1a receptors. It is therefore most probable that also in humans,
like in other mammalian species, MEL provides feedback to the SCN (Stehle et al. 1989)
and shifts the pacemaker. As a result, not only the sleep - wake cycle and the core body
temperature rhythm are affected (Middleton et al. 1997), but also that of MEL itself.
The chronobiotic properties of MEL have recently been reviewed (Arendt and Deacon
1997; Arendt et al. 1997).

Depending on the time of day MEL is given, it delays or phase advances its own
rhythm. A phase delay occurs after administration in the morning (Lewy et al. 1992),
a phase advance results from MEL treatment in the evening (Mallo et al. 1988; Lewy et al.
1992; Attenburrow et al. 1995; Middleton et al. 1997). The phase shift can occur within
1 day, even with physiological doses of MEL (Lewy and Sack 1997). Data on a phase
response curve following MEL administration are also available (Lewy et al. 1996).
MEL administration can alleviate jet lag and tiredness after long-haul flights (Petrie et
al. 1989, 1993) and can accelerate resynchronization of the MEL rhythm (Samel et al.
1991). There is evidence that the MEL rhythm can be dissociated from the sleep -~wake
rhythm (Arendt et al. 1986; Hashimoto et al. 1997). In a non-24-h sleep-wake syn-
drome with free-running MEL rhythm, MEL administration partly entrained the
sleep —wake cycle and MEL rhythm (Hashimoto et al. 1998).

MEL’s Effect on the Endocrine System and Relation to Puberty in Humans

As mentioned above, MEL has profound effects on the endocrine and reproductive
systems in seasonally breeding mammals. In humans, the endocrine system is relatively
little affected by MEL.

Among the hormones that do respond to MEL are prolactin, which tends to increase
(Arendt et al. 1985a; Webley and Lenton 1987; Webley et al. 1988). Neither the various
hormones themselves, such as cortisol, growth hormone, luteinizing hormone, thyro-
xine, testosterone etc., are affected (Weinberg et al. 1981; Arendt et al. 1985a) nor their
responses to gonadotropin-releasing hormone (GnRH), thyrotropin-releasing hormone
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(TRH),and adrenocorticotropic hormone (ACTH) (Weinberg et al. 1980; Paccotti et al.
1987). Nevertheless, numerous publications have pointed out that hormone-related
diseases are accompanied by changes in MEL secretion, the general opinion being that
there are no causal relationships between MEL and the diseases.

Ever since the report by Heubner (Heubner 1898) that a 4.5-year-old boy with a
tumor in the pineal region developed precocious puberty, numerous attempts have
been made to elucidate the role of the pineal gland and its hormone MEL in relation to
puberty. The data obtained show that young children have higher MEL secretion rates
relative to body size than young adults and that around puberty there is a fall in MEL
secretion. Apparently, the decrease in MEL levels is the result of an increase of body
mass and a causal relationship does not seem to exist between MEL decrease and the
occurrence of puberty (Waldhauser and Dietzel 1985; Waldhauser and Steger 1986;
Cavallo 1993, 1997; Langer et al. 1997).

MEL and the Immune System

It is beyond the scope of this review to deal with the interactions of MEL and the
immune system. Suffice it to say that many authors are of the opinion that interactions
do exist and that MEL exerts a stimulatory role on the immune system (Lissoni et al.
1989, 1994; Withyachumnarnkul et al. 1990; Guerrero and Reiter 1992; Maestroni 1993;
Wajs et al. 1995; Liebmann et al. 1997; Rogers et al. 1997; Fraschini et al. 1998; Martins
et al. 1998; Garcia Maurino et al. 1999).

MEL and Cancer

There is a considerable amount of data pointing in the direction of interrelationships
between the pineal gland, its hormone MEL, and cancer. There is clear evidence that in
patients suffering from certain cancers, MEL secretion/excretion is depressed (Bartsch
et al. 1981, 1992 a; Tamarkin et al. 1982), the decrease not being the result of increased
peripheral metabolism (Bartsch et al. 1991). Moreover, MEL has oncostatic properties
(Blask and Hill 1986; Blask et al. 1986, 1997, 1999; Ying et al. 1993). As several factors are
involved in the genesis of malignancies, it is relevant that MEL is a strong scavenger of
radicals (Poeggeler et al. 1994; Reiter et al. 1994, 1999; Hardeland et al. 1996 a; Reiter
1996) and appears to affect the immune system (see above) and the cytoskeleton
(Benitez King et al. 1990; Huerto Delgadillo et al. 1994; Matsui and Machado Santelli
1997). Finally, intrinsic pineal peptides with antitumor effects are of interest (Bartsch
et al. 1987, 1990, 1992 c). No doubt, these aspects will be dealt with exhaustively in the
contributions to follow.

2.4 Conclusions

The present review has shown that a wealth of data exist on MEL secretion and its
regulation in humans. Together with data obtained in different mammalian species,
we appear to have a fairly complete picture of how the pineal gland functions. MEL
secretion is basically controlled by the circadian oscillator lying in the hypothalamus
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in the suprachiasmatic nucleus; however, environmental lighting conditions affect
MEL secretion as well. The circadian oscillator and the neurons linking the oscillator
with the pineal gland lead to very low MEL synthesis and release during daytime, the
reverse occurring at night. The pineal gland “measures” day/night length and adjusts
its MEL synthesis accordingly. An important point is that MEL has different functions
in mammals. In photoperiodic mammals the duration of MEL secretion at night
induces seasonal changes, e.g., inhibition or stimulation of reproduction, change in
fur colour, etc. In humans, MEL has no such functions. Here MEL appears to be play
an important role as a component of the circadian timing system of the body. It has
sedative and hypothermic effects. With respect to cancer, it is relevant that MEL
secretion is depressed in patients suffering from certain cancer types, and that MEL
and intrinsic pineal peptides have oncostatic properties.
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3 The Role of Melatonin in the Neuroendocrine System:
Multiplicity of Sites and Mechanisms of Action

Daniel P. Cardinali, Rodolfo A. Cutrera, Luis I. Brusco, Ana 1. Esquifino

3.1 Melatonin Is a Universal Time-Related Signal

Research in the last 20 years has clearly defined two central, and presumably distinct,
effects of melatonin, namely, photoperiodic time measurement to induce seasonality,
and circadian entrainment of a number of 24-h physiological rhythms (Pévet and
Pitrosky 1997). Melatonin plays an established role in controlling seasonal reproduc-
tion in a number of mammalian and non-mammalian species (Reiter 1991). It has also
a major influence on the circadian organization of vertebrates including human beings
(Dawson and Armstrong 1996), as well as exerting diverse behavioral effects (Golombek
et al. 1996).
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A feasible nature of the effect of the melatonin signal on the circadian system is to
influence the entrainment pathways to the major circadian oscillator, the suprachiasmatic
nuclei (SCN) of the hypothalamus (Arendt 1995).In the fetus, strong evidence exists for a
physiological role of the maternal melatonin signal as an internal synchronizer.

It is also clear that melatonin has a number of functions that far transcend its actions
at the SCN level. In this respect, melatonin is a ubiquitous signal potentially available to
every cell in the organism that can “read” the message. It is also a free radical scavenger
and has indirect antioxidant effects (Reiter et al. 1997), as well as a strong immuno-
modulatory activity (Liebmann et al. 1997; Cardinali et al. 1997 a).

How melatonin acts at the cellular level to modify expression of the cellular clock
remains a mystery. Although it is widely held that melatonin acts on specific receptors
in cell membranes, an interaction of melatonin with nuclear receptor sites and with
intracellular proteins, like calmodulin or tubulin-associated proteins, as well as the
direct antioxidant effects of melatonin, can explain many general functions of the
hormone (Cardinali et al. 1997c¢).

This chapter deals with a number of aspects of receptor- and non-receptor-mediat-
ed effects of melatonin. Its aim is to set a wider scope on the subject of melatonin’s
mechanism of action than what is currently considered.

3.2 Sites of Melatonin Action Are Multiple

Photoperiodic time measurement in adult and fetal mammals is critically dependent
upon the melatonin signal (Arendt 1995). The mechanisms sensitive to melatonin,
which mediate the clock message sent by the pineal gland in the form of a melatonin
cycle, may reside in the brain, in the biological clock itself, namely, the SCN.

There are also data indicating that the melatonin receptors located in different
organs may also convey circadian-meaningful information to every cell in the organism,
i.e., melatonin can play the role of an internal synchronizer (Dawson and Armstrong
1996). Less is known about the melatonin-sensitive mechanisms that mediate seasonal
changes in reproductive physiology, although several data suggest that they may be
located in the hypophyseal pars tuberalis (Masson-Pévet et al. 1994).

The existence of saturable melatonin binding sites in the brain and rapid exchange of
melatonin between cerebrospinal fluid (CSF) and vascular compartments was suggested
in the early 1970s by kinetics studies employing [*H]melatonin (for references, see
Cardinali 1981). Less than 1% of injected melatonin remained after 20 min of injection,
indicating the rapid exchange between CSF and vascular compartments.

The first experiments on brain melatonin receptor sites were carried out in the late
1970s by employing [*H]melatonin as a ligand and indicated the existence of melato-
nin acceptor sites in bovine hypothalamic, cerebral cortex, and cerebellar membranes
(Cardinali 1981). The introduction of the 2-['?**I]Jiodomelatonin analog allowed detec-
tion of melatonin binding in several brain areas, the choroid plexus, and in some
brain arteries as well as in peripheral organs, like the harderian glands, primary and
secondary lymphoid organs, adrenal glands, heart and lungs, gastrointestinal tract,
mammary glands, kidney, and male reproductive organs. Indeed, the picture that has
emerged indicates that almost every tissue and organ in the body could “decode”
information carried by the melatonin signal (Masson-Pévet et al. 1994; Chow et al.
1996; Pang et al. 1996).
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A first classification of putative melatonin receptor sites into ML1 and ML2
was based on kinetic and pharmacological differences of 2-['?*I]iodomelatonin
binding. A nomenclature of melatonin receptors has recently been proposed by
the International Union of Pharmacology (IUPHAR) (Dubocovich et al. 1998). Of
the two subtypes cloned in mammals, mt, and mt, (formerly called Mel,, and Mel,;),
the mt; receptor, whose messenger RNA is expressed in the SCN and pars tuberalis,
was supposed to mediate the circadian and reproductive effects of the hormone,
respectively (Reppert 1997); however, conclusive evidence on this is yet to be pro-
vided.

Considering the lipophilic nature of melatonin, it is also probable that intracellular
sites of action exist. Although the idea that melatonin is a natural ligand for the orphan
nuclear hormone receptor superfamily RZR/ROR is now being contested, it should not
be taken to negate the possibility of a nuclear site of action of melatonin (Cardinali et
al. 1997c). Nuclear melatonin receptors may mediate melatonin immunomodulatory
phenomena, as indicated by the finding that thiazolidine diones, specific ligands
for RZR/ROR receptors, exhibited a potent antiarthritic activity in the rat adjuvant
arthritis model (Missbach et al. 1996). This could explain the improvement of circadian
rhythmicity of immune cell proliferation in rats injected with Freund’s adjuvant and
given melatonin (Cardinali et al. 19964, b).

3.3 Melatonin Promotes GABAergic Responses in SCN and the Brain

Among the various neurotransmitter systems that could mediate melatonin action in
the circadian system, y-aminobutyric acid (GABA) has emerged as important. GABA
is implicated in the regulation of a variety of behavioral functions, including bio-
logical rhythms. Indeed, GABA is considered as the principal neurotransmitter of the
mamumalian circadian system, being present in every cell of the SCN (for references, see
Cardinali and Golombek 1998).

In principle, to demonstrate that a neurotransmitter system is involved in the
mediation of a melatonin effect, two requirements should be fulfilled: (a) the neuro-
transmitter system should show dynamic changes as a consequence of melatonin injec-
tion; (b) functional obliteration of the neurotransmitter system should modify the
melatonin effect. A demonstration of this sort implies either that the neurotransmitter
system is an integral part of the sequence of events triggered by melatonin action, or
that it plays a permissive role in the examined effect.

It is interesting that a number of monoamine pathways within the brain are not
important for melatonin entrainment of circadian rhythmicity. For example, the intra-
ventricular injection of 6-hydroxydopamine and 5,7-dihydroxytryptamine, which
deplete catecholamines and indolamines, failed to alter melatonin-induced entrain-
ment (Cassone et al. 1986).

We previously reported daily rhythms of the GABA turnover rate in the preoptic-
medial basal hypothalamus (containing the SCN), cerebral cortex, and pineal gland of
Syrian hamsters (Kanterewicz et al. 1993). In the four tissues examined, nocturnal
acrophases were apparent at about 4 h after lights off. In agreement with this, earlier
studies indicated a diurnal rhythm in the number of rat brain high-affinity GABA , and
benzodiazepine (BZP) binding sites, with nocturnal and diurnal maxima, respectively
(Rosenstein and Cardinali 1990). Not only in the CNS was the BZP binding rhythm
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circadian, but it was also abolished by ablation of the circadian clock, as well as by
removal of the pineal gland.

Rhythmic fluctuations in the association constant of low-affinity GABA binding sites
were also reported, with maximal affinity in the middle of the night (Kanterewicz et al.
1995). Daily changes in affinity correlated with variations in a major marker of GABA
postsynaptic activity, namely, the uptake of CI” by synaptoneurosomes, which showed a
nocturnal peak. Further supporting the concept that the brain GABAergic system dis-
plays a rhythmic pattern with a nocturnal maximum, a mid-late night peak of [’H]|GABA
release from preoptic-medial basal hypothalamic explants (containing the SCN) was
observed in hamsters (Yannielli et al. 1996). Behavioral correlates of GABA neurochemi-
cal rhythms, e.g., GABA-BZP-related activities like anxiety, as assessed in hamsters in an
elevated plus-maze, showed distinct maxima (i.e., in anxiolysis and locomotor activity)
during the night (Yannielli et al. 1996). This rhythm persisted under constant conditions
(Kanterewicz et al. 1995), indicating its circadian nature. Therefore, a number of neuro-
chemical changes in brain GABA activity and behavioral phenomena linked to GABA,
receptors strongly correlate with exhibiting maxima during the night.

Pinealectomy disrupted diurnal rhythmicity of GABA, and BZP high-affinity bind-
ing in rat brain, an effect counteracted by melatonin replacement. A single melatonin
injection (25-100 pg/kg) augmented significantly GABA turnover and synthesis in
the hypothalamus, cerebral cortex, or cerebellum of rats (Rosenstein et al. 1990).
Nanomolar concentrations of melatonin augmented [**Cl"]influx in vitro by potentiat-
ing a GABA-induced increase of chloride ion uptake, evening activity of melatonin
being detectable at concentrations an order of magnitude greater than those effective
during daylight. Therefore, melatonin is an effective therapeutic agent to promote
brain GABAergic activity. In experiments on the spontaneous firing activity of single
neurons in parietal cortex of anesthetized rabbits, Stankov et al. (1992) showed that
melatonin and 2-iodomelatonin had GABA-like effects and were able alone, in nano-
molar concentrations, to significantly slow the neuronal firing activity, as well as to
potentiate the effect of GABA.

A significant correlation between brain GABAergic activity and melatonin effects
on behavioral parameters like hot-plate anesthesia, locomotor behavior, anxiolysis, or
3-mercaptopropionic acid-induced seizures was found (Golombek et al. 1996). These
effects of melatonin, as well as melatonin-induced reentrainment of circadian rhythms
in hamsters subjected to a jet-lag paradigm, were inhibited by co-injection with the
central-type BZP antagonist flumazenil, indicating the existence of significant inter-
actions between melatonin and BZP-sensitive mechanisms in rodents. Indeed,
melatonin enhanced the anxiolytic actions of diazepam in several behavioral tests
in mice in accordance with results that link melatonin with GABAergic activity
(Guardiola-Lemaitre et al. 1992). However, a clinical study designed to investigate
whether flumazenil blocks the hypnotic and hypothermic effects of melatonin in
humans indicated occurrence of melatonin effects independently of central BZP
receptor blockade (Nave et al. 1996).

Central-type BZP receptors appear to mediate the antidopaminergic effect of
melatonin (as well as clonazepam) in 6-hydroxydopamine-lesioned rats (Tenn and
Niles 1995). In addition, Tenn and Niles (1997) reported that the antidopaminergic
action of the melatonin analog S-20098 is mediated by BZP/GABA, receptors in the
striatum. Direct inhibitory effects of BZP on melatonin binding were reported (Anis et
al. 1992; Atsmon et al. 1996).
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Clinical correlates of these experimental observations deserve to be mentioned.
Melatonin has been reported as a useful anticonvulsant treatment in a number of
situations (Champney et al. 1996; Molina Carballo et al. 1997). Melatonin enhanced
EEG power density in non-REM sleep and reduced activity in the 15.25-16.5 Hz
band, these changes in the EEG being to some extent similar to those induced by BZP
hypnotics (Dijk et al. 1995). Improvement of sleep quality by controlled-release of
melatonin in BZP-treated elderly insomniacs was shown by Garfinkel et al. (1997).
Melatonin treatment significantly increased sleep efficiency and total sleep time
and decreased wake after sleep onset, sleep latency, number of awakenings, and frag-
mental index, as compared to placebo. Concomitant treatment with melatonin
and BZP enabled patients to completely cease any BZP use, with an improvement in
sleep quality and no side effects (Dagan et al. 1997). This suggested that some of the
individuals suffering from insomnia and addicted to BZP may successfully undergo
withdrawal from these drugs and improve their sleep by means of treatment with
melatonin. Indeed, we recently demonstrated that 8 out of 13 patients with primary
insomnia taking melatonin reduced or abandoned concomitant BZP use (Fainstein
et al. 1997).

3.4 Melatonin Acts on Cells Through cAMP- and Non-cAMP-Signal
Transduction Pathways

Among presumptive second messengers for melatonin action, the cAMP generating
system has received paramount attention. The main signal transduction pathway
of high-affinity mt, receptors in both neuronal and non-neuronal tissues is the inhibi-
tion of cAMP formation through a pertussis toxin-sensitive inhibitory G protein
(Reppert 1997).

Coupling of the high-affinity melatonin receptors to other signaling pathways has
also been reported. Melatonin augmented cGMP levels in rat MBH (Vacas et al. 1981),
rabbit aorta (Satake et al. 1991), hamster retina (Faillace et al. 1996), murine mammary
glands (Cardinali et al. 1992), and human lymphocytes (Lépez Gonzélez et al. 1992).
Early studies also indicated that melatonin decreased depolarization-induced **Ca?*
uptake in brain cellular and subcellular preparations, suggesting a modulatory activity
of the hormone on voltage-controlled calcium channels (Zisapel 1988; Cardinali et al.
1991). Melatonin inhibited gonadotropin releasing hormone-induced (Ca?*); increase
and luteinizing hormone (LH) release in neonatal pituitary cells; the effect of melato-
nin on LH was markedly reduced in a low Ca?* medium, indicating that melatomn may
act by inhibiting Ca?* influx (Vanecek and Klein 1995).

Nanomolar concentrations of melatonin decreased rat MBH prostaglandin (PG) E,
release (Cardinali 1981), as well as arachidonic acid (AA) conversion to cyclooxy-
genase derivatives (Franchi et al. 1987). PGE;, levels and release were also prevented by
melatonin injections.

Eicosanoid involvement in melatonin action was also indicated by studies on
human platelets (for references, see Cardinali et al. 1993). Melatonin inhibits platelet
aggregation and eicosanoid synthesis, exhibiting a diurnal variation with a greater
activity of melatonin in the evening in healthy men. Melatonin binding sites are detect-
able in human platelet membranes. Studies on labeled AA metabolism suggested that
melatonin acts upstream in the AA metabolic pathway, presumably at the level of
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cyclooxygenase or higher. Such a direct effect of melatonin on cyclooxygenase was also
observed in seminal vesicle microsomes (Cardinali et al. 1993).

Therefore, it appears that melatonin action in tissues is presumably much more
complicated than a single inhibitory effect on cAMP synthesis. Even in the case of the
single melatonin acceptor site best known, the mt, receptor, studies on the cloned
receptor indicated that it is coupled to parallel signal transduction pathways involving
inhibition of adenyl cyclase and potentiation of phospholipase activation in target
cells (Godson and Reppert 1997). Direct effects of melatonin on calmodulin and other
intracellular proteins, nuclear receptor activity for melatonin, and the free radical
scavenging properties of melatonin should also be considered.

3.5 Melatonin Interacts with Cytoskeletal Proteins

In the early 1970s, a hypothesis was put forth that melatonin affects microtubule-
or microfilament-dependent processes in living organisms. This hypothesis was based
on observations indicating that melatonin inhibited colchicine effects on pigment
granules in amphibian melanocytes, competed with colchicine to inhibit regeneration
in Stentor coeruleus, and caused mitotic arrest in onion root tips by acting on the
mitotic spindle (for references, see Cardinali 1981). To explain all these effects, achiev-
ed in vitro at pharmacological concentrations of melatonin, binding of melatonin to
tubulin at the colchicine binding sites was postulated.

Although such a binding could not be eventually demonstrated, a number of observa-
tions supported the view that melatonin affects contractile protein-dependent pro-
cesses in cells. Melatonin locally applied to retinal cells or to sciatic nerve fibers im-
paired fast axonal transport of proteins, a microtubule-dependent process (Cardinali
1981). Likewise, electron microscopic studies of MBH of rats treated with melatonin,
indicated the existence of ultrastructural changes in the median eminence compatible
with modified axoplasmic transport.

MDCK and neuroblastoma N1 E-115 cells cultured with physiological concentra-
tions of melatonin showed an increase in the number of elongations and in the inci-
dence of contacts with neighboring cells, as well as in neurite processes (Benitez-King
et al. 1990). Actin antibody stain showed the appearance of thicker fluorescent fibers
beneath the cell membrane and over the nucleus in the melatonin-treated cells. In
addition, an increase of microtubules was found in neuroblastoma cells cultured with
nanomolar concentrations of melatonin (Melendez et al. 1996). This effect was due to
an increase in the polymerization state of tubulin, without significant changes in the
levels of B-tubulin or its mRNA. These findings supported the idea that the tubulin
polymerization process is one of the targets of melatonin action.

Anton-Tay and co-workers (1998) demonstrated changes in calmodulin levels
in MDCK and N1 E-115 cells cultured with nanomolar concentrations of melatonin,
inhibition of calmodulin-dependent phosphodiesterase, and specific binding of
[*H]melatonin to calmodulin. Melatonin inhibited the activity of Ca*/calmodulin-
dependent protein kinase II (CaM-kinase II), one of the principal calmodulin-depen-
dent enzymes in brain, as well as inhibiting enzyme autophosphorylation (Benitez-
King et al. 1996). Thus, melatonin may act as a universal calmodulin antagonist in cells.

As far as other cytoskeletal components are concerned, in vivo melatonin injections
inhibited the expression of the mRNA for actin in the hypothalamus (Iovanna et al.
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1990a). The synthesis of actin exhibited, in the rat hypothalamus, a diurnal variation
with a maximum during morning hours (Iovanna et al. 1990b). Melatonin treatment
induced a significant depression in the incorporation of [**S]methionine into 43 kDa
actin. Hypothalamic actin mRNA levels decreased after the injection of 100 mg/kg
melatonin for 10 days. At this dosage, melatonin did not modify hypothalamic somato-
statin or H-ras mRNA concentration (Iovanna et al. 1990a).

Collectively, the results suggest that cytoskeletal components like tubulin and
actin can be significantly affected by melatonin. Melatonin may act as a calmodulin
antagonist and its effects in vivo and in vitro on tubulin polymerization and cyto-
skeletal organization in cells can be related to changes in Ca?*-calmodulin activity.
At higher, pharmacological, concentrations a non-specific inhibitory effect on tubulin
can occur. Cellular functions may be rhythmically regulated by melatonin modulation
of calmodulin-dependent protein phosphorylation and gene expression (e.g., actin
mRNA).

3.6 Melatonin Exerts Antioxidant Effects

The existence of universal melatonin functions in the body is supported by the ease
with which melatonin crosses physiological barriers like the blood-brain barrier, or
enters cells and subcellular compartments. One of these universal functions can be its
antioxidative activity.

It is still an open question whether the antioxidant effect of melatonin is only
pharmacological or arises at physiological concentrations as well. Relevant to this, an
important question in melatonin physiology, not yet satisfactorily answered, concerns
the actual concentration of melatonin reaching the target sites. It must be noted that
the levels of a lipophilic substance like melatonin entering cell membranes under
physiological or pharmacological conditions can be considerably higher than the
circulating hormone concentration. For example, in early studies measuring radio-
immunoassayable hypothalamic melatonin levels in rats, values of about 1-4 pg/mg
hypothalamus were reported (Pang and Brown 1983; Catala et al. 1987). By employing
high-pressure liquid chromatography, rat MBH melatonin levels were about 10 pg/mg
hypothalamus at night and about 2 pg/mg hypothalamus during daylight (Cardinali et
al. 1991). These melatonin levels are well within a high nanomolar range if one assumes
a homogeneous distribution of the compound, and possibly in a substantially greater
concentration if a preferential distribution of melatonin in the membrane’s lipid
moiety occurs. Thus, melatonin could be present even at micromolar concentrations in
the close proximity to cell membrane lipids, major targets for free radicals.

In recent years, several reports have demonstrated that melatonin is an efficient free
radical scavenger and a general antioxidant at micromolar concentrations (for refer-
ences, see Reiter et al. 1997). In vitro, melatonin scavenges the toxic hydroxyl radical,
on equimolar basis being significantly more efficient than mannitol or glutathione.
Melatonin also scavenges the peroxyl radical generated during lipid peroxidation with
an activity similar to vitamin E in several but not all models (Longoni et al. 1998).
Besides its direct antioxidant activity, melatonin was reported to alter the activities
and to increase the levels of mRNA of enzymes that improve the total antioxidative
defense capacity, e.g., glutathione peroxidase, copper-zinc superoxide dismutase, or
manganese superoxide dismutase (Kotler et al. 1998).
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In several animal models, pharmacological concentrations of melatonin prevented
oxidative damage (Reiter et al. 1997). These pathological situations include nuclear
DNA damage caused by the injection of the chemical carcinogen safrole, damage to
DNA in human lymphocytes due to ionizing radiation, and cataracts in glutathione-
depleted newborn rats. Other sequela of oxidative damage like ischemia reperfusion
injury (Bertuglia et al. 1996) and those that follow lipopolysaccharide (LPS) admin-
istration, e.g., hepatotoxicity (Sewerynek et al. 1995), DNA damage (Sewerynek et al.
1996), and death (Maestroni 1996), are prevented or greatly reduced by melatonin
injection. Melatonin treatment curtails seizures induced by cyanide- and L-cysteine,
paraquat-induced damage of lung and liver, neuronal apoptosis, mortality following
septic and hemorrhagic shock, and UV-induced erythema in humans (for references,
see Reiter et al. 1997).

Melatonin also blocks the acute gastric lesions induced by stress, ethanol, ischemia,
or aspirin (Brzozowski et al. 1997) and the gastric ischemia reperfusion injury in rats
(De la Lastra et al. 1997). It protects primary cultures of rat cortical neurons from
NMDA excitotoxicity and hypoxia/reoxygenation (Cazevieille et al. 1997) and main-
tains glutathione homeostasis in kainic acid-exposed rat brain tissue (Floreani et al.
1997). Acutely administered melatonin reduces oxidative damage in lung and brain
induced by hyperbaric oxygen (Pablos et al. 1997), and in vitro prevents oxidative
damage of adult rat hepatocytes in culture (Kojima et al. (1997).

Melatonin prevented striatal and hippocampal lesions induced by MPTP admin-
istration (Acufa-Castroviejo et al. 1996). In accordance with this, melatonin rescued
dopamine neurons from cell death in several tissue culture models of oxidative stress
(Iacovitti et al. 1997). Brain oxidative stress, as well as hyperlipidemic nephropathy,
induced by Adriamycin was effectively inhibited by melatonin (Montilla et al. 1997 a, b).

It is interesting to note that for some of these effects, removal of the major endogen-
ous source of melatonin by pinealectomy augments the damage produced, thus indi-
cating that melatonin activity can be seen even at physiological (i.e., low nanomolar)
concentrations (Reiter et al. 1997).

Melatonin not only neutralizes oxygen-derived free radicals but can also scavenge
species of other types such as peroxynitrite, a toxic oxidant formed from the reaction
of superoxide and nitric oxide under conditions of inflammation and oxidant stress
(Gilad et al. 1997). Another important oxidative damage prevented by melatonin is
that arising from carbon-centered free radicals, like those presumably involved in
Alzheimer’s disease (AD). Indeed, in recent years the hypothesis of a possible thera-
peutic relevant effect of melatonin in AD has been entertained. Support for this hypo-
thesis derived from in vitro data indicating that melatonin protects neurons against
B-amyloid toxicity and inhibits amyloid formation (Pappolla et al. 1998), prevents
PB-amyloid-induced lipid peroxidation (Daniels et al. 1998), alters the metabolism of
the B-amyloid precursor protein (Song and Lahiri 1997), and prevents the oxidative
damage by B-amyloid of mitochondrial DNA (Bozner et al. 1997).

Recently, we reported that short-term treatment of dementia patients having sleep
disorders with melatonin (3 mg p.o.) improved significantly “sundowning”, i.e., the
episodes of agitated behavior that were more severe at night (Fainstein et al. 1997).
Moreover, in a case report of two monozygotic twins suffering from AD of 8 years of
evolution, the disease was halted in the melatonin-treated subject (6 mg p.o. for
36 months), as indicated by a stable, milder impairment of mnemic function and
a substantial improvement of sleep quality and reduction of sundowning (Brusco et al.
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1998a). Indeed, the probability of an absent melatonin rhythm is higher in dementia
patients as compared with subjects without dementia (Uchida et al. 1996). In a recent
open pilot study (Brusco et al. 1998b) on the efficacy of melatonin in treatment of
sleep and cognitive disorders in 14 AD patients, treated daily with 9 mg melatonin for
1-3 years, we observed that a significant improvement of sleep quality was found in all
cases, with a halted evolution of the cognitive and behavioral signs of the disease
during the time they received melatonin. A substantial improvement of sleep quality
and reduction of sundowning was found in all patients studied. Thus melatonin treat-
ment at relatively moderate pharmacological doses can be useful to ameliorate be-
havior disorders and to halt cognitive impairment in elderly patients with dementia.
To what extent this is due to an effect of melatonin on S-amyloid-related processes or
is the consequence of an improvement in sleep quality and reduction of sundowning
agitation awaits further investigation.

3.7 Melatonin Restores Amplitude of Circadian Rhythm
in Chronic Inflammation or Aging

Significant impairment or abolition of circadian rhythms is observed as a consequence
of several chronic diseases. This is an effect named as “masking” in chronobiology
jargon. Another situation in which significant distortion of circadian rhythmicity is
found is aging. Old age has been associated with changes in the amplitude and period
of circadian rhythms in several species, including humans. In rodents, reported age-
related changes in circadian rhythmicity include alterations in entrainment to the
light—dark cycle and reduced amplitude of rhythms. Neuronal degeneration at the
SCN and in the amplitude of melatonin rhythm have been reported as a consequence
of aging (for references, see Golombek et al. 1997; Cardinali et al. 1998a).

Mycobacterial-induced experimental arthritis in rodents is a model of heuristic
value to assess the chronobiological consequences of chronic inflammation. Adjuvant-
induced arthritis represents a T-lymphocyte-dependent, strain-specific autoimmune
disease (Whitehouse 1988). Although the clinical onset of the inflammatory disease
of the joints occurs on days 12-15, a number of neuroendocrine sequela become
apparent at an early phase of arthritis development. For example, on days 3-5 after
injection, increases of pituitary PRL (PRL) mRNA and decreases of growth hormone
(GH) mRNA were found, coincident with augmented circulating PRL and decreased
GH levels (Neidhart 1996).

We have verified the existence of significant effects of immune-mediated inflamma-
tion on ACTH, GH, PRL, and TSH release at an early phase (day 3) after Freund’s adju-
vant injection into rats (Selgas et al. 1997, 1998). After mycobacterial Freund’s adjuvant
injection, 24-h variations of TSH levels became blunted while 24-h variation of PRL and
ACTH persisted. Freund’s adjuvant injection increased serum ACTH and PRL levels and
decreased GH and TSH levels. Injection of Freund’s adjuvant reduced the amplitude
of the daily variation of norepinephrine content, shifted the maximum of dopamine
turnover, and blunted the daily variation in serotonin turnover in several hypothalamic
areas, including the preoptic-anterior hypothalamic area and the SCN.

Since immunosuppression by cyclosporine restored rhythmicity of several of the
neuroendocrine parameters examined, the immune-related nature of the studied
phenomena seemed to be warranted. Inmunocompetent cells affect neural processes



3 The Role of Melatonin in the Neuroendocrine System 59

by paracrine means through the release of cytokines influencing the nerves situated in
close proximity or conveyed to the central nervous system via the bloodstream. There
is information on changes in neurotransmitter dynamics in several brain regions, as
well as in the peripheral autonomic nervous system, in the course of an immune reac-
tion or as a consequence of cytokine administration (Besedovsky and Del Rey 1996;
Cardinali and Esquifino 1998).

More recently, we examined the effect of melatonin injection on Freund’s adjuvant-
induced changes in levels and 24-h rhythms of circulating ACTH, PRL, and LH
(Esquifino et al. 1999). Animals received s.c.injections of melatonin (30 pg) or vehicle,
1 h before lights off for 12 days, and 10 days after melatonin treatment they were
injected with Freund’s complete adjuvant or its vehicle. In melatonin-treated rats, an
augmentation of the amplitude of serum ACTH rhythm could be detected. Melatonin
effectively counteracted the decrease of circulating LH and restored its 24-h rhythmi-
city in immunized rats. As far as PRL is concerned, melatonin injection produced a
significant diurnal variation in immunized rats only. Therefore, several early changes
in levels and 24-h rhythms of circulating ACTH, PRL, and LH in Freund’s adjuvant-
injected rats were sensitive to treatment with pharmacological amounts of melatonin.

Another aspect significantly modified by progression of adjuvant’s arthritis is the
circadian organization of the immune response. Two circadian systems have been
isolated in both experimental animals and man: (1) the circulation of T, B, or NK
lymphocyte subsets in peripheral blood, and (2) the density of epitope molecules (e.g.,
CD4*, CD8") at their surface, which may be related to the cellular reaction to antigen
exposure. Changes in lymphocyte subset populations can be attributed to time of
day-associated changes in cell proliferation in immunocompetent organs as well as to
nyctohemeral modifications in lymphocyte release and traffic among lymphoid
organs (for references, see Cardinali et al. 1996¢; Cardinali and Esquifino 1998).

During the last few years, we have examined the regulation of circadian rhythmicity
of cell proliferation and mitogenic responses in rat submaxillary lymph nodes and
spleen during the immune reaction. In both immunized and nonimmunized rats a
significant diurnal variation of lymph cell proliferation (as measured by ornithine
decarboxylase, ODC) displaying maximal activity in the afternoon was found, coinci-
dent with maximal lipopolysaccharide- and concanavalin A-induced cell proliferation.
Splenic cell proliferation was maximal at morning hours, which coincided temporally
with changes in some immune-related parameters (i.e., mitogenic activity) (Esquifino
et al. 1996).

Theoretically, two possible pathways through which the SCN can modulate the
circadian organization of the immune response should be considered. One is purely
neuroendocrine and involves the strong circadian profile of secretion of hormones like
melatonin. Another includes the direct circadian control of immune reactivity through
the autonomic nervous system innervating the lymphoid organs (Esquifino and
Cardinali 1994). In sympathetically denervated plus parasympathetically decentraliz-
ed submaxillary lymph nodes the normal diurnal variation in cell proliferation, with
an afternoon peak, was blunted. It was thus concluded that an important regulation of
circadian rhythms in cell proliferation in lymph nodes is derived from the autonomic
nerves.

The involvement of melatonin in maintaining a normal circadian structure of the
immune response was also examined. In an experiment assessing the effect of pineal
suppression on diurnal variations in lymph node and splenic cell proliferation, ODC
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activity in pinealectomized rats decreased by about half while still exhibiting a low
amplitude, significant diurnal variation with a maximum during the afternoon.
Administration of melatonin at late evening restored ODC levels and the amplitude of
diurnal rhythmicity (Cardinali et al. 1996a; 1997b). The results were compatible with
the view that the pineal gland plays a role in circadian changes of immune responsive-
ness in lymph nodes and spleen via an immunopotentiating effect of melatonin on cell
proliferation.

Indeed, the functional relationship between the pineal gland and the immune
system has been known, and was initially indicated by the disorganization of thymic
structures after pinealectomy of newborn rats. Pinealectomy or any other experi-
mental procedure that inhibits melatonin synthesis and secretion induces a state of
immunodepression, counteracted by melatonin in several species (for references, see
Maestroni 1995; Liebmann et al. 1997). Under in vivo conditions, melatonin displays
an immunoenhancing effect, particularly apparent in immunodepressive states.
Melatonin administration augments antibody responses, such as plate-forming cell
activity, cytotoxic T-cell responses, and antibody-dependent cellular cytotoxicity. It
corrects immunodeficiency that follows stress, immunosuppressant drugs, or viral
infections, and prevents apoptosis in hematopoietic cells and thymocytes. Melatonin,
in physiological concentrations, stimulated activated CD4* T cells in vitro to release
opioid agonist(s) with immunoenhancing and antistress properties (Maestroni 1995).

The nature of the mechanisms involved in the immunomodulatory activity of
melatonin remains unsettled. There is evidence suggesting the existence of membrane-
specific binding sites for melatonin in immune cells and the binding of labeled
melatonin to peripheral blood T cells is markedly higher than that observed in B
lymphocytes. Melatonin binding sites were mostly observed in CD4" cells rather than
in CD8" cells, suggesting that CD4* lymphocytes are the targets of melatonin among
human lymphocyte subpopulations. In human lymphocytes, melatonin augmented
cyclic GMP production but was ineffective in modifying cyclic AMP production. mRNA
expression of mt, receptors is detectable in lymphocytes. Since drugs that bind to
RZR/ROR receptors are active in experimental models of autoimmune diseases, the
possible nuclear effect of melatonin should be taken into account (Missbach et al. 1996).

The interaction between the CNS and the immune system is a bi-directional process:
immunocompetent cells affect local neural processes by paracrine means through the
release of cytokines and by endocrine means on the CNS via the bloodstream. During
the immune reaction there is an increase of sympathetic and parasympathetic activi-
ty in local nerves. Submaxillary lymph node and splenic sympathetic activity attained
their maximum at early night, while cholinergic activity in lymph nodes peaked
during the afternoon. After pineal removal, a significant decrease of the amplitude
of rhythmic presynaptic activity in lymphoid organs was found. These sequela of
pinealectomy were counteracted by evening administration of melatonin (Cardinali et
al. 1996a, 1997b).

Mycobacterial-induced experimental arthritis in rodents also demonstrated to be a
useful animal model to examine the chronobiological activity of melatonin in aging
(Cardinali et al. 1997 a; 19984, b). In a study carried out in young (50 days old) and old
(18 months old) rats, 24-h rhythms of splenic and lymph node ODC and neuronal
activity exhibited progressively smaller amplitudes of the daily variations as arthritis
developed. In every case, mesor and amplitude of ODC activity were lowest in old rats.
Melatonin administration was very effective in reversing age-related changes of immune
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responsiveness. Moreover, old rats exhibited lower melatonin content than young
animals.

It must be noted that the effects of melatonin are not always beneficial. Melatonin
administration to young rats after mycobacterium or collagen injection induced
a more severe arthritis than that expected in control animals (Cardinali et al. 1998a).
Therefore, pharmacological levels of melatonin in young animals may overstimulate
the immune system causing exacerbation of both autoimmune processes.

3.8 Concluding Remarks

In mammals, pineal melatonin is produced rhythmically and functions as a photo-
periodic signal. Its role as a circadian mediator, neglected for a long time, appears also
to be important. Through the several mechanisms reviewed herein, melatonin can play
the role of a universal synchronizer within the body. Accordingly, the melatonin
rhythm may be one of the most important efferent SCN signals for imparting syn-
chronicity to the rest of the organism.

Most biological changes after melatonin treatment require chronic (i.e., from
several days to weeks) administration schedules. It seems feasible that the time-related
effects, if they become repetitive with time, allow the animal’s physiology to adapt to
a new associative relationship. This process is not dissimilar from that involved in
associative learning. The brain, as well as the peripheral cells, may be able to encode an
accumulated memory of melatonin signals and thereby define time intervals around
the 24-h cycle and the annual scale. It is within the framework of this concept that the
effect of melatonin on sleep disturbances in aged people has to be considered, i.e,,
melatonin treatment will reinstall the circadian organization of the sleep — wake cycle.
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4.1 Introduction

Many barriers exist only in the mind. Once we realize that it is possible to walk through
walls, because the walls are only there by our own deeply rooted conventions, we arrive

MEASURABLE TIME STRUCTURE (CHRONOME) OF A VARIABLE

Fig. 4.1. Chronomes consist of multifrequency rhythms, elements of chaos, trends in chaotic and
rhythmic end points, and other, as yet unresolved variability (“noise”). (Copyright Halberg)
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Fig. 4.3. By understanding biological activity as a function of time, notably in medicine, chrono-
biology can be aligned in importance with the splitting of the atom (*). Understanding of the origin
of the universe by nuclear physics is matched by a greater understanding via chronobiology of
theoretical, experimental and applied biology as a whole, with applications to veterinary sciences,
nutrition, animal husbandry, pest control, and other aspects of agriculture, including the concerns
for the broadest environmental integrity, beyond chronobiology’s major promise of cost-effective
health care (**). (Copyright Halberg)

at the verge of making a contribution to progress in science and ethics, and thus
in their concomitant interdigitated pursuit.! This recognition may serve pinealists,
whose historical background is the search for the soul. To vitalists who believe that
the soul leaves the body with its last breath, the soul is the anima. Cicero’s animus
mundi may be used as a preferred alternative in focusing on relations among cycles
and events viewed as time structures (Fig. 4.1) in and around us (Fig. 4.2). To resolve
these chronomes (portmanteau'd from chronos, time, and nomos, rule), we must
abandon the current general position with respect to physiological variation in the
normal range, which corresponds to that in preatomic physics. It was then believed
that the “a-tom” was the smallest particle that could not be further split (Fig. 4.3).
Breaking the atom opened the door to a new universe of particles governed by new
forces and physical laws. The field of nuclear physics evolved and brought with it new
knowledge, a new energy source, and a wealth of practical applications (Fig. 4.3)
(Cornélissen and Halberg 1994). Indeed, the analogy applies to splitting of the normal
range into the time structures of everyday physiology (Table 4.A1). From picking

! 'We may wish to first tear down the barrier between science and spirituality and approach both
objectively. Next, we may tear down the barriers within the sciences, such as those among disci-
plines as different as physics and biology. Barriers between integrationists and reductionists then
fade when the pineal gland is at issue.
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different times of day and seasons for study, a transdisciplinary science, chrono-
biology, emerged to search objectively for the physiology of cognition, if not of the
animus mundi.

4.2 Render Measurable What as Yet Is Not: Emotion, Mind, and Spirit

In this context, several inextricably interwoven fields are challenging to scholars study-
ing the pineal gland, whether they regard this gland as the window to light, the latter
in turn viewed as a “master” switch (Pennisi 1997; Plautz et al. 1997), and/or also accept
the pineal gland as a keyhole to geomagnetics, another switch at noon at high latitudes
and only by night at lower latitudes (Cornélissen et al. 1997; Halberg et al. 1997),and/or
as a putative site of consciousness, emotions, and the mind, if not of the soul, already
considered from the viewpoints of (eventually we hope chrono-) molecular biology
(Crick 1994) or from that of an eminent crystallographer and physicist (Tiller
1997). Whatever the focus, or for all of the foregoing purposes, chronobiology is an
indispensable tool, and in order to use it, a necessary field is needed which resolves the
rules of intermodulations of rhythms and other elements of time structure within
organisms (Halberg 1969; Cornélissen and Halberg 1994) and the subtle factors
(Brown 1960; Halberg 1969a) or subtle (magnetic field) energies (Tiller 1997) that may
be involved with life and the environment.

This endeavor leads to a related, interdigitating field, chronoastrobiology (Halberg
et al. 1991 a; Cornélissen et al. 1999), which strives to elucidate the past and present
integration of organisms into their largely wavy environment (Fig. 4.4). In the course
of evolution, organisms may have coded many of the cycles and events of their proximal
and distant habitat in their genes, as Fig. 4.5 suggests for the circadian change of
human heart rate (Halberg 1983; Hanson et al. 1984). From this viewpoint, life on earth
is a living fossil, telling us perhaps about the cosmos of the past (Halberg 1969; Halberg
et al. 1991a; Breus et al. 1995; Cornélissen et al. 1999). On the other hand, the biosphere
is still responsive today to the very cycles and events that also characterize its current
environment (Halberg et al. 1998; Cornélissen et al. 1999). Facts in these overlapping
fields are summarized in Tables 4.A1 and 4.A2.

A third field, chronobioethics (Cornélissen et al. 1994 a, b; Halberg et al. 1994), is
most pertinent to those concerned about the mind and spirit, if not soul, whether they
come from philosophy, molecular biology, or integrative physics. Tiller (1997, 1999)
and Tiller, Dibble, and Kohane (1999) provide a dual four-space frame, complementing
the physical four dimensions of space-time with a mathematically underpinned
reciprocal four-space which they embedded into emotions (a nine-space), that in turn
is embedded in the frame of mind (a ten-space), while the embedding frame for all this
is the frame of spirit (Scheme 1, p. 73). The task of chronobiology is to test this concept
in inferential statistical terms. Our goal consists of measuring what is measurable
and rendering measurable what as yet is not, in time and meaningfully (Omnia metire
queecumaque licet et immensa ad mensuram tempestive et ergo significative redige). We
sketch approaches to the pineal gland first in a historical context, thereafter turning to
our main task, which is physiological.

Fig. 4.4. Chronoastrobiology strives to elucidate the past and present integration of organisms into P
their largely wavy environment. (Copyright Halberg)
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** Which further comprise age and other trends, including adaptive, integrative and cultural
evolution toward a chrononoosphere, topics of chronobiology broadly.
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EMERGENIC HERITABILITY OF CIRCADIAN
AMPLITUDE OF HUMAN HEART RATE*

N of Twin Pairs: 35 22
P-Value (H,:ry=0): <0.001 0.558

*A d by istically significant intra-ciass correlation (ry) for
monozygotic (MZ) but not for dizygotic (DZ) twin pairs reared apart.

Fig. 4.5. Groups of around-the-clock records on twin pairs reared apart document the heritability
of the circadian amplitude of human heart rate. (Copyright Halberg)

4.3 Let Us Learn That We Do Not Know Even What We Should Know
(Discamus nos nescire etiam quid nobis sciendam sit)

According to Tiller (1997), reportedly (Pecci 1997) “...the entire human species
seems to be part of a vast organism”. We single out instead, as a system to be ana-
lyzed, the even vaster body of our planet earth, by using its planetary magnetic disturb-
ance indices Kp and Dst, in line with Gilberd’s (1600) magnum magnes est orbis
terrestris (our earthly orb is a great magnet). We look further into the problem of
obtaining from space-borne vehicles measures of the interplanetary magnetic field,
to paraphrase Gilberd by writing magnum magnes est orbis solaris, only to find the
putative effects of the cosmos that prompt us to view our physiology as reflecting
a magnum magnis est orbis cosmi or orbis mundi if not orbis multiversi. Table 4.A2
in this context provides a view of statistically validated dividends, and Scheme 1 is
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Scheme 1*
Tiller’s (1997) dynamic equations of nature (1 to 3)

1. Function < Structure <> Chemistry
2. Function < Structure <> Chemistry < (Electromagnetic energy fields)
3. Function < Structure <> Chemistry < (Electromagnetic energy fields)
(& Emotions) * < Mind (& Spirit) *

lead to

4. a biological radiation detector

and the BIOCOS project (Biosphere anp Cosmos) viewing
life as a genetic-memory endowed electromagnetic field and radiation detector
(Ito VII)

Approach Biosphere Cosmos
(indicator of physical process)

L Ind decrease in HRV

IL. Ind decrease in ~46 sec spectral
power of RR intervals

III.  Pop decrease in HRV

IV.  Pop increase in incidence of MT

increase in Kp
increase in Kp

e

increase in Kp

north-south turn of vertical

component of interplanetary

magnetic field (Bz)

V. Pop increase in incidence of MI & Forbush decrease in intensity
of galactic cosmic rays (FD)

VI.  Pop increase in incidence of stroke <> FD but notBz turn

VII. Pop decrease in bacterial sectoring < decrease in Dst below - 100 nT

te

* Perspective is complementary as reciprocal to that in Table 4.A2. A long-term memory as
genes prompts resonance at selected frequencies that are detected as cross-spectral coherence
(Table 4.A2).In approach 1, the “altered” time structure of the electrocardiogram (ECG), i.a., the
presence of a very prominent circaseptan component and a greatly reduced circadian, desyn-
chronized from 24 hours, prompted the search for some underlying environmental event, and led
to the record showing a magnetic storm in the timespan with the altered ECG. Actually, the
circadian changes observed during the storm in this healthy subject resembled earlier findings
in rabbits. Approaches on humans (I-VI) focusing on the individual (Ind) as well as population
(Pop) are complemented by those on bacteria (VII). Increases in Kp and decreases in Dst, both
geomagnetic disturbance indices may be complemented by biomarkers of magnetic storms
and/or other (galactic ?) events. Our interpretation of Tiller’s (1997) view expressed in equation
3 on p. 4. This can prompt objective tests, e.g., of emotionality, like grief, or mind, like conflict,
by sensitive chronobiological indices. Particularly pertinent are gross alterations of the environ-
ment, such as a precise anthropogenic week in magnetic disturbance when the natural physical
planetary geomagnetic index shows a component differing from a precise week. For intention-
ality, see also Jahn (1995, 1996)

HRV = heart rate variability; MI = myocardial infarction.

The frequencies, and at each frequency, further parameters remain to be specified.
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a challenge to biologists and physicists to use the organisms themselves as environ-
mental gauges.

Those who doubt the desirability of viewing the organism as an open system in the
context of its environment should try to hold their breath; that should promptly con-
vince them that they need the air they breathe. This should have been clear to the first
human. Equally early, humans and other animals may have realized that every so often
they must rest or sleep. The extent to which we depend on more subtle effects imping-
ing upon us may have been considered by those who coined the concept of the animus
mundi over two millennia ago. In the context of the pineal gland, the concept of
the anima orbis (“world soul”) has been cited as a dynamic substrate for the vital
principle associated with the body in life and perhaps departing from it at death. It
may be more than chance that in the form of animus (rarely anima), the term was also
used for the mind as a rational human principle. Tiller (1993,1997) has approached the
emotions, mind, and spirit in thermodynamic terms, and dimensions embedding the
classical four time-space dimensions and their four reciprocals. We propose Cicero’s
animus mundi, or if there is a need to refer to more than one universe, animus
multiversi, to conclude as Tiller did (1997), that organisms are (biological) detectors of
photic and non-photic effects from the sun and from beyond. On the applied side,
there is the precedent of distinguishing between grief and conflict in objective
chronobiological terms (Halberg et al. 1996).

4.4 Tarquini and Pineal Gland History

Late in 1998, unfortunately without bibliographical references, with an outline present-
ed orally, the late Brunetto Tarquini, professor and head of a department of medicine
in Florence, traced interest in the pineal gland as the anatomical substrate of the
soul, from Chinese medicine to the Cartesian “mind” (Halberg et al. 1999). Interest
in the pineal gland as the “house” of the soul (animus/anima) started, according to
Tarquini, presumably with the legendary Yellow Emperor (said to have reigned
from 2697-2597 BC) (Huang Ti Nei Ching Su Wen 1949). Other scholars of this
time have failed to list the gland in their index (e.g. Huang Ti Nei Ching Su Wen 1949).
In the Vedas, the religious teachings of India, the pineal gland was one of the chakras,
the centers of vital energy. This chakra was the “door to perfect peace and harmony.”
In the Vedic pantheon, one of the most potent deities was Varona, the god of the
nocturnal sky, which directs the course of the sun.

Herophilus of Alexandria (325-280 BC), who taught anatomy and physiology
during the reign of the first two Ptolemys, mentioned the pineal gland as an entity that
is functionally involved in the coordination of the flow of thought (psychikon): as
a sphincter between the ventricles of the brain and the nerves; so did Galen by indicat-
ing that the soul is in the center of the brain, in the pineal gland, rather than in the heart
as Aristotle claimed. Herophilus's lasting fame stems first and foremost more generally
from studies on the brain, the eyes, and the circulation. He described the nerves,
the calamus scriptorius (or calamus herophilii), the occipital bone, the retina, and the
duodenum. Herophilus may have been first to count the beats of the pulse, with an
ingenious water clock, and thereby to diagnose even amorous passion, if not the heal-
ing, subtle energies of love, interpreted by a psychiatrist (Pecci 1997) in the light of
subtle electromagnetic energy fields.
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In the Confessions of St. Augustine (354-430 AD), a broad concept of the soul,
anima, was equated with the Greek “psyche” and Hebrew “nephes”: the latter means
“life”, including everything that contributes to life. Tarquini speculated whether the
teachings of the Vedas became known in Europe through the Templars, the monk-
soldiers of St. Bernard, eventually mostly annihilated by Philip “the Beautiful” of France,
except for those retained by the initiators of Freemasonry (Barber 1994; Demurger
1989; Partner 1982; Seward 1995). From the Templars may stem the kiss of the behind,
which should excite or awaken the serpent Kundalini, a cosmic force which resides in
the roots of the dorsal spine and in the sex glands, and which once awakened reaches
the pineal gland, an explicit reference relating this gland to the cosmos. The Templars
are credited with the recognition of the “third eye” in the pineal gland, providing a
direct vision of time and space.

In the seventeenth century, Rene Descartes (1596-1650) wrote: “There is a small
gland in the brain, the pineal, in which the soul exercises its function in a more peculiar
way than in all other parts.” (Descartes 1664/1972). He thus maintained, interpretations
to the contrary notwithstanding, that spirituality (Tiller’s 11th dimension, the spirit)
cannot be localized in any one part of the body; but he considered the pineal gland as
the organ where the mind (Tiller’s 10th dimension) or anima (res cogitans) meets the
material, the fleeting mortal body (res extensa). With Tiller’s view of humanity as a vast
body, on revient toujours a ses anciens amours.

4.5 Anatomical-Clinical Associations

Against this mythical historical background, the development of less philosophical,
albeit homeostatic studies, was delayed until the middle of the eighteenth century,
when some investigations contested the Cartesian view. Around the middle of the seven-
teenth century, Giovanni Battista Morgagni (1682-1771), the father of pathological
anatomy, in “De sedibus”, with his thorough postmortem examinations, provides case
histories for patients with “disturbances of the mind” as having anomalous, atrophic,
or calcified pineal glands. The pineal gland has a particular propensity to calcify, as
now documented with modern methods of imaging (Schorner et al. 1991; Sandyk
and Awerbuch 1991; Kohli et al. 1992; Sandyk 1993). The calcification begins with the
deposition of hydroxylapatite in pineal cells. The concretions, acerbuli, or sand of the
brain are eventually expelled into intercellular space where they form aggregates. The
calcification of the pineal gland has had different interpretations. The then-leading
endocrinologist Nicola Pende, following up on Morgagni, maintained correlations
of the pineal gland with “psychosexual alterations”, which he defined as including
sadism, masochism, homosexuality, and satyriasis. In the following century, other
scholars, like Thomas Arnold (1795 -1842), made the same observation as Morgagni
and diffused the conviction that madness can be tied to the presence of an abnormal
pineal gland.

In the last years of the nineteenth century, the first clinical cases of affections of
pineal origin were reported. The anatomists of this time regarded the pineal gland as
a vestigial organ, biologically redundant, as did the clinicians based on morphologic
and comparative studies. Some of those who more recently assessed the degree of
calcification in the pineal gland by computerized tomography have correlated this
degree of calcification with a reduced production of melatonin, with alterations of
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sleep — wakefulness and tiredness during the day; but this was not found for 6-sulfat-
oxymelatonin in a small sample (Bojkowski and Arendt 1990). The pineal gland has
been studied for possible involvement in: multiple sclerosis (Sandyk and Awerbuch
1992, 1994), a point of interest from a geophysical viewpoint (Resch 1995); schizo-
phrenia onset (Sandyk 1992a); and more generally (Sandyk 1992b, 1993), bipolar
emotional disease (Sandyk and Pardeshi 1990) and psychiatric illness (Sandyk and
Awerbuch 1993).

4.6 The Homeostatic Melatonin Era

Lerner discovered melatonin, an indole derived from 5-hydroxytryptamine, as the
major but not sole secretion of the pineal gland, as recently as 1958. For the subsequent
20 years, the pineal gland remained in obscurity (its natural environment!). It was
catalogued as a neurochemical fossil, only to gain worldwide fame almost immediately
thereafter, not so much because of the progress made in the discovery of the growing
importance of the photofraction in agriculture but as a public response to the many
hypotheses in experimental physiopathology about the critical properties of melatonin.
From the end of the 1970s to the first years of the 1990s, the pineal gland came to be
resuscitated as an omnipotent, oncostatic organ, a proposition that had been made in
Vienna in the pre-melatonin era (Engel and Bergmann 1952). Melatonin also became
the pill for eternal youth, even if today aging, rather than representing a hope, consti-
tutes more of a menace (except for good wine which improves with age!).

Embryologically derived from the ependyma, which covers the ceiling of the third
ventricle, the pineal gland or epiphysis, also called the penis of the brain, remains an
ontogenetically very old organ, a member in the family of circumventricular secretory
organs which include the subcommissural organ (SCO), the subfornical organ (SFO),
the organum vasculosum of the lamina terminalis (OVLT), the ependyma of the
median eminence, and the area postrema at the posterior border of the ceiling of
the fourth ventricle. These organs, described also as “windows of the brain”, with the
exception of the SCO, are areas which lack a blood-brain barrier. Their functions are
not known with certainty. Along an evolutionary scale, these organs could be involved
in the metabolism of fluids, osmolality, and electrolyte transport. Melatonin is indeed
found in insects (Wetterberg et al. 1987) and unicells (Balzer and Fuhrberg 1996).

In the 1960s, Farrell postulated a hormone of pineal origin that coordinates the
glomerulosa of the adrenal cortex, which produces aldosterone - adrenocortical
glomerulotropin or glomerulotropin. The biosynthesis of aldosterone in the glomeru-
losa is influenced by a number of factors, notably by the octapeptide angiotensin II
(Aguilera 1993; cf. also Franchimont 1964; Haulica et al. 1981; Damian 1989). In some
amphibians and fishes, pineal cells have characteristic photoreceptors with photo-
sensitivity and electrical activity suggestive of a “third eye”. In birds and reptiles, in
addition to photoreception, there is a secretory function which becomes more pro-
nounced in higher vertebrates. The vascularization of the pineal gland is rich when
viewed in relation to the amount of tissue. After the kidney, Brunetto regarded the
pineal gland as the second most irrigated organ. This certainly constitutes a biological
paradox, if the pineal gland is a redundant vestigial organ.

The pineal gland is innervated by postganglionic fibers that derive from the sym-
pathetic ganglion and are found along the great vein of Galen. The sympathetic
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nervous input into the pineal gland is coordinated by impulses from the suprachias-
matic nuclei, which in turn are innervated directly from the retinal-hypothalamic tract.
Today, many investigators explore the potential role of melatonin, besides that in onco-
logy and geriatrics, in the treatment of many psychiatric conditions, including depres-
sion, bipolar manic-depressive illness, schizophrenia, and Seasonal Affective Disorder
(SAD). With SAD and its geographic distribution, the foregoing broad perspective of
the pineal gland from thousands of years ago led to data that recognized the half-yearly
signature of geo- and heliomagnetics in the human circulating melatonin concentra-
tion (Tarquini et al. 1997 b; Maggioni et al. 1999).

For basic science, the data document the master switch of helio- and geomagne-
tism, complementing that of visible light. This invisible switch acts at night in the
absence of sunlight and heat; its effects may be less tangible at middle than at high
latitudes and await study as an oncological risk indicator for humans wishing to
venture into space (Halberg and Cornélissen 1998). Before such studies are designed,
the dynamics of melatonin should be explored.

4.7 Sampling and Assessing Chronomes

Each variable’s time structure, its chronome (Fig. 4.1), constitutes the desirable, albeit
often at best only partially obtainable, control information and should replace an
imaginary “baseline”, as outlined in Table 4.A1 (Halberg et al. 1991b; cf. Cornélissen
and Halberg 1994; Macey 1994). The predictable element of chronomes is a broad
spectrum of rhythms (Halberg 1969, 1980; Cornélissen and Halberg 1994) in which
about 24-h patterns, circadians, are prominent and represent, for certain variables, an
often indispensable dimension to be assessed or at least considered in time-specified
spot-checks. But the relative prominence of patterns differs among variables, even in
the same system. The blood pressure of a 73-year-old man may show a prominent
about-yearly pattern, while in the same circulation, heart rate may show no circannual
component while the third harmonic of the year stands out in the spectrum (Katinas
etal. 1998).In the same circulation of seven clinically healthy medical students, cortisol
may be prominently circadian, while endothelin-1 (ET-1) may be about 8-hourly
(Herold et al. 1998) and about 84-hourly periodic (Tarquini et al. 1997a). These same
circaoctohorans and circasemiseptans, superficially orphan rhythms (as long as they
have no generally known matching environmental counterparts), were also found
in murine pinnal dermis in the population densities of endotheliocytes, the cells
producing ET-1, with the circadians in the same population densities appearing only
as a transient response to trauma (Katinas unpublished). Here, we show further, as
illustrated by studies of melatonin and circulatory variables, that certain generally
neglected patterns with frequencies other than circadian need to be considered,
along with other aspects of the chronome, such as chaos and trends. In the 1960s, an
about 24-h (circadian) rhythm in the melatonin content of pineal glands from rats was
documented by Quay (1964) and subsequently confirmed by others (Axelrod 1974;
Reiter 1980). Arendt et al (1977; see also 1984, 1985) documented a circannual rhythm
(see also Arendt 1986, Arendt and Broadway 1986).
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4.8 Subtle Human Melatonin Rhythms

A circadian rhythm in human melatonin secretion and excretion was mapped by
Lynch et al. (1975). Richard J. Wurtman’s group showed that very small doses of
exogenous melatonin, which raised blood concentrations to those present at night,
accelerated sleep onset and sustained sleep when given at 1145 hours, as a “sleep
hormone” might do (Dollins et al. 1994). Figure 4.6 shows circadian rhythms and
models fitted to them to derive new end points for quantifying dynamics, such as
amplitudes and acrophases, as measures of the extent and timing of change. Figure 4.7
shows two ultradian components in the circulating melatonin of children, with periods
of 3.4 and 1.5 h, which may be related to the REM cycle (Salti et al. 1999). These two
components are visualized in this figure, obtained by stacking the data of eight
boys and eight girls over an idealized cycle. The original data from each child were
expressed as a percentage of the corresponding time series mean value in order to
eliminate interindividual differences in nocturnal melatonin concentration. Thus,
common features in the pattern of samples obtained every 30 min from 1900 to
0700 hours could be viewed more easily. These summaries are complemented by a one-
way analysis of variance testing for the equality of all class means. Even though this
approach is less powerful than the cosinor which consistently yields statistical signifi-
cance, an analysis of variance also validates the 3.4-h component with statistical signi-
ficance and the 1.5-h component with borderline statistical significance.

Figure 4.8 shows within-week as well as within-day variations (Herold et al. 1999).
While these are readily seen by the naked eye, it should be recognized that the ordinate

* 16 children, 8.4 - 16.8 years of age (mean £ SD: 11.9 £ 2.4 years), studied at 30-minute intervals from 19:00 to 07:00 (N =16)

Fig. 4.7. Ultradian components characterizing nocturnal circulating melatonin concentration in
children. (Salti et al. in press) (Copyright Halberg)
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* & subj results validated by populati cosinor {circadian: P < 0.001; ci ptan: P= 0.030). All data used for
ircad Iy daily ges of data col during the daytime (10:00 - 18:00) used for circaseptan analyses.

Fig. 4.8. Circadian and circaseptan changes in salivary melatonin concentrations. (Herold et al. in
press) (Copyright Halberg)

on the right for the pattern along the 1-week scale differs from that for the circadian
variation on the left. Both patterns are statistically significant.

Figure 4.9 shows, with serially independent sampling, the about-yearly pattern
of melatonin at 43°N geographic and 43.98 geomagnetic latitude in Florence, Italy
(Tarquini et al. 1997b). The same data are summarized as changes in chronome-adjust-
ed mean [midline-estimating statistic of rhythm (MESOR)] on the left and as circadian
amplitudes on the right in Fig. 4.10, showing an opposite time course along the seasons
for MESOR vs amplitude (Tarquini et al. 1997b). Profiles of about-yearly variations in
data obtained at six different hours of the day are shown in Fig. 4.11 and reveal an
about-yearly pattern, responding perhaps to sunshine during the hours of daylight,
whereas an about-half-yearly pattern, a putative geomagnetic signature, is seen at 0000
and 0400 hours by night in Florence (Tarquini et al. 1997 b). At a higher latitude, the two
peaks during the year are seen at noon (Fig. 4.12).

The possible use of urinary melatonin, and of the ratio of plasma cortisol to urinary
melatonin for assessment of the risks of developing cardiovascular disease or emotio-
nal depression is discussed elsewhere (Wetterberg et al. 1986). For the assessment of
breast cancer risk, the circadian amplitude of melatonin may serve if the circadian
MESOR fails (Wetterberg et al. 1986).



4 The Pineal Gland and Chronobiologic History =~ 81

CIRCANNUAL MODULATION OF
CIRCULATING MELATONIN (MEL)*

* Single cosinor analysis on log-transformed data from 1'{2 subjects; squares are individual
MESORSs estimated from 4-hourly sampling for 24 hours, in Florence, Italy, 43.47 °N.

Fig. 4.9. With serially independent sampling, an about-yearly variation is demonstrated for human
circulating melatonin. (Copyright Halberg)



F. Halberg et al.

82

(81aqrey 1ySraddo)) -apmyrjdure
ueIpesIr pue YOSHIN Y3 10§ sasanod swm) drsoddo syqryxs uruojepwr Sunemnor jo urayed fenuuesind ayJ, 01F ‘S1d



83

4 The Pineal Gland and Chronobiologic History

(813qey wyS114don) *ssauxyrep jo sanoy ay) SurLnp
wryAy1 Aj1ead-jrey ;noqe ue pue sinoy 1y3rdep ay) Suunp wiydys Aj1ead-jnoqe ue od1spun Aewr uruoje[dw SUTIENOID OpNITIe] N, LF'€h IV *11'F 811
‘N, Lb'Ev Mgy ‘@ousioly Ul ‘G661 J8quisdaq L PUB 2661 190100 1 USBMIA] PaIPM)s S108IqNS Z/| UO Sanoy pZ

10} S|EAIB)UL INOY-p T8 PBIOR{|0D BIEP S} S0UBPIIUOD 9GH Pue suesalu :ejep pauLiojsuel}-2t6o| uo asuelieA o saskjeue Aem-auo ‘U3Is iR S}OBYe
(¢paiejai-sonaubew) A1eak-jley-1noge pue ((pajejasi-aunsuns) Aueak-ynoqe ‘sinoy (00:40 ‘00:00) Ssauxtep Apybiu snsian (00:02-00:80) 1ybykep Buung

+LHOIN A (T3W) NINOLYTIIN ONILYTINOYIO 40 NOLLYINAOW ((a31V13H-SOLLANDVIN) HVIA-50
v 01 (¢Q31V13U-INIHSNNS) HYIA-0'L V WOHS NOILISOdSNVHL JONVIHVA TVHLO3dS 318ISSOd



F. Halberg et al.

84

(813qrer 1yBr14don) “usayred [enuuerurasesit> e Aq paziisioeIeyp ST UIUOIE[W SUNE[NIID UBWINY ‘PUBTUL] ‘NNO UI ‘N, 00°S9 1V “Z1F S1d

'(S861 ‘0SP-9vYi601L “100pu3 B1oY “|B 33 uauleynlew) Jeak auo 1oy Ajyjuow pajduwies uatu Aujjeay || wWolj ale njNQ ut B}eP ‘sinoy pg 10}

sinoy v Ai9na pajdwes yoea ‘uinbiey g jo sjusied g/ | wody elep |eutBlio {ydesb jo jey 3ybu up Jeq paiyy) ssaudep Ajybiu Bunnp Ajuo Ajun spaaoxe

ones apnyjduie ayy a1aym ‘N, Jp'cr e ‘Ajey| ‘aduaioly ul (uoou Buipnjou) sinoy Buijem Buunp (ydesb jo jey 6L Ul 1eq pUooas) Aun ueyy Jajjews

. yonw si (umoys jou ejep |euiblio) ones siyy seasaym (ydesb Jo jley 3yBL Ul Jeq i) Aun spaasxa sapnyjdise Aj1eak o} Kl1eak-jley ayy jo ones-6oj ayy
‘A|Buipsoooe tuoou punose painseaw uaym (ydesB Jo jjey yya)) puejuid ‘ninQ Ul N, 00°G9 18 Uaas si usened asuodsal (pajejes-sonaubew A|qissod) Ajeak-jley



4 The Pineal Gland and Chronobiologic History 85

4.9 Pineal Gland and Adrenal Cortex, Feedsidewards

Any pineal study profits from including the adrenal cortex, a known mechanism of
rhythmicity, indispensable for the maintenance of the rhythm in circulating eosino-
phils of humans (Halberg et al. 1951; Halberg 1953; Kaine et al. 1955) and of mice
(Halberg et al. 1953). In the 1950s, we also learned that corticosterone in mouse blood
was circadian periodic (Halberg et al. 1958a) and by the 1960s we had reported that
corticosterone production by the adrenal gland in response to ACTH was clearly time-
dependent (Ungar and Halberg 1962; Halberg 1965), as was pituitary ACTH activity
(Ungar and Halberg 1963). In a survey in October 1982, we studied the difference at
each time point between the corticosterone produced in response to the stimulating
effect of ACTH 1-17 alone, i.e., without the addition of pineal homogenate, vs the re-
sponse to ACTH in the presence of pineal homogenate. The differences at the six test
times were drastically different, changing sign at two of the six test times so that addi-
tion of pineal homogenate enhanced corticosterone production at two test times and
reduced it at four other test times, revealing the rhythmically changing interdepen-
dency of the three hormones (Brown et al. 1983) (Table 4.1).

Accordingly, we refrained from using the feedback concept describing time-un-
qualified interactions between two interdependent endocrine glands, e.g., the hypo-
physis and adrenal (Table 4.A1), replacing it with the “feed-sideward”, a concept based
on time-qualified facts. Feed-sideward was coined (Macey 1994; cf. Halberg 1983;
Sdnchez de la Peiia 1993) to describe a changing modulating relation between three or
more a priori periodic entities, such as the pineal, pituitary, and adrenal glands that led
to a rhythmic and to that extent predictable change from amplification over no-effect
to damping by the same entity, the modulator (the pineal gland), of the interaction
of two other periodic entities, the pituitary and adrenal glands (Table 4.1). In a large
series of such experimental studies, a model of circadian rhythmically recurring
changes, including opposite effects of melatonin was defined in extenso in 1983 as the
feedsideward (Halberg 1983; Sinchez de la Pefia 1993). The first evidence was a three-

Table 4.1. First report of a circadian rhythm in pineal melatonin (top) and of a pineal feedside-
ward* (bottom). (From Brown et al. 1983)

Experiment Melatonin (APH) (pg/pineal)

HALOS 02 06 10 14 18 22
10/11/82 <50.0 <50.0 51.5 170.0 <50.0 <50.0
10/31/82 <50.0 <50.0 51.5 2007.2 200.0 <50.0

APH effect upon stimulation by ACTH 1-170f adrenal corticosterone (difference in ng/ml per hour
between ACTH 1-17 alone or with APH,*P < 0.05 by ¢ test)

Date HALO* 02 06 10 14 18 22
10/31/82 -34.5% -34.5 -35.5% +40.9* +85.5% -47.8%*

B6D2F, temale mice, like rats, show dramatic circadian variation in the melatonin content of an
aqueous pineal homogenate (APH). After 4 weeks at 241 °C and ~68% relative humidity on six
LD12:12 regimens staggered by 4 h each, with Purina Chow and water freely available, 13 -20 mice
from each regimen were killed at the same clock-hour to sample six circadian stages. Pineal and
adrenal glands were removed, pineal glands pooled in a conical glass tube, homogenized with 9%
NaCl solution (1 pineal/1 ml) and APH partly used in adrenal incubations and partly stored at
-90°C until melatonin RIA.

* Cyclic factors other than melatonin are also likely to contribute to this feedsideward.

HALO, hours after light onset; §, pineal harvest time; #, adrenal harvest time.
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way interaction with aqueous pineal homogenate or melatonin being incubated with
pituitary glands and the incubation fluid then being incubated with adrenal glands to
measure corticosterone production by the latter (Table 4.1). The same change in sign of
response, a rhythmically alternating stimulation and inhibition in vitro by melatonin
incubated with the isolated adrenal or pituitary gland, was also shown as the time-
varying response of these glands directly to melatonin without any mediation by the
pituitary gland (Brown et al. 1983; Sdnchez de la Pefia et al. 1988).

The differences in adrenal corticosterone production in vitro between the effect of
ACTH alone or with pineal homogenate, as profiles each consisting of results at six test
times, were replicated in our laboratory in a series of studies. The studies were carried
out isophasically, with the adrenal, pituitary, and pineal gland at each test time from
the same circadian stage, and heterophasically, with the three glands from different
circadian stages (Sdnchez de la Pefia, 1993). In each of the profiles, the result changed
in sign, so that the addition of pineal homogenate enhanced corticosterone production
at some test times and reduced it at other test times, revealing the rhythmically chang-
ing interdependency of the three hormones. The mean of five isophasic studies,
summarized in Fig. 4.13, describes the changing relation between three a priori
periodic entities; the pineal, pituitary, and adrenal glands. One finds a rhythmic and to
that extent predictable change from amplification over no-effect to damping by the
same entity, the modulator (the pineal gland), of the interaction of two other periodic
entities, the pituitary and adrenal gland, a sequence of effects also reproduced as a
direct effect of melatonin upon the production of corticosterone by the adrenal gland
in vitro (Sanchez de la Pena et al. 1986; cf. Halberg 1983, Sdnchez de la Pefia 1993,

Lack of effect, attenuation or amplification by Aq Pineal | {APH) of corti one pi
by d In resp to Sy; mean of 5 Isophasic studles

Fig. 4.13. The pineal modulates, in a predictable since rhythmic fashion, the effect of the pituitary
upon the adrenal gland, insofar as corticosterone production by bisected adrenal glands, stimulat-
ed by ACTH 1-17, is concerned. (Copyright Halberg)
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CHRONOSENSITIVITY OF MURINE ADRENALS’
DHEA TO STIMULATION BY MELATONIN*
REVEALED BY COSINOR**
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* Original data of Erhard Haus et al.
** But not by an analysis of variance (Life Sciences 58:PL263-267, 1996).

Fig. 4.14. The production of DHEA stimulated by melatonin shows quantitative differences in the
expression of an adrenal chronosensitivity. (Copyright Halberg)

Macey 1994). In contrast, in a meta-analysis of data published as failing to show a time
effect in light of an analysis of variance (Fig. 4.14) (Haus et al. 1996), a meta-analysis
by cosinor found quantitative but not qualitative differences in the production of de-
hydroepiandrosterone (DHEA).

4.10 Circaseptans

The biological week was well known to Hippocrates, Galen, and Avicenna (Hildebrandt
and Bandt-Reges 1992) and in later centuries, long before ours (Hufeland 1797). In
1986, an about-weekly (circaseptan)-circadian intermodulation in the melatonin
content of the rat pineal gland was also found (Sdnchez de la Pefia et al. 1986). Table 4.2
shows both circadian and circaseptan rhythmicity in rat pineal melatonin. These
periodicities were anticipated and validated cost-effectively in a chronobiologic pilot
design (Sdnchez de la Pefia et al. 1983a). In such a design, the feasibility of shifting
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Table 4.2, Periodic components found in chronobiologic pilot study of rat pineal melatonin®

Period (1) P value MESOR (M) * SE Amplitude (A) £ SE  Acrophase (¢) (95% CL)
fittedinh (Ho:A=0)

(pg/100 ul of APHP)

168 0.006 8652+ 1340 662211824 —-142° (-108°,-175°)
24 0.013 5772 £ 1887 —277° (-240°,-314°)
Overall 0.001

2 Characteristics described by the concomitant fit of two periods.

b Aqueous pineal homogenate from one gland.

MESOR, a rhythm-adjusted mean (midline-estimating statistic of rhythm); amplitude, one half of
the measure of the extent of change described by the fitted curve; acrophase, lag from start of light
span of peak in the curve representing the concomitant fit of two components (Sdnchez de la Pefia
et al. 1988); SE, standard error; CL, confidence limits; acrophase (¢) in degrees; 360°, 7.

the time location of circadian rhythms to any desired schedule is exploited by the
manipulation of the regimen of light and darkness alternating at 12-h intervals
[light:dark = 12:12 h (LD 12:12)] (Sdnchez de la Pefia et al. 1983 a, b).

Allowance is made for an appropriate adjustment time. Earlier work had shown, as
noted, that the temporal placement of circadian rhythms at many organization levels
can be manipulated by the regimen of light and darkness alternating at 12-h intervals.
This was shown for gross motor activity (Johnson 1926; Halberg et al. 1957, 1958a, b,
1959, 1960; Halberg and Howard 1958). Moreover, under the same light intensity,
the rhythm in epidermal mitoses shifts more slowly than others, such as that in liver
glycogen (Halberg et al. 1957, 1960). Hence, even some rhythms previously believed
to be fixed in their timing as to clock hour, as in mitoses, were demonstrated to be
amenable to phase shifting by manipulation of lighting, once several weeks were
allowed for their adjustment to the new regimen (Halberg et al. 1957; cf. also Sanchez de
la Pefia et al. 1983a). The circadian rhythm in seizure susceptibility shifted relatively
rapidly in rodents (Halberg et al. 1958a) and humans (Halberg et al. 1959).

The analyses of the Fig. 4.15 data in Table 4.2 reveal that both the 24-h and 168-h
cosine curves have a non-zero amplitude, whereby the assumptions of “no-circadian
pattern” and ,no-circaseptan pattern” are both rejected. The double amplitude in
Table 4.2, expressed as a percentage of MESOR, indicates the large extent of change in
the about 7-day cycle and expresses further that the circaseptan double amplitude can
be larger than the circadian one. The concomitant assessment of at least two com-
ponents is a step toward changing from focus upon a circadian clock to the spectral
element of multifrequency rhythms in the chronome (Fig. 4.2) (Halberg et al. 1991b;
Cornélissen and Halberg 1992, 1994; Macey 1994). For the assessment of certain other
rhythms, such as ultradians, and the chaotic element of the chronome, the data at 4-h
intervals are not dense enough. For assessing yet another element, trends (in end
points of rhythms and chaos), the time series here analyzed covering only 1 week, are
not long enough and limitations as to density and length restrict the search for any
other unresolved variation (Fig. 4.1).
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CIRCADIAN-CIRCASEPTAN INTERMODULATION
IN MELATONIN CONTENT OF PINEAL FROM
FEMALE LEWIS/S RATS*

* Peak of curve on a Friday. Note lack of increase on Monday; activities in
faboratory may synchronize a bulit-In circaseptan, rather than being its
sole determinant. N = number of data; PR = percent rhythm (percentage
of variance accounted for by cosine fit); acrophase expressed In (negative)
degrees, with 360°=period length; APH = aq pineal h genate.
Model consisting of 24-hour and 168-hour cosine curves fitted concomitantly
to those data shows statistical significance of both components; circadian
amplitude and acrophase are 5772 pg/100 ui APH and -277°, respectively

Fig. 4.15. Circadian and circaseptan patterns resolved in chronobiologic pilot study of rat pineal
melatonin. (Copyright Halberg)

4.11 The Need for Dense Sampling Before the Ruling Out of Rhythms
and Presence of Melatonin

Melatonin in the mouse pineal gland and a rhythm in this hormone were reported by
us in 1983 (Brown et al. 1983) (Fig. 4.16), with new data appearing a few years later
(Brown et al. 1986; cf. Sdnchez de la Peiia et al. 1988). The first two profiles, published
by Brown et al. in 1983 (Table 4.1), were carried out about 3 weeks apart,on 11 and 31
October, as specified by Sdnchez de la Peiia et al. (1988). We used animals of the same
sex, about 11 and 14 weeks (*3 days) of age, respectively; the mice were from the same
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shipment provided by an extramural supplier. They were presumably of a comparable
genetic background, i.e., first generation hybrids (F,) of two inbred strains: the C57
Black, subline 6 (B6), and the Dilute Brown, subline 2 (D2). The parent strains had
been brother-to-sister mated for nearly half a century. Six groups, each consisting of
13-20 B6D2F, female mice were kept in six separate chambers on six different
LD 12:12 regimens staggered by 4 h.In each chamber, 12 h of light alternated with 12h
of darkness. The daily light span began in chambers 1 -6 at 0800, 1200, 1600, 2000, 0000,
and 0400 hours, respectively. Hence six different circadian stages could be tested at a
single clock-hour. The pineal glands were analyzed in Dr. Gregory Brown’s laboratory
by the same radioimmunoassay technique, nearly at the same time.

In the first experiment, radioimmunoassayed melatonin was found in aqueous
pineal homogenate from glands removed at 14 h after light onset, whereas at five other
test times none was detected (Fig. 4.17, top left). In the replication, melatonin was
found only at 14 and 18 h after light onset. Sharp peaks were found in each experiment
at 14 h after light onset. The timing of the peaks was similar, as could be anticipated
from studies carried out only 3 weeks apart, presumably at roughly comparable stages
of any about-weekly and about-yearly rhythms. The height of the peaks, however,
differed drastically in the two studies. The data of Fig. 4.17 were included in a review
in 1988, with the following comment: “The extremely sharp spikiness of the peaks in
both studies prompts the question whether the very top of a true peak was actually
sampled in one study but not in the other. These circumstances as well as infradian
changes may contribute to a stunning interstudy difference in MESORs.” (Sdnchez de
la Peiia et al. 1988).

In 1986, we confirmed our earlier finding on the spikiness of pineal melatonin once
more (Brown et al. 1986). The finding of spikiness in the melatonin of mice was extend-
ed at about the same time to melatonin in the circulation of three strains of mice
by Maestroni et al. (1986, 1987), who demonstrated a circadian rhythm of plasma
melatonin in 3 -4-month-old inbred C57Bl1/6] BALB/c Bohn and AKR/] female mice,
(Fig. 4.17). In the C57Bl/6] mice, the mean values at 14 time points were less than
100 pg/ml, while at one time point during the dark span the average was 360 pg/ml.

4.12 A Controversy Resolved

In Fig. 4.17, it is easy to see the circadian rhythm by the unaided eye. The zero-ampli-
tude (no rhythm) assumption, however, is rejected only by fitting a 24-h cosine curve
to the log,-transformed data. The data of Figs. 4.16 and 4.17 were also presented at a
Gordon Conference in the early 1980s, where a lack of melatonin in mouse pineal
glands was sweepingly described by a scholar in the field. His statement was immedi-
ately rectified with the demonstration of the Fig. 4.16 data (Brown et al. 1983). None-
theless, without reference to our report, the same scholar subsequently restricted his
claim at the next Gordon Conference to the statement that the pineal gland only of the
domesticated mouse does not contain melatonin. A subsequent paper from the same
laboratory, again more cautiously, concluded that melatonin is absent from the pineal
gland of some domesticated mice, such as C57Bl mice, while it was present in the pineal
of wild-derived mice. This paper in Science (Ebihara et al. 1986) was at variance with
the original work (Brown et al. 1983; Halberg 1983) and with its extension to the find-
ing of the presence and spikiness of pineal melatonin also in the plasma of the C57BI
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TWO SPIKY SERIES (TOP LEFT) CAN BE
APPROXIMATED BY SINGLE COSINOR AFTER
LOG-TRANSFORMATION (BOTTOM) AND PREFERABLY
ADDED NORMALIZATION OF DATA (BOTTOM RIGHT)

* HALO: Hours After Light Onset; ** P-values for ordering only in the want of a better
generally applicable model; *** By eliminating inter-series difference in average;
**** Female BgD,F, mice.

Fig. 4.17. Demonstration of a circadian rhythm of melatonin in the mouse pineal gland; meth-
odological considerations for its assessment in view of its spiky waveform. (Copyright Halberg)
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strain, for which the lack of pineal melatonin was reported (Ebihara et al. 1986). Even-
tually, the above-discussed reports based on radioimmunoassays were validated by
high performance liquid chromatography (HPLC) (Conti and Maestroni 1996), but the
paper in Science deserves more detailed methodological comment.

Ebihara et al. (1986) were unable to find pineal melatonin in certain strains of mice
which had been inbred in the laboratory for more than 40 years. In contrast, in pineal
glands of strains which were inbred in the laboratory for less than 30 years, they could
eventually demonstrate the presence of melatonin, which earlier had been stated by
one of the authors to be categorically absent in the pineal gland of mice, without any
qualification whatever. In a genetic analysis, the authors postulated that two indepen-
dently segregating autosomal recessive mutant genes are probably responsible for the
lack of enzymes NAT (N-acetyltransferase) and HIOMT (hydroxyindole-O-methyl-
transferase), which are necessary to convert serotonin into melatonin and which they
were also unable to find in their experiments, using radioimmunoassays for the deter-
mination of melatonin and the transferase system. Serotonin, measured by HPLC with
electrochemical determination (HPLC-EC), was found to be normal in the pineal
glands of the C57B1/6] strain. Of course, it could well be that after 40 years of inbreed-
ing in the laboratory some mutation of the transferase genes could have occurred, were
it not for the earlier studies on mice in Minnesota in 1982 and 1986 that had already
shown the presence of melatonin in the pineal gland of mice in hybrids of strains
inbred for over 40 years. The added original Minnesotan observation that melatonin
could only be found in the pineal gland during a very limited time span, peaking only
quickly, could have been discussed as a minimum, even if material presented at con-
ferences is not to be cited. It was clear from the original work that the presence of
melatonin would only be evident if densely timed test results were available.

At this point, Conti and Maestroni (1996) discussed the hypothesis of Ebihara et al.
(1986) about a genetic defect accounting for the putative deficiency of melatonin in
certain laboratory inbred strains of mice. Conti and Maestroni presumably used the
same inbred laboratory strain C57Bl/6 of mice and tested their pineal melatonin in a
much more densely timed fashion in three sets:

1. The animals were killed and their pineal gland tested for melatonin at 0000, 0400,
0800, 1200, 1300, and 1330 hours, and every 15 min between 1630 and 1830 Hours
After Light Onset (HALO)

2. Every 30 min from 1330 to 2000 HALO

3. Every 30 min during dark hours only between 1630 and 2000 HALO

In all three sets of experiments, Conti and Maestroni were able to demonstrate the
occurrence of melatonin in the pineal hydrolysate using the HPLS-EC method. They
found a definite circadian rhythm with a very narrow peak during the dark hours
(Fig. 4.16, middle and right). These authors found that the retention time for melatonin
is extremely short, only of 10 min and 45 s, which easily can account for the lack of
melatonin in less densely timed studies, as was already pointed out earlier.

To find proof for the presence or to confirm the absence of NAT and HIOMT, tests
with a similar dense sampling would be necessary. Conti and Maestroni (1996) further
reported evidence of a melatonin metabolite in the urine: 6-hydroxy-melatonin-
sulphate. The possibility that melatonin may be produced at other sites, e.g., the
harderian gland, retina, or enterochromaffin cells of the intestinal tract, cannot be
excluded (Wetterberg et al. 1990). A circadian rhythm is demonstrated with differences
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CIRCADIAN RHYTHMIC MELATONIN
RELEASE FROM SHR-SP RATS’
ANTERIOR PITUITARY

Fig. 4.18. Circadian stage-dependence of melatonin produced by the anterior pituitary gland.
(Copyright Halberg)

in timing for melatonin release from the anterior pituitary gland and the hypo-
thalamus of spontaneously hypertensive stroke-prone rats in Figs. 4.18 and 4.19,and a
cosinor summary of phase relations to the pineal gland is presented in Fig. 4.20.

In a different study, Conti and Maestroni discussed the effect of melatonin on the
immune system studying its role in the development of autoimmune diabetes in non-
obese diabetic mice, counteracting the immune suppressive effect by, e.g., cortico-
steroid treatment, triggering the synthesis and/or release of opioid peptides from
activated CD4 T lymphocytes. A feedsideward documented in 1983 at the Minnesota
Academy of Sciences and later again discussed by Brown et al. (1986) is pertinent.
When we study the effect of melatonin, using, e.g., the aqueous pineal homogenate
from test animals to examine any effect on the hypophysis, we have to account for feed-
sidewards along several time scales (Cecchettin et al. 1986).

Furthermore, for a chronome approach, the assessment of age effects (Fig. 4.21) is
essential. In this context, it will be important not to be satisfied by detecting a statisti-
cally significant change during several years, say 3 years, whatever its statistical signifi-
cance. Thus, over 3 years, there can be a decrease followed by an increase, both
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CIRCADIAN RHYTHMIC MELATONIN
RELEASE FROM SHR-SP RATS’
HYPOTHALAMUS

Melatonin (nmol/L/h of Incub.)

Hypothalamus Harvest Time (Hours After Light Onset)

Fig. 4.19. Circadian stage-dependence of melatonin produced by the hypothalamus. (Copyright
Halberg)

spurious since a variable such as human 17-ketosteroid excretion can be characterized
by an about 10-year cycle. It seems possible that melatonin may also undergo a similar
rhythm.

4.13 Summary

A series of studies in vitro all support the tenet that a broader-than-circadian focus by
pinealists is overdue. The evidence trom different latitudes is in keeping with a role for
melatonin as a mediator of the photic circannual and non-photic circasemiannual
effects of the sun. As a minimum, the about-weekly change in pineal function should be
assessed. One argument stems from the fact, shown in detail in Fig. 4.22, that under con-
trolled conditions, the extent of change in a circaseptan cycle is more prominent than the
circadian change in the melatonin secreted by the superfused isolated pineal gland of
the pike, kept in continuous darkness at a constant temperature (Cornélissen et al. 1995;
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CIRCADIAN SPONTANEOUS RELEASE OR
PRODUCTION OF MELATONIN FROM FEMALE
RATS’ PINEAL, HYPOTHALAMUS AND

ANTERIOR PITUITARY GLANDS
No. Amplitude® Acrophase ()
Key 1o Ellipses P |[Obs.| PR |MESORSE 85% CL)

(Il A Pineal Glands 0001 12 | 770 | 82 79 61.0 (28.7 94.0) [ -255°(-223 -287)
E=1 B Hypothalamus o.010| 18 | 456 17 23 115( 27 20.3) [ -130°( -81 -180)
C Anterlor Pitultary [0.013( 18 | 440 | 52 62 30.0 ( 6.3 54.0) 99°( -47 -152)

Units: nmolL/h of Inc.; CL = confldence fimits

Fig. 4.20. Cosinor summary indicating the phase relations between the circadian variation of
melatonin produced by the pineal gland, the anterior pituitary gland, and the hypothalamus.
(Copyright Halberg)

Falcon et al. 1996), as is also the case in the rat pineal gland in situ. The opposite relation,
namely a more prominent circadian rhythm, characterizes saliva in healthy humans
(Fig. 4.8).It seems reasonable to advocate the assessment of both about-daily and about-
weekly rhythms when the circadian and circaseptan patterns of drug administration can
contribute to the difference between the inhibition and stimulation of a malignancy
(Halberg and Halberg 1980). Certainly, neglect of considering daytime values may dilute
a latitude (Wetterberg et al. 1999) or obscure an age effect (Zeitzer et al. 1999). Thus,
the use of a sensitive radioimmunoassay on new, as yet unpublished data validates what
cosinor end points on log-transformed data published by others (Zeitzer et al. 1999)
reveal in Fig. 4.23. When the circadian amplitude of circulating melatonin concentrations
takes into account the daytime data, this index decreases with age in adulthood.
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DECREASE WITH AGE OF CIRCADIAN AMPLITUDE
OF CIRCULATING MELATONIN (MEL)*

* Analysis of log,o-transformed data from 172 subjects; squares are individual amplitudes
estimated from 4-hourly sampling for 24.hours.

Fig. 4.21. Changes with age in the prominence of the circadian rhythm in human circulating mela-
tonin concentration. (Copyright Halberg)

The task of taking the entire time structure of melatonin into account, including its
broad spectrum of rhythms, seems complex and utopian at first, like the building of
roads in an unkniown terrain or the suggestion to take to the air. But in building highways
or airplanes to bridge distances, it must be kept in mind that once the roads or the planes
are available, they need not be built over and over again for each trip. Users may pay
taxes, pay a toll, or buy a ticket. This is what the BIOCOS project (Halberg et al. 1998),
collecting reference standards that are complex and costly, is all about. It is hoped that
the reference database will be augmented for further work and used in the interim.
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MORE PROMINENT PINEAL "WEEK" (LEFT, TOP AND BOTTOM) THAN
PERSISTING DAMPED (BOTTOM, MIDDLE AND RIGHT) PINEAL
"DAY"” (RIGHT, TOP AND BOTTOM) IN A MELATONIN CHRONOME*
(745 Samples of 11 Superfusates Each Covering > 5.5 Days)

* In vitro; note log g ~ordinate for melatonin release by superfused pike pineals in continuous
darkness (DD) and at fixed environmental temperature (8= 10° C; A = 15° C; m = 19-20° C);
pattern immediately following release into DD (= 0 or 00).

Fig. 4.22. Results of a meta-analysis presented herein show on the left that the variation in pineal
secretion of melatonin along the scale of days can be larger than the variation along the scale of hours.
These results are to be interpreted in the light of follow-up series each covering several weeks, show-
ing that the about-weekly change in the melatonin secreted by the pineal gland into a superfusate can
be larger in amplitude than the about-daily change in melatonin secretion. (Copyright Halberg)
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Appendix

Table 4.A1. Chronobiologic concepts, tools, and long-term goals for pinealists

View of: 1. Homeostatic (1-8)

Response Physiology

II. Chronome (6-42)
Physiology

Utility of I

1. Definition of Negative: absence of Positive: parametricand  Time structure:

normalcy, abnormality, e. g., nonparametric control in whatever
e.g., health of disease? assessment we do
2.Quantification  Population-based: Individualized: Recognizing risk of
of normalcy, percent abnormality, P values for statistical abnormality before
e.g., health e.g., morbidity and significance and for the fait accompli
mortality scientific (e.g., clinical) of catastrophe

3. Interpretation
of reality

4. Variability

Putative (imaginary)
set points

Confounder (foe)

signification
Chronomes: consisting

of (a) rhythms, (b) trends,

(¢) deterministic

and other chaos,

(d) any residuals, and
(e) interactions among
a,b,c,and d

Of interest in its own
right (friend)

Chronorisk syndromes:
(a) circadian over-
swinging of blood
pressure (15) or

(b) chronome alteration
with heart rate jitter
deficit (16) or (c) circa-
dian rhythm altera-
tion (17) or (d) altered
about-yearly rhythms
in circulating prolactin
and TSH signaling
breast and prostatic
cancer risk elevation
(14, 18) maintaining
normal dynamics

As a tool and source

of information [1]

Footnotes see pp. 107, 108.
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Table 4.A1 (continued)

View of:

1. Homeostatic (1-8)
Response Physiology

I1. Chronome (6 -42)
Physiology

Utility of II

5. Biosystems’
behavior if
perturbed (6)

6. Analogy

7. Physiologic or
normal ranges
of variation

8. Action?

9. End points

10. Sources of
variation

11. Mechanism

12. Hierarchy

Settling down to

a steady state
(constancy) or limited
random “hunting”,

e. g., as (mistakenly
anticipated) when

a single blood pressure
is taken after some (30)
minutes of rest (7, 8)

Thermostats with
“hunting” noise

Broad, random,
indivisible; equated to
noise in current
standard for diagnosis
and treatment

Confounder elimina-
tion (20) incompatible
with detection of
circadian blood
pressure disorder (15)

Original values: casual
measurements at times
of convenience, not
necessarily of perti-
nence (e.g., of “the”
blood pressure with
>40% uncertainty in
diagnosis in cases

of borderline hyper-
tension) (15)
Time-unspecified: mean;
standard error
Exogenous responses
to stimuli from
proximity mostly from
the habitat niche

Feedbacks along axes:
unstructured
“modulation” like the
deus ex machinain a
physiological tragedy
since outcomes may
be unpredictable

Up/down

Dynamic chronomes
(13) that characterize
health within chrono-
biologic limits set

by the intermodulation
of the chronomes’

a-, -, y-, and 6-
(spontaneous, reactive,

and modulating) rhythms,

e.g., alarge circadian
change in blood pressure
during 24-h bed rest (7, 8)
Pendulums in resolvable
chronomes

Structured, predictable [2];

resolved into reference
ranges (chronodesms) for
chronomes

Monitoring and as-one-
goes analyses and, on this
basis, action

Time-specified chrones
in chronomes:
time-coded: original

values; standard
deviations (e.g., 6-h, 24-h);

MESORC(s); periods;

amplitude(s); waveform(s);

acrophase(s); trends;
chaotic dimensions;
residuals

Endogenous and
exogenous: responses to
stimuli from near and far,
including cosmos
(13,32-37)

Feedsidewards in networks
with alternating outcomes:

predictable (insofar as
rhythmic) as a chrono-

modulation (13, 14,25-27)

Collateral: alternating
primacy among inter-

modulating multifrequency

rhythms in chronomes

Positive individualized
quantification of health
(13,14)

Prediction

Circadian blood
pressure amplitude
(BP-A) or circadian
standard deviation (SD)
for detecting effect of in
utero exposure to
betamimetics (19)
Detects treatable over-
swinging of BP-A, which
carries a 720 % increase
in risk of ischemic
stroke (7); improves
cancer treatment (21,22)
Chronobiologic soft-
ware:

provides information,
e.g.,on ¢ and d above;
guides timed treatment
that has greatly
prolonged the survival
of cancer patients
(21-24)

Resolution of impact
of storms in space on
myocardial infarctions
on earth: space weather
report? [3]

Predictable since
rhythmic neuro-endo-
crino-vascular inter-
modulations (13) can
account for outcomes
that may be as different
as stimulation vs inhibi-
tion of immunity

Focusing on selected
tasks at different times

Footnotes see pp. 107, 108.
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Table 4.A1 (continued)

View of: 1. Homeostatic (1-8) 11. Chronome (6-42) Utility of II
Response Physiology ~ Physiology

13. Teleonomy Righting and Anticipatory, preparatory  Greater flexibility
regulation coordination

14. Simplified Thermostat Pendulum -

analogy

15. Biologic
evolution

Darwinian, externally
adaptive

16. Health and Medical treatment

environmental often limited and late,

care given mostly after the
diagnosis of overt
disease [4]

17. Animal Convenience

husbandry, apicul-

ture, aquaculture,
and economic

entomology

18. Value Often wasteful

19. Seeking Stratigraphy for
inanimate and identifying, in geo-
animate origins  logically analyzed

space, sequences in
time; radiocarbon
dating

20. Life in the Survival of the fittest

scheme of physical with humans

and cultural dominating food

things chains viewed in the
perspective of bio-
energetics in a mostly
terrestrial ecology

More and more internal
and integrative while

externally adaptive to both

nature and nurture

Optimization according to

marker chronomes (of
interventions by drugs

and/or devices, e.g., pace-

makers, with diagnosis

and treatment refined by
narrowed reference range
and assessment within that
range of chronorisk leading

to preventive treatment

timed by marker rhythms,
that also serve to validate

effect) (13,28-31)
Chronome-based [5]

Cost-effective
Additional tracing of

chronomo-ontogeny and
chronomo-phylogeny [6]

in the context of
glimpses of cycles in
corresponding spans of
a figurative cosmo-
ontogeny (32-36)

Physically and socially
chronomodulating and
thus informatively and
integratively evolving
biota molded by human
culture; homo not only

faber but cosmoinformans

and chronomodulans in
a budding broad
chronocosmoecology
(13,32-37) [7]

Instrumented self-help

e.g., Catastrophic and
iatrogenic disease
prevention (13, 19)

Optimization: greater
efficacy; fewer
undesirable effects

Waste reduced

Adds to knowledge of
the past to better
optimize the future

Humans safeguard

the integrity of the
biosphere as it extends
into the cosmos and

as we speculatively yet
[by joining the
approaches by (36),
ablations superimposed
epochs (32-34) and
resonance tests (37)]
concomitantly explore
the temporal aspects
of our origins, possibly
represented by our
chronomes that in turn
may reflect a long-past
environment

Footnotes see pp. 107, 108.
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Table 4.A1 (continued)

View of: I. Homeostatic (1-8) II. Chronome (6 -42) Utility of II

Response Physiology ~ Physiology
21.Investigator Frustrating work when Sheer fun: long-standing  Increased productivity
satisfaction (without specification ~ controversy is resolved by

of chronobiologic accounting for both the

timing, even at the genetic and broadly

same clock-hours) one environmental bases of
gets confusing and/or  the feedsidewards among
obscuring, even inanimate and animate
oppositeresults from  cycles that constitute life;
the same intervention  disease risk recognition
promises to lead to the
prevention or timed
treatment of catastrophic
diseases such as stroke,
cancer or sudden death

Ju

st as contemporary physics, by fission and fusion, gathers more and more energy by splitting the

atom, biomedicine gathers more and more information by splitting the normal value range into
time structures, thereby resolving, e.g., rhythms (fission) and looking at their feedsideward inter-
relations (fusion) for a better understanding of an interdigitated, indivisible Janus-faced inseparable
soma and psyche.

a

[1

[2

[3

[4

[5

Health promotion is a step in the right direction, by its recommendations of attention to diet,
exercise, or relaxation, as long as it is then followed by a chronobiologic assessment of the effect
of recommended procedures, rather than merely by the old reliance of ruling out the occurrence
of values outside the normal range.

Location and dispersion indices include the determination from histogram of values, of means
(arithmetic, geometric, harmonic), median, mode, minimum, maximum, 100 %, and 90 % ranges,
interquartile range, standard deviation, standard error. These end points are computed from
time-unspecified single values in the context of the homeostatic approach, whereas in the chrono-
biologic framework the location and dispersion indices are used on time-specified samples and
on time series-derived parameters, i.e., on each of the end points (chrones: M, A, ¢, [A,, ¢,], etc.)
of the chronomes.

] An international womb-to-tomb chronome initiative with aims primarily at stroke and other
catastrophic vascular disease prevention. It focuses on chronocardiology in general and blood
pressure and heart rate dynamics in particular. Those interested may consult the chronobiology
home page at http://revilla.mac.uva.es/chrono

Information from the physiologic range for prevention, diagnosis, or treatment is much refin-
ed when this range is individualized and interpreted in the light of a personalized background
as well as in the context of gender-, age-, ethnicity-, and chronome stage-specification.

The need for forecasting storms in space should be explored further on the basis of systematic
studies aligning physiological lifetime monitoring and clinical and archival statistical studies
with ongoing physical data collection near and far, both for ascertaining effects and in study-
ing countermeasures (32-37). Blood pressure, heart rate, and other physiological and psycho-
logical monitoring would also provide basic information on any cross-spectral and other
associations (feedsidewards) within and among biological and environmental chronomes
while further providing reference values of medical interest.

| Even if some preventive measures have also been long implemented, e.g., by vaccination, and
even if recently hygienic measures (such as exercise and caloric, fat, and sodium restriction)
are also popular, all can be greatly improved by timing designed with chronobiologic indivi-
dualization. The alternative, current action based on group results, its unquestionable overall
merits notwithstanding, fails to recognize, for instance, that the blood pressure response to salt
may differ as a function of circadian stage (38), and there are indeed individuals in whom the
addition of salt lowers rather than raises blood pressure (8, 39).

Even after the death of a cockroach, when bacteria take over, periodicities (e.g., in oxygen con-
sumption) may not be “eliminated” but continue with increased amplitude. Critical informa-
tion may be lost by filtering variation deemed to be undesirable since it lies beyond one’s con-
ventional scope.

—

—

—_



108

F.Halberg et al.

(6]

Development from the egg of rhythms (some may be much older than shards) and of other
constituents of chronomes to trace their homeo- or heterochronically roughly “recapitulatory”
development across species, with both ontogeny and phylogeny, perhaps tracing in their turn
the concomitant development of the geocosmic environment (32 -37). This distant basic goal
can be pursued with the immediate reward of obtaining indispensable reference values for the
diagnosis of two chronobiologic risk syndromes, circadian hyperamplitude tension (CHAT)
and chronome alterations of heart rate variability (CAHRVs), e.g., an extreme deficit in heart
rate jitter (16,40) — associated with an increase in the risk of ischemic stroke or of a myocardial
infarction of 720 and 550 %, respectively.
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Footnotes for Table 4.A2

Cross-spectral coherence coefficients have in common with correlation coefficients that they
describe the relation between two variables. Cross-spectral coherence coefficients are less unspeci-
fic in that they describe the relationship at a specific frequency. In order to avoid listing spurious
associations, only cross-spectral coherence coefficients away from spectral peaks are listed herein.
Abbreviations: L, longitudinal; T, transverse; H, hybrid (linked cross-sectional): BH, body height;
BW, body weight; HC, head circumference; CC, chest circumference; AC, abdomen circumference;
BP, blood pressure (S, systolic; D, diastolic); HR, heart rate; RR, respiratory rate; PEF, peak expira-
tory flow; TE, 1-min time estimation; EH, eye-hand coordination; MI, myocardial infarctions; MEL,
circulating melatonin; Kp, geomagnetic disturbance index; WN, Wolf number of solar activity; Bz,
vertical component of interplanetary magnetic field; CR, cosmic ray intensity; 3hCR-SD, 3-h stan-
dard deviation of CR; SD, standard deviation: } u. p., unpublished.

@ Some analyses or meta-analyses in the Chronobiology Laboratories of the University of Minnesota
in Minneapolis, Minnesota; a review of the vast literature is beyond the scope of this table.

® In dealing with biomedical equivalents of the about 21-year Hale cycle (and there are com-
ponents with even lower frequencies and even larger amplitudes in our anthropometric data),
one cannot collect too many cycles over a single lifetime and turns for replications to popula-
tions; in the case of each of the population rhythms, one deals with findings on many individuals’
cycles, as in the case of ﬁndings covering 112 years of population anthropometry. In each of
the two studies by Weber et al.', over half a million individuals must be sufficiently concordant
to allow a demonstration of the 10-year population rhythm. The 30.8 years of self-measurements
of over 10 variables around the clock for a total of over half a million values provide a longitudi-
nal validation check, supporting other evidence collected transversely, by virtue of (bio)ergodi-
city properties (that is the consistency of findings made transversely on populations and longi-
tudinally on individuals, notably in relation to temporal characteristics of a process, assumed to
be [bio]stationary in the sense of reproducibility of some of its characteristics).

Strengthening and broadening the scope as to mechanisms of the propositions of Weber et al.! by
cross-spectral coherence, superimposed epochs, and remove-and-replace approach, among other
analyses on even larger and more diverse data sets. Results thus obtained reveal not only about-
yearly rhythms but also other components with periods ranging from half a week to about 21 years
that are not shared with sunshine. Overall, the evidence points to mechanisms complementing
sunshine effects, including geomagnetic disturbance effects that may be mediated via intermodu-
lations involving melatonin produced by the pineal gland.

*

References for Table 4.A2

1. Weber GW, Prossinger H, Seidler H (1998) Height depends on month of birth. Nature 391:
754-755

2. Weber GW, Seidler H, Wilfing H, Hauser G (1995) Secular change in height in Austria: an effect
of population stratification? Ann Hum Biol 22:277-288

3. Otto W, Reissig G (1963) Zur Anthropologie der Neugeborenen. 4. Mitteilung. Laenge und
Gewicht der Neugeborenen in den verschiedenen Monaten. Monatsberichte der Deutschen
Akademie der Wissenschaften zu Berlin 5:549-559
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* Dedicated to the memory of Lawrence E. Scheving and also to Sergio Cardoso and John Pauly.

With all three, in a series of laboratory experiments, we demonstrated the merits of timing anti-
leukemic treatment. This work is further dedicated to the memory of John Raidel, whose legs
were amputated above the knees but who was agile on a scooter, showing the will to live and
love by remembering earliest friendships. He fostered them by attempting to reunite even his
classmates. He passed away due to leukemia, without benefiting from the results of extensive
laboratory experimentation that first demonstrated the doubling of survival time by the chrono-
biologic timing of treatment and then resulted in cures not obtained by a (homeostatic) treat-
ment schedule specified as the best by the U.S. National Institutes of Health. Timing is most
important in the case of immunomodulators, such as pineal agents, perhaps other than mela-
tonin, and preferably for prehabilitation, that is for action at the time of an elevated disease risk,
rather than waiting for the fait accompli of disease.
Support: U.S. Public Health Service (GM-13981), National Heart, Lung, and Blood Institute,
National Institutes of Health (HL-40650), University of Minnesota Supercomputer Institute,
Dr. h.c. Dr. h.c. Earl Bakken Fund and Dr. Betty Sullivan Fund, and Mr. Lynn Peterson, United
Business Machines, Fridley, MN.
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5.1 Introduction

The problem of the pineal gland and cancer, viewed chronobiologically, starts with
primum nil nocere, insofar as treatment is concerned. Toxic drugs given at the wrong
time can harm (Halberg et al. 1973; Halberg Francine et al. 1989; Halberg J et al. 1989).
Moreover, one can speed up a cancer rather than inhibit it with agents such as mela-
tonin that seem harmless (Halberg E and Halberg F 1980; Bartsch and Bartsch 1981;
Bartsch et al. 1990a, b, 1994; Sdnchez 1993; Tarquini et al. 1997). Such empirical results
on chronotherapy, based on circaseptan and circannual as well as circadian rhythms,
should be placed on a biochemically mapped basis. A first step in this endeavor was
completed before the end of the 1950s. A circadian cell cycle was first described
in growing mouse liver (Fig. 5.1) (Halberg et al. 1959), and later approximated in a uni-
cell (Edmunds and Halberg 1981). The demonstration of the hours of changing resis-
tance followed (Fig. 5.2) (Halberg et al. 1955; Halberg 1960). Growth hormone increas-

Fig. 5.1. Demonstration of a circadian cell cycle by the changes along the 24-h scale of glycogen,
mitosis, phospholipid labeling, and RNA and DNA formation. The sequence of RNA formation
preceding that of DNA, first demonstrated in growing mouse liver, is also approximated in a unicell.
(From Edmunds and Halberg 1981, copyright Halberg)
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<« Fig. 5.2. The times of changing resistance are illustrated in the context of cancer chronotherapy.
Whereas major focus has been placed on chronotherapeutic trials aimed at increasing tolerance
by minimizing the side effects of cytotoxic drugs, the availability of tumor markers renders it
now possible to emphasize the optimization of treatment efficacy. Using tumor temperature as a
marker for timing treatment, it was possible to double the 2-year disease-free survival of patients
with perioral cancer. (Copyright Halberg)

Fig. 5.3. Growth hormone increases mitotic activity in murine hepatic parenchyma when it is
given before the circadian acrophase of RNA synthesis, but not thereafter. (Copyright Halberg)

ed mitoses in hepatic parenchyma when it was given at a circadian stage before RNA
synthesis but not thereafter (Fig. 5.3) (Halberg et al. 1973); the detection of the effect
in itself had already been demonstrated earlier to be circadian stage-dependent
(Litman et al. 1958).

Thus, it eventually became clear that the same stimulus, applied in the same dose in
the case of radiation (Fig. 5.4) or a drug (Fig. 5.5), is harmful, even lethal, or is harm-
less, solely as a function of timing (Halberg 1960, 1962; Haus 1964; Haus et al. 1973;
Scheving 1976; Reinberg and Halberg 1979; Bartsch and Bartsch 1981). We also found
that the toxicity of a number of chemical agents, including eventually a number of
different anticancer drugs (Fig. 5.6), and also the LDs, in response to whole-body X-ray
irradiation (Fig. 5.4), were dependent on timing along the 24-h scale (see discussion of
LDy, in Halberg 1960; cf. also Haus 1964; Haus et al. 1972; Halberg et al. 1973).
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Fig. 5.5. The tolerance and efficacy of drugs depends critically on the timing of their administra-
tion in relation to the circadian (and other) bodily rhythms. This is demonstrated herein for the
case of the anti-cancer drug ara-C, given in either equal or 24-h modulated 3-hourly doses. Similar
results are obtained when drugs are given in single daily doses, even in the case of 24-h formula-
tions. (Copyright Halberg)
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Key to N | TotaN % Amplitude® |  Acrophase (@)

Ellipses Drug Tested” Studies | Animals| P’ |Rhythm* (95% CL)
A |Daunomycin 4 690 | .021| 3 29(4 54) 67°( -8 -127)
B |Adriamycin 6 1,072 |<.001| 60 33 (21 45) -124° (103 -146)
c |arac 2 480 |<.001| 76 56 (32 80) -126° (-100 -151)
D [Melphaian 4 456 | 015 33 31(18 57) -138°( -83 -193)
E |cyclophosphamide | 6 826 | .027| 18 32(3 60) -185° (123 -255)
F  |Vincristine 2 239 | 007| 67 46 (15 76) -193° (-150 -235)
G |popt 1 1503 | .002] 18 24(8 39) -289° (-246 -331)

1 - Resuits from least-squares fitting of 24-h cosine curve

2 - I.p., All drugs, except DDPt, tested in mice kept in LD 12:12; DDPt tested in rats kept in LD; 8:16
3 - P from test of zero-amplitude hypothesis

4-% rr.nythm = % of total variability attributable to fitted cosine

5 - Expressed as % of MESOR

Fig. 5.6. The toxicity of a number of chemical agents, including various anticancer drugs, depends
on the timing of their administration along the 24-h scale. (Copyright Halberg)
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5.2 Chronoradiotherapy

During the Eisenhower administration, the United States sent much grain to fight
hunger in India. The rupees paid to the United States for the grain under US Public
Law 480 became available for research in India and were to be used to benefit both
countries. In charge of the United States section of an international biological
program, one of us (FH) was to design research that met the aim of mutual benefit for
the two countries. These funds were used solely for planning: using only his own
resources for the work, Dr. B.D. Gupta, head of radiotherapy at the Postgraduate
Institute for Medical Education and Research in Le Corbusier’s city of Chandigarh,
realized a chronotherapeutic dream when he showed that in patients with very
advanced perioral cancers (now only of historical interest since such cancers are
presently treated long before they become an impediment to speech and food intake),
radiation treatment doubled the two-year disease-free survival rate when given at
peak tumor temperature, this variable being used as a marker rhythm (Halberg 1977;
Halberg et al. 1977).

5.3 Historical Perspective

Those involved then assumed that chronotherapy was here to stay. But a quarter-
century later, at the turn of the millennium, there is still reluctance to accept timing,
which too many investigators regard as a “complication”, just as scrubbing before
surgery was long avoided (Halberg 1974; Halberg et al. 2000).

Before 1843,1in Cordova, Spain, in the twelfth century CE, Averroés (1126 - 1198), the
pantheistic Islamic scholar of law and philosophy, also learned in medicine, forced into
hiding for some time on suspicion of heresy, apparently insisted on washing hands
before surgery. Other Arab physicians of Cordova followed the practice. When hand
washing was transferred to surgery is unknown, but the merits of cleanliness as such
had been recognized in priestly Jewish documents dating at least 500 and perhaps
1300 years before the Common Era (Exodus 30: 17-21) (Rabbi Leonard A. Schoolman,
personal communication). The washing of hands before meals and before any ritual
act may have eventually led to the requirement of cleanliness before surgery by the
time of Averrdes, if not earlier. To some extent, the atmosphere eventually recognizing
the need for scrubbing was prepared for thousands of years, even if the resolution of
bacteria by the microscope was to give it a rational basis. Today, scrubbing and hygiene
in general involve many aspects of medicine.

But this does not apply to timing as yet. At a session of the Gynecologic Oncology
Group of the United States, a statistician at the US National Institutes of Health (NIH)
was publicly against chronotherapy. His argument sounds simplistic: “Another sheet of
paper would have to be filled out and would need analysis”. We can understand him
and his colleagues, who believe that they are underpaid and overworked and who, in
any event, often confront messy, occasionally undecipherable records kept by officious
if not efficient health care providers. For many more reasons, most of them equally
untenable, the timing of cancer treatment, with notable exceptions, remains mostly
neglected even today, as it was several decades ago at the start of work in the field
which developed into chronobiology. While circadian optimization may find some
obstacles from a practical viewpoint, optimization along the scale of the week may
be easier (Cornélissen et al. 1999a), and certainly deserves testing, notably in view of
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prominent circaseptan rhythms in tumor growth that do not require scheduling
during odd hours, a major obstacle (Ulmer 1999; Ulmer et al. 1999).

5.4 Chronochemotherapy

Before the first funding for cancer chronotherapy was provided by the NIH, chrono-
biologists had to show that they could do better than the best treatment of an experi-
mental leukemia then available. We did so on the experimental animal model specified
by the NIH (using an L1210 leukemia advocated by the chemotherapy section head):
We doubled the survival time of mice with this malignancy in three consecutive
studies simply by replacing the eight equal doses of ara-C per day with a sinusoidally
varying treatment totalling the same dose per day, thereby taking into account the net
effect of periodicities in the host and in the tumor, as published in Science and else-
where; eventually cures could be had when none were otherwise available (Cardoso et
al. 1970; Haus et al. 1972; Halberg et al. 1973, 1979; Scheving et al. 1976). Despite accu-
mulating laboratory evidence in Minnesota and Arkansas (USA) and clinical findings
in Chandigarh, in Minnesota, and eventually in Europe, there is an enormous resis-
tance by radiation and drug therapists to use chronobiology.

5.5 Need for Marker Rhythmometry

Chronobiology with marker rhythmometry (Cornélissen and Halberg 1989, 1992a)
involves added work and may require activity outside clinic hours. Furthermore,
the recommended use of marker rhythms can add cost and complexity. Complexity

Fig. 5.7. Rhythms with a very wide range of frequencies, organizing chaotic changes, and trends
with growth, development, and aging- the chronome - involve change that can be of very large
extent. Stages of high and low susceptibility will occur as a function of age and multifrequency
rhythms, as risk stages built into us, but interacting with the environment, the socioecologic niche,
and the even broader cosmos. The rhythms’ periods can be viewed as adaptations to our environ-
ment, refined by internal integrative interactions among body parts, in an open dynamic nonlinear
system as integrations occurring concomitantly among the organism’s chronomes and those of its
environment. Chronorisks as they affect the outcome of human health or disease - victory or defeat
- are depicted in two cabbage-like graphs, containing the organism in their middle. They suggest
that a cell or human body as a whole can live with often-unattended open neuroendocrine and
immune gates of susceptibility. It is much too costly and hardly necessary to defend all the body’s
weak spots all the time. Instead, each cell or organism coordinates its chronome. In the two
“cabbages”, each set of wavy circles represents the different time scales of the periods of the chro-
nome, labeled for the larger cabbage. The triangles, quadrangles, and closed or open circles repre-
sent low points (bathyphases of rhythms with different frequencies). Vulnerability will most likely
be highest at the beginning and near the end of the individual’s life, but critical spans for one or
the other challenge occur in utero as a feature of development, modulated already by circadian
changes in susceptibility, with the latter recurring throughout life. The gates of susceptibility in
circannual, circadecennian and other infradian systems must not be disregarded, as the host cell (in
the middle) is approached, even if it seems easiest to study circadians and ultradians. The risk of
cancer, whether posed by a virus, a chemical, radiation, or some other factor, shown by arrows, may
be stopped at any one level of organization by the rhythms of defense in a broad sense, changing
with one of the many intermodulating frequencies. The organism wins the day if the first line of
defense, the critical stages of thelife span,and of circadecennian, circannual, and other rhythms are
defended. The risk dependent upon the stages of rhythms with several frequencies, called chrono-
risk, is at its highest when a potentially harmful stimulus finds several or all of the gates open con-
currently, as shown in the graph at the bottom left. An agent even of a relatively low intensity then
readily defeats the host. (Copyright Halberg)
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CHRONORISK

Fig. 5.7. Legend see p. 126
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applies in particular to the pineal gland, since melatonin can stimulate or inhibit a
cancer as a function of when it is administered (Bartsch and Bartsch 1981; Levi et al.
1981; Langevin et al. 1983; Wrba et al. 1985, 1986, 1989; Bartsch et al. 1990a, b, 1994).
It is all the more important to scrutinize the relevance of time structures (chronomes)
to the clinical use of melatonin. It cannot be overemphasized that the desired effect of
a drug can be enhanced by timing or reversed into an undesirable one. Timing along
the scale of pertinent rhythms and the need for a timely intervention along the scale
of trends, e.g., of critical ages, prompt us to enlarge our focus from rhythms to
chronomes. This broader attention paid to time structure may be especially important
in the case of an increased risk of a malignancy before the fait accompli of disease. It
is certainly indicated, e.g., to detect any increase in the amplitude of the circadian
melatonin rhythm in urine or saliva collected noninvasively, and to develop counter-
measures, rather than to wait for the cancer to occur (Wetterberg et al. 1986). The use-
fulness of marker rhythms should be recognized and the development of minimal
sampling requirements pursued for their use so that optimal times for the administra-
tion of immunomodulators may thereby be mapped (Cornélissen and Halberg 1992b),
preferably for prevention as well as in the treatment of an actual malignancy.

5.6 Chronorisk

In Figs. 5.7 and 5.8, we depict, as an aspect of chronorisk, susceptible states of the
organism that involve transition from health to different stages of cancer. For each
transition, one can visualize many challenges. Radiation, chemicals, and viruses may act
upon the organism, frequently if not continuously, but whether or not their action results
in the initiation of the cancerous process or a transition to later stages depends largely
upon the susceptibility rhythms of the organism that occur along different time scales.
Having all gates of entry open to a stimulus at a given time, as sketched at the bottom of
Fig. 5.7,leads to defeat. At least some of the figurative gates of entry and thus of possible
vulnerability must be closed for the organism to survive each challenge to it.

Fig. 5.8. Chronorisk is pertinent to all stages of carcinogenesis. Ideally, one should prevent exposure
to carcinogens, but the elimination of exposure seems to be utopian in the case of stimuli such as
radiation, should there be no threshold to their carcinogenic potential. One alternative is hence to
focus as much as possible on the earliest chronorisk, that is on the early risks dependent on the stages
of neuroendocrine, immunological, and cell cycle rhythms. Such rhythms have been abundantly
documented. A stimulus impinging on the organism at the wrong time, wrong insofar as the organism
is concerned, can then lead to cancer initiation. In a successful organism, in turn, the signal corps of
physico-chemico-neuroendocrine and metabolic messengers prompts immune forces to go to meet
challenges, from within as well as from without, at any time. This may be achieved by moving defenses
from one time location to another, thereby eventually providing the organism with a defense of all
gates of vulnerability. Intruders may then be caught for the first cell kill before or after passage
through the vulnerability gates. Even if intruders achieve the initiation of cancer, there remain critical
vulnerable spans (time-gates) at all subsequent stages of carcinogenesis. Since it may be difficult to
close all gates of susceptibility, a complementary strategy may be to move the time location of the
rhythms along the different pertinent cycle lengths shown in the figure. This may be done systemati-
cally and/or randomly by manipulating one’s routine, or by chronobiologic response modifiers such
as melatonin, aimed at cancer prevention as well as treatment. Before or after the initiation of a cancer
(during or after cancer promotion or during progression), victory depends on whether cancer risks
have been successfully met by the organism’s strategic defense initiative, because defense forces are
at the gate of vulnerability or because the cancer (chrono)risk happened to coincide with peaks of
resistance rather than susceptibility. (Copyright Halberg)
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* Risk dependent upon stages of muitifrequency rhythms.

Fig. 5.8. Legend see p. 128
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5.7 Rhythm Scrambling

By moving defensive missiles in space to prevent their destruction, one might imitate
what the organism has to do in time by intentional rhythm scrambling. With repeated
shifts of the lighting regimen, while keeping the time of food availability the same,
thus achieving “disorder” between the physical and physiological circadian variations,
it was possible to decrease with statistical significance the incidence of spontaneous
mammary tumors in mice (Halberg et al. 1986). Similar results have been reported in
relation to temporal disorder (Carlebach and Ashkenazi 1987; see also Kort and
Weijma, 1982; Kort et al. 1986). When scrambling does not suffice or is not practicable,
chronobiological response modifiers modeled by agents such as melatonin gain in
importance at all stages of cancer development, notably before the initiation of a cancer.
The difference between victory and defeat in the war against cancer may well depend
upon our development of a strategic defense initiative, including, with an early neuro-
endocrine warning system, a set of immunologic weapons that are rendered safe by
scrambling, that is by mixing up schedules, and thus manipulating the rhythms of
defense so that they can be deployed against invaders at any time.

5.8 Lessons from Studies on Pituitary Grafts With and Without a Hypothalamus

The model of an ectopic pituitary isograft in Bittner (1936, 1952) agent (virus)-free
mice allows one to carry out studies before and after a temporally defined, presumably
hormonal initiation of breast cancer development (Halberg et al. 1994). In this model,
breast cancer can be induced by ectopic pituitary isografts and reduced, if not
completely prevented, by the addition to the pituitary gland of the hypothalamus. In
viewing cancer as a developmental disorder, as a feature of the disappearance of differ-
entiation (tropism toward chaos), Rubin (1985) reemphasized the findings by Loeb
and Kirtz (1939), Silberberg and Silberberg (1949), and Miihlbock (1958; cf. also Miihl-
bock and Boot 1959) that ectopic rodent pituitaries are associated with breast cancer,
even in mammary cancer agent-free females (C3Hf and Balb/c and F, hybrids of
several crosses) (Bittner and Cole 1961). The presumed mechanism was excessive
prolactin secretion. In mice, the incidence of spontaneously developing (presumably
precancerous) hyperplastic alveolar nodules and the incidence of adenocarcinoma is
increased in the presence of elevated plasma prolactin (Nandi and McGrath 1973;
Yanai and Nagasawa 1972a, b) and reduced by ergot alkaloids (dopamine agonists)
lowering prolactin secretion (Welsh and Gribler 1979). In Sprague-Dawley rats, the
growth of dimethylbenzanthracene (DMBA)-induced tumors is enhanced by experi-
mentally elevated prolactin concentrations and inhibited by prolactin suppression
(Pearson et al. 1969; Meites 1974; Nagasawa and Meites 1970). Prolactin thus seems
to be essential for the promotion of both spontaneous and carcinogen-induced
mammary tumors in rodents.

Blask (1984) and Blask and Hill (1986) reported that pineal activation, in the model
of the anosmic rat, can lead to an earlier development of prolactin-dependent
mammary tumors, but also to an increased extent of tumor regression, and that
pinealectomy negates these effects and additionally stimulates the growth of more
tumors per rat. The authors postulate that pineal-induced changes in prolactin secre-
tion may account for the altered tumor development and growth. Since the tumors are



5 Melatonin Involvement in Cancer: Methodological Considerations 131

prolactin-dependent, the alterations appear to be both undesirable (earlier tumor
development) and desirable (increased regression). Studies in the laboratory are over-
due on the prolactin and melatonin chronomes, notably since in the case of prolactin
in humans at personal and familial risk of developing breast cancer, the alteration
detected is in the circannual rhythm, as discussed below. Accordingly, when El-Domeiri
and Das Gupta (1976) report that melatonin may not have a direct effect on tumor
growth, changes produced by melatonin deficiency may perhaps be due to a complex
reaction involving centers in the hypothalamus and brain stem. Studies examining
the effects of pinealectomy upon the rhythmic element in the chronomes of marker
variables are lacking.

5.9 Methodological Considerations

On the one hand, melatonin, a main hormone produced by the pineal gland and
other sites (Wetterberg et al. 1990), is thought to be involved in the etiology of cancer,
notably of breast cancer (Tamarkin et al. 1982; see also Halberg et al. 1988; Cornélissen
and Halberg 1992a; Ronco and Halberg 1996). On the other hand, melatonin, and the
pineal gland more generally, have long been thought to be useful for oncotherapy.
To some extent, however, a breakthrough has been elusive. Below, we review some
methodological aspects of pineal research, which may be responsible for the status quo.

5.9.1 Specificity

Melatonin, while being the primary product of the pineal gland, is also produced
elsewhere in organisms (Wetterberg et al. 1990; Plautz et al. 1997), including unicells
(Balzer and Fuhrberg 1996). Moreover, the pineal gland is affected externally by light
(Reiter 1978) and other non-photic variables of the physical environment (see below),
and internally by several hormones (Cardinali and Vacas 1976) and sympathetic
nervous input (Ueck 1979). It is classically viewed as coordinating influences on several
aspects of endocrine, immune, and metabolic physiology (Blask 1984; Maestroni et al.
1988), as a neuroendocrine transducer, with its hormonal secretion coordinated by
nervous signals generated by environmental lighting and transmitted to the pineal
gland by sympathetic fibers (Wurtman et al. 1968). As such, in defined serum-free
medium, an effect of melatonin may depend on the dose, addition of serum, and a
complex interaction with hormones. Candidates are estradiol and/or prolactin (Blask
and Hill 1986). The important considerations of timing according to a host of predict-
able rhythmic components and age trends are reviewed below. It is hence critical to
specify the exact experimental conditions in the reporting of results.

Bartsch et al. (1992b) and Bartsch and Bartsch (1997) also showed evidence that
the antineoplastic properties of the pineal gland can only partially be attributed to its
hormone melatonin. They postulated the existence of an as yet unidentified pineal
compound (Catrina et al. 1999) showing antitumor activity with considerable thera-
peutic potential. In vitro work on human tumor cell lines indicates that one of the
primary metabolites of melatonin, namely 6-hydroxymelatonin, appears to exert
significantly greater cytotoxicity than melatonin itself (Shellard et al. 1989). The high
degree of complexity of mechanisms involved in the interactions between tumor
growth and the immunoneuroendocrine system was further illustrated by Bartsch
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et al. (1999) in their serial transplants of DMBA-induced mammary tumors in rats,
serving as a model for human breast cancer.

The pineal gland and melatonin seem to be important modulators of the immune
system (Ronco and Halberg 1996). The gonadal inhibition usually displayed by mela-
tonin reportedly disappears with pineal hypofunction, an observation thought to be
relevant to the etiology of breast cancer (Cohen et al. 1978). Melatonin is also thought to
antagonize the immunosuppressor effects of corticosteroids (Maestroni et al. 1986), to
increase the cytotoxic activity of natural killer cells (Angeli et al. 1988), and to interact
with p-endorphins. Melatonin may stimulate the lymphocytic T proliferative response
by action on the opioid receptors in the lymphocytes (Sandyck and Mukherjee 1989).

A link between melatonin and cellular immunity was suggested from studies in
experimental animals (Bartsch et al. 1995), with the further observation that there may
be stimulation of the immune system and the pineal gland at early stages but inhibi-
tion at advanced stages of cancer. The pineal gland has been hypothesized to be
“hyperactive” at the outset, as a break to carcinogenesis, and to be “exhausted” there-
after, as the tumor grows (Relkin 1976). It is possible that the circadian amplitude is a
gauge of hyperactivity when it is too large and of exhaustion when it is too small, and
that the amplitude increase may precede the onset of carcinogenesis. If so, the results
of Bartsch et al. (1985, 1992a) and of Tarquini et al. (1999) fit exhaustion, and our
earlier finding of an increased circadian amplitude in women at an elevated personal
and familial risk of breast cancer, presumably in the absence of an overt cancer
(Wetterberg et al. 1986), fits hyperactivity. These tempting philosophical ideas may be
too sweeping and may be resolved as feedsideward interactions in chronomes.

5.9.2 Risk Versus Disease

With respect to breast cancer risk, clinically healthy women in Minnesota (USA) and
Kyushu (Japan) were sampled around the clock, once in one to four seasons. Possible
differences that could reflect the large difference in breast cancer incidence in these
two geographic locations were investigated (Halberg et al. 1981). In particular, any
involvement of the pineal gland was examined (Wetterberg et al. 1986). A prominent
circadian rhythm was found to characterize urinary melatonin in both populations,
peaking in the middle of the night (Fig. 5.9). The American women who were at a
higher epidemiological risk of developing breast cancer exhibited a larger circadian
amplitude of urinary melatonin, as compared to women at low breast cancer risk
(P < 0.025). A circannual rhythm was also apparent in the North American women, but
not in the Japanese women, complementing other associations between the circannual
amplitude of circulating prolactin and thyroid-stimulating hormone (TSH) and breast
cancer risk (Halberg et al. 1981).

In the presence of actual disease, Tamarkin et al. (1982) and Bartsch et al. (1995)
reported that the nocturnal peak in circulating melatonin may be decreased at certain
stages and in certain kinds of cancer. Moreover, Bartsch et al. (1989) reported a pro-
gressive reduction of the nocturnal peak with increasing tumor size in patients with
primary breast cancer. Bartsch et al. (1997a) also reported a decrease in nocturnal
urinary 6-sulfatoxymelatonin excretion in patients with primary breast cancer as com-
pared to age-matched healthy peers, as well as a negative correlation with tumor size.
Moreover, Bartsch et al. (1997b) found that nocturnal urinary 6-sulfatoxymelatonin



133

5 Melatonin Involvement in Cancer: Methodological Considerations

(813qreH 18114do)) ‘spoyyaw [eonisniels [enjuaIajur Aq uriss) 03 [qRUSWE S$IJBUINISS [BAISJUI-pUE-urod sB
$1)S1I9}0BIRYD WAYI $I§$3558 PUB UOLBLIPA UBIPEIIDD SIUSWNIOP UOLIIIXS UTUOJR[SUI AIBULIN O} SAIND JUISOD Y-pT JO 31J saTenbs-1s8aT *¢'s “S1g



134  G. Cornélissen et al.

showed a strong positive correlation with proliferating cell nuclear antigen-immuno-
positive tumor cells in patients with gastrointestinal and lung cancer. These authors
suggested that negative correlations found between urinary 6-sulfatoxymelatonin
and melatonin in tumor cells could be interpreted as an effort of the pineal gland to
secrete melatonin to compensate for the decrease in number of melatonin-immuno-
positive cells within the tumor tissue where it may possess important coordinating
functions.

A lowered concentration of plasma melatonin at night is also reported for patients
with colorectal carcinoma, as compared to controls (Khoory and Stemme 1988).
Tarquini et al. (1999) compared the circadian rhythm of melatonin circulating in
39 cancer patients with that in 28 healthy subjects. In the absence of a difference in
the rhythm-adjusted mean value, our finding of a reduced circadian amplitude in
patients with cancer (Figs. 5.10, 5.11) is in keeping with a decreased nocturnal peak
and an increased concentration during the day. Bartsch et al. (1985, 1992a) also found
a reduced circadian amplitude of circulating melatonin in patients with prostate
cancer, as compared to patients with benign prostate disorders and to clinically
healthy men.

The smaller circadian amplitude of circulating melatonin in cancer patients in com-
parison with healthy controls, in the absence of a difference in mean value, may
account for apparent discrepancies in the literature. This may primarily come about
when the circadian stage of blood sampling is not specified. Thus, the report by Lissoni
et al. (1990) of elevated (rather than reduced) plasma melatonin concentrations in
women with breast cancer, as compared to healthy controls, is not discrepant since
sampling was in the morning. The same remark applies to results by Tarquini et al.
(1995) of higher melatonin concentrations between 07:30 and 09:30 A.M. in 46 patients
with multiple myeloma, in comparison with 31 age-matched healthy subjects. Like-
wise, Dogliotti et al. (1990) report higher serum melatonin concentrations around
08:00 and 00:00 .M. in patients with advanced tumors of the breast, lung, or gastro-
intestinal tract in comparison with healthy individuals. Similarly, patients with
advanced breast cancer were reported to have higher daytime plasma melatonin con-
centrations than patients receiving adjuvant treatment, and patients with progressive
disease reportedly had higher values than patients in remission or with stable disease
(Falkson et al. 1990).

In venous blood samples collected between 08:00 and 09:00 A.M. after an overnight
fast, serum melatonin concentrations are reportedly higher in 74 untreated breast
cancer patients than in 46 age-matched healthy women (Barni et al. 1989). While in
blood samples collected at 08:00 A.M., plasma melatonin concentrations are reportedly
higher in patients with prostatic carcinoma than in healthy subjects, and lower in
patients with breast cancer (Oosthuizen et al. 1989). Single samples around 08:00 A.M.
may not be the optimal choice for determining melatonin concentrations in blood.
At that time the higher nightly values drop to lower daytime values. Slight changes in
the daily activity routine may thus be associated with relatively large differences in
melatonin concentration and hence with a larger uncertainty than that expected to
characterize samples collected later in the day.

It is thus important, as a minimum, to specify when samples have been collected
with as much information as possible concerning the subject’s daily routine. Preferably,
samples should be obtained at different times around the clock so that the circadian
variation can be assessed under conditions standardized as much as possible.
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CIRCADIAN PATTERN OF SERUM MELATONIN
IN HEALTH VERSUS CANCER DIFFERS
OVERALL BY THE CIRCADIAN AMPLITUDE
BUT NOT BY THE MESOR*

* Whereas unwarranted inferences may be drawn from spotchecks limited to
sampling at one or two single timepoints.

Fig. 5.10. In the absence of a difference in the rhythm-adjusted mean value of circulating melatonin,
a difference in circadian amplitude is found between the group of 39 cancer patients and that of
28 healthy subjects. In view of this difference in circadian amplitude, in comparison with healthy
subjects, cancer patients have numerically lower circulating melatonin concentrations during the
rest span but statistically significantly higher melatonin concentrations during the active span
(around noon) (Tarquini et al. 1999). (Copyright Halberg)
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Population-Mean Cosinor

Amplitude Acrophase, o
Group N P PR{ MESOR t SE (95% ClI) (95% Cl)
A Health 28 | <0.001] 84| 0.64 +0.08 0.79 (0.67 0.92) -39° (-29 -50)
B Cancer 39 | <0.001| 77| 0.70+0.06 Eo."ﬂ (0.43  0.70) -48° (-30 -58)
P = 0.003

Analyses on log,-transformed data.

Fig. 5.11. Cosinor display of the circadian rhythm in circulating melatonin concentration in cancer
patients in comparison with healthy subjects. The smaller amplitude characterizing the cancer
patients as compared with the healthy subjects is statistically significant (P = 0.003) (Tarquini et al.
1999). (Copyright Halberg)
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5.9.3 Melatonin as an Oncostatic Drug: Importance of Timing

Melatonin, at physiological concentrations, was reported to exert a direct but revers-
ible, antiproliferative effect on human breast cancer cell (MCF-7) growth in culture
(Hill and Blask 1988). According to these authors, the reported antiproliferative effect
of melatonin is associated with striking changes in the ultrastructural features of these
cells, suggestive of a sublethal but reversible cellular injury. In vivo work by Blask et al.
(1991) on the N-methyl-N-nitrosurea (NMU) model of hormone-responsive carcino-
genesis in the rat breast suggests that melatonin inhibits tumorigenesis by acting as an
anti-promoting rather than an anti-initiating agent. Given in the afternoon or evening,
alone or in combination with interleukin (IL)-2, melatonin has shown promise in
the treatment of cancer patients who do not respond to standard antitumor therapies
(Lissoni et al. 1989, 19914, b, 1992a—-c, 1993, 1994).

The role of melatonin as a sensitizer of standard chemotherapeutic modalities
awaits future study. There is a precedent with camptothecins used as radiation sensi-
tizers in vivo for which the optimal timing of administration was investigated
(Kirichenko and Rich 1999). Specifically, the effects of irradiation combined with
9-aminocamptothecin (9AC) on a mouse mammary cancer and the gastrointestinal
tract were examined, as was the circadian dependency for cytotoxicity, radiation
sensitization, and acute toxicity after single doses of 9AC given at six different times
over 24 h (Kirichenko and Rich 1999). A reanalysis of the survival of C3Hf/Kam mice
treated with 9AC, administered i.m. either in a 2 mg/kg dosage twice a week for 2 weeks
or as a single injection of 4 mg/kg, revealed a statistically significant circadian rhythm
(P = 0.025) with a double amplitude of 68.6 %, attesting to its prominence, and with
least toxic effects found when 9AC is administered in the middle of the light (rest)
span. When combined with radiation, this timing also corresponded to the longest
tumor regrowth delay (Kirichenko and Rich 1999).

Differences in the time of melatonin administration may account for many contra-
dictory results of its anticancer effects. Bartsch and Bartsch (1981) have shown that
melatonin, presumably a major component of aqueous pineal homogenate, inhibits,
stimulates, or has no effect upon tumor growth and survival as a function of the timing
of its administration. There may also be changes in the response to melatonin admin-
istration as a function of the time elapsed since the institution of treatment. For
instance, this is the case for the response of natural killer cell activity to treatment
with melatonin (vs saline) (administered at 3:00 p.M.) observed in clinically healthy
subjects: whereas melatonin stimulated Kkiller cell activity 2 and 4 h after treatment, at
6 h post-treatment, the killer cell activity of subjects receiving melatonin was con-
siderably decreased (Lissoni et al. 1986). A similar finding conclusively determined
the importance of timing the administration of growth hormone in relation to the
acrophase in RNA synthesis (Halberg et al. 1973; cf. Litman et al. 1958).

The circadian stage-dependent effects of melatonin were investigated in Minneapolis
on 115 CD2F, female mice, housed four per cage on a staggered schedule of light and
darkness alternating at 12-h intervals. All animals were injected intraperitoneally with
5000 live L1210 leukemnia cells. Starting 72 h later, until death, 1 mg/kg of melatonin or
saline was injected subcutaneously daily at one of six circadian stages. A third group of
mice was handled for weighing only every second day, rather than daily, as were the
other two groups. The effect of melatonin was shown to be circadian stage-dependent
(Langevin et al. 1983; Halberg et al. 1988). On the average, survival time is shortened as
an overall effect of the (handling for) daily vehicle (saline) injection.
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The question whether melatonin effects are also time-dependent in the case of
mouse breast cancer was investigated with us in Vienna on a model of breast cancer
in which most animals spontaneously develop the cancer (Wrba et al. 1985, 1990).
A circadian chronomodulation by melatonin upon mammary carcinogenesis was
demonstrated (Wrba et al. 1985). Seven groups, each of 30 C3CF, mice, were kept at
25 + 1°C, on six staggered light:dark = 12:12 h (LD12:12) regimens. One group was
left untreated. Two sets of six other groups received the vehicle or 10 mg/kg of mela-
tonin every day at one of six circadian times, 4 h apart, starting before the appearance
of any tumors. In comparison to tumor incidence in the untreated groups, the six sub-
groups of mice given daily injections of saline (as a control procedure) all had a higher
early average subgroup breast cancer rate (P < 0.05), an effect possibly reduced by
melatonin (y? = 3.48; P < 0.10). At 71 weeks of age, over 75% of these mice had breast
cancer. The 10 mg/kg of melatonin, given daily to six groups of mice kept on six
staggered LD12:12 regimens, affect carcinogenesis in a circadian stage-dependent
fashion. The differences in mean times to tumor appearance between saline- and mela-
tonin-injected groups of mice reveal a beneficial effect of melatonin between 07 and
19 hours after light onset (HALO) and a detrimental effect at 23 and 03 HALO (Wrba
et al. 1985, 1990). Using the timing of the temperature acrophase for the untreated,
unshifted mice as the target phase for temperature on each LD12:12 regimen,
some phases were slightly delayed by 1-3 h if treatment was given at 03 or 23 HALO,
while their timing was unchanged or advanced by as much as 4 h at other times (in
zero-amplitude test; P = 0.003 by fit of 24- and 12-h cosine model). The temperature
acrophase may be pulled toward the time of daily injections of melatonin or placebo
(Wrba et al. 1985).

The fact that circaseptan and circannual rhythm stages may also be important,
primarily in the case of the pineal gland which is eminently periodic along these time
scales, is suggested by another study involving 375 mice (15 mice per group) similar in
design to the preceding one but with two additional sets of six groups each of 15 mice
receiving 1.0 or 0.1 mg/kg bw of melatonin. In the face of a confounding age effect, and
beyond circadian variation in melatonin effect, inter-study differences were found in
carcinogenesis for comparisons of untreated, placebo-treated, and melatonin-treated
groups (Wrba et al. 1990). Circannual changes in endogenous defense mechanisms
against cancer have also been reported by Bartsch et al. (1990a). The extent to which
differences in non-photic solar effects between the two studies of Wrba et al. played a
role remains a task for further study.

The change in sign of the effect of melatonin in carcinogenesis should be viewed in
the light of feedsideward mechanisms (Halberg 1983; Sdnchez et al. 1988). In any study
of hormonal interactions, hormones change dynamically; they have to interact in
response to changing conditions, which therefore add a statistical element. It seems
reasonable that even complex neuroendocrine interactions are neither entirely
random nor strictly deterministic. These interactions cannot be completely explained
by time-unqualified feedbacks and feedforwards along classical axes. The resuit of an
oversimplified search for “inhibition” vs “stimulation” is the status quo, yielding much
controversy. The alternative is the study of multiple rhythmic interactions in the
cephalo-adrenal neuroendocrine network.

A pineal feedsideward constitutes an interactive rhythm involving three (or more)
entities, one of them modifying the relation between the other two in a predictable
(chronomodulatory) way. The approach to the study of multiple time-dependent inter-
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actions as feedsidewards provides a framework whereby seemingly contradictory
phenomena can be properly time-specified and thereafter analyzed experimentally for
underlying mechanisms. Usually, pineal modulation involves amplification at the time
of a high response of the adrenal to the pituitary gland, and attenuation at the time of
a low adrenal response to the pituitary gland (Halberg 1983; Sdnchez 1993). Thus, it is
critical to record the time of treatment administration as well as the time elapsed from
the time of treatment. Since treatment may affect not only the mean value, but also the
dynamic characteristics of change such as the amplitude, acrophase, and/or waveform
of multifrequency rhythms, it is recommended to sample around the clock before
and after treatment for as complete an assessment of treatment effects as possible.
The choice of marker rhythms is particularly important in this case and is best com-
plemented by actual long-term outcomes whenever possible.

5.9.4 Coordination Via Feedsidewards: Importance of Circaseptans

The pineal gland and melatonin may be critical in terms of the coordination of a broad
time structure. This is partly reflected by the fact that melatonin has been associated
not only with breast cancer risk but also with cardiovascular disease risk and emotio-
nal depression (Wetterberg et al. 1986), and in part by the prominence of rhythms with
other frequencies, circaseptans in particular.

Prominent circaseptan changes were observed in superfused pike pineals kept in
continuous darkness and constant temperature (Cornélissen et al. 1995b; Falcon et al.
1996). A circaseptan modulation of the circadian amplitude of the melatonin content
of pineal glands has also been shown in the case of female Lewis/S rats (Sdnchez et al.
1986). A circaseptan modulation of the amplitude of a free-running circadian rhythm
in RIA-assayable melatonin from the isolated pineal gland of lizards kept in continu-
ous darkness was found by analyses of published, albeit limited, data (Halberg 1983).
A time-macroscopic infradian modulation is shown for melatonin production by the
chicken pineal gland in superfusion, studied by Leung et al. (1990) in LD12:12. Micros-
copic analyses of these data reveal a 121.4-h amplitude modulation of a free-running
circadian (26-h) rthythm (Leung et al. 1992). Circaseptans were also found to be critical
in a longitudinal study of a patient with an advanced adenocarcinoma of the ovary,
shedding new light on the involvement of the pineal gland in carcinogenesis. The
changes in the circadian MESOR (midline estimating statistic of rhythm; a rhythm-
adjusted mean) of 6-sulfatoxymelatonin following a course of chemotherapy differed
in relation to the success or failure of treatment, but the MESOR did not correlate with
tumor burden, assessed by circulating CA 125. In contrast, the ratio of circaseptan-to-
circadian amplitudes involving two chronome components correlated with the cancer
marker (Fig.5.12) (Cornélissen et al. 1995a). To that extent, the study revealed a critical
circaseptan aspect of pineal gland involvement in cancer progression. A circaseptan
component was also found to characterize other tumor markers assessed longitudi-
nally in this patient (Figs. 5.13-15). Implications for treatment include the possible
optimization of treatment efficacy on the basis of rhythmic components other than
circadian. Until all treatment is implemented with programmable drug delivery devices
that allow the timed release of medications in keeping with all pertinent chronome
components, anything that has to be done during clinic hours (usually limited during
the daytime) is more readily optimized by timing according to the day of the week than
by the time of day.
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Log (A7/A1) of Urinary Excretion of Fig. 5.12. In the absence of

Melatonin Correlates with LogCA125 any correlation of the rhythm-
adjusted mean value, the circa-
septan-to-circadian amplitude
ratio of 6-sulfoxy-melatonin
correlates positively with
serum CA 125 concentration
used as a gauge of tumor
burden. The result implies not
only the involvement of the
pineal gland, but of the circa-
septan aspect of the pineal
gland in cancerous growth.
Regression line shown with
95% confidence and 95%
prediction limits. (Copyright

Halberg)
CA125
[Logg (CA125)] (U/ml)
CIRCASEPTAN PATTERN IN Fig. 5.13. In addition to a
SALIVARY CA125 (EH, 72y) prominent circadian variation

(not shown), the ovarian
tumor marker CA 125,
assessed noninvasively in
saliva, is circaseptan periodic.
The about-weekly rhythm

is assessed longitudinally in

a 72-year-old woman who
collected saliva samples
several times a day during
several months while receiving
treatment with different
oncostatic drugs. (Copyright
Halberg)
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Fig. 5.14. A circaseptan com-
ponent also characterizes the
urinary excretion of CA 125,
an ovarian tumor marker
determined in samples collect-
ed around the clock by

a 72-year-old woman with
advanced ovarian carcinoma.
(Copyright Halberg)

Fig. 5.15. In addition to

a prominent circadian rhythm
(not shown), a weekly varia-
tion is observed further for
urinary gonadotropic peptide,
used as an ovarian tumor
marker in samples collected
longitudinally several times

a day by a 72-year-old woman
diagnosed with an advanced
ovarian carcinoma. (Copyright
Halberg)

CIRCASEPTAN PATTERN IN URINARY
CA125 EXCRETION (EH, 71y)

CIRCASEPTAN PATTERN OF URINARY
GONADOTROPIN PEPTIDE (UGP)
(EH, 71y)
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5.9.5 Environmental Effects from Near and Far

In terms of mechanisms through which prominent circaseptans constitute a major
feature of the pineal gland. We consider this gland’s sensitivity to changes in magnetic
field; it is apparently capable of responding to variations of the order of a few
nanoteslas induced by solar winds via the magnetosphere (Reuss et al. 1983; Semm
1983; Welker et al. 1983; Olcese et al. 1985). The latter has been determined to be
characterized by a sector structure (Wilcox and Ness 1965; Wilcox 1969) involving
occasionally, albeit not invariably, a cycle of about 27 days consisting of four spans
during which the interplanetary magnetic field is directed in alternation toward the
sun and away from it, three spans lasting about 7.625 days and the fourth about
3.750 days. The integrative genetic biologic 7-day week may thus also have an adaptive
component (Halberg et al. 1991).

The future concomitant longitudinal monitoring of circulating melatonin and of
physical variables, such as the local geomagnetic disturbance index K, may also
shed light on any non-photic solar effects likely mediated via the pineal gland. One
pertinent study by Tarquini et al. (1997) in Florence, Italy (43.47 °N), suggested that
circulating melatonin during the daytime undergoes circannual changes, whereas by
night, an about half-yearly component may predominate. In this respect it is noteworthy
that Kp undergoes a very stable and large amplitude circasemiannual variation,
peaking at the equinoxes, in keeping with the patterns seen for nocturnal melatonin
concentrations. Based on data from Martikainen et al. (1985), Randall (1990)
emphasized that at high latitudes (Oulu, Finland; 65.00 °N), prominent circasemian-
nual components are found in plasma melatonin. He aligned these observations with
the magnetic disturbance induced by the solar wind, which is most pronounced in the
auroral zones, where the corpuscular radiation enters the atmosphere.

In another study (Wetterberg et al. 1999), overnight urine was collected each month
for 12-16 months from 321 healthy subjects at 19 medical centers in 14 countries dis-
tributed on 5 continents at latitudes from 31.01°S-77.00 °N. Mean melatonin concen-
tration was found to negatively correlate with age, weight, and height. When the sexes
were considered separately, melatonin only correlated with age for females and with
age and weight for males. A weak correlation with latitude, but not longitude, was also
found.

Before this information may become directly useful to optimize curative as well as
prophylactic treatment, it is essential to secure longitudinal records of the concomitant
monitoring of physical and physiological variables, to better understand how the
former can affect the latter (Halberg et al. 1991, 1998; Cornélissen et al. 1994, 1999b;
Breus et al. 1995; Halberg and Cornélissen 1998).

5.10 Concluding Remarks

Reliable spectra of biological rhythms on individuals (longitudinally), across indivi-
duals (transversely), or with both schemes (hybrid design) require provisions for:
(a) standardization of sampling conditions for biophysical, biochemical, and other
behavioral observations; (b) repetition and replication of sets of observations;
(c) marker rhythm monitoring with sufficient density and for a span of sufficient
length, in order to derive (d) inferential statistical point-and-interval estimates of
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rhythm characteristics (e) for the assessment of modulation, in the strict (mathema-
tical) sense and (f) for the assessment of any rhythm alteration for groups and for the
individual by means of parameter tests (Bingham et al. 1982) and control charts
(Cornélissen et al. 1997). Specification of the stages of several built-in but environ-
mentally synchronized rhythms is also indicated. Thus, a calendar date and clock time
with information regarding light-dark schedules for laboratory animals, and also
rest-activity, vacation, travel, etc., for humans, is required in order to approximate
along with the season the day of the week and the circadian stage.

It should further be realized that once variability is assessed and replications are
planned, it is usually cost-effective to assign, from a set of any six experimental units (e. g.,
patients), one to each of six different rhythm stages (e.g.,4 h apart for a circadian rhythm
assessment) rather than testing all six units at the same time point (Gunther et al. 1980;
Cornélissen et al. 1991, 1992; Bingham et al. 1993; Halberg et al. 1993). In addition to
obtaining a mean value that is both more accurate and more precise, dynamic charac-
teristics of change can then be derived by curve-fitting with the precautions of the
cosinor. These parameters can be useful in their own right, not only for the diagnosis of
abnormality but also for assessing health and, what is most important, for the recognition
of earliest risk elevation, as documented for the personal and familial risk of human
breast cancer in Fig. 5.10. The assessment of chronomes also serves as a sensitive gauge of
any response to intervention such as chronotherapy, implemented on an individualized
basis and reported in inferential statistical terms (Halberg et al. 1992). Variability, a
terrible foe, then becomes a new resolving tool of particular use in the study of pineal and
other neuroimmunomodulation.
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6.1 Introduction

Engel (1935) and Bergmann (Bergmann and Engel 1950) as well as Hofstétter (1959)
demonstrated that pineal gland extracts inhibit experimental tumors and are even able
to control human cancers. Subsequently, it was found that removal of the pineal gland
(pinealectomy) stimulated the growth of experimental primary tumors and their
metastases (Barone and Das Gupta 1970; Lapin 1974). All these findings point to
a potentially important role of the pineal gland in the control of malignant tumors.
A central question is whether these effects can be attributed essentially to melatonin,
the main pineal hormone, or not (Bartsch and Bartsch 1981). Experimental in vivo
studies showed that mainly hormone-responsive tumors can be inhibited by melatonin
(Tamarkin et al. 1981) whereas fast-growing and undifferentiated tumors are not
influenced by this compound (Bartsch H et al. 1994). Lissoni and co-workers reported
on the administration of melatonin in cancer patients and indicated that the pineal
hormone may possess the potential to be a favorable palliative therapeutic measure
when all standard forms of treatment failed (Barni et al. 1990) or could help to alleviate
the side effects as well as to improve the therapeutic efficacy of immunotherapies
using interleukin-2 (Lissoni et al. 1990; Lissoni 1997). If melatonin indeed has anti-
tumor activity, the question arises whether its synthesis, secretion, and circulating
levels may be reduced in cancer patients. The following chapters address this problem
both from a clinical and experimental point of view.

6.2 Methodological Considerations and Problems Encountered in Estimating
the Function of the Pineal Gland in Cancer Patients

6.2.1 Analytical Methods

Clinical studies aiming at estimating the function of the pineal gland with respect to
the secretion of melatonin have to consider the regulatory mechanisms involved in its
production since melatonin is secreted upon production and does not seem to be
further regulated. Among all investigated mammalian species including humans,
pineal melatonin biosynthesis displays a 24-h rhythm with a clear peak occurring
around the middle of the scotoperiod (i.e., the period of darkness) irrespective
whether the species is diurnal (day-active), such as sheep (Ravault et al. 1996), monkey
(Guerin and Matthews 1990), and human (Lynch et al 1975), or nocturnal (night-
active) such as mice (Vivien-Roels et al. 1998) or rats (Ralph et al. 1971). Therefore it
is also the foremost methodological requirement for every clinical study dealing with
the analysis of melatonin to secure that samples are collected repeatedly during a 24-h
cycle to reliably monitor the profile of melatonin secretion (Arendt 1978). This can
be achieved either by determining the concentration of melatonin in blood, saliva or
urine or by measuring the urinary excretion of 6-sulfatoxymelatonin (Aldhous and
Arendt 1988), the main peripheral metabolite of the pineal hormone (Jones et al. 1969).
The question that arises is how frequently samples have to be collected. Blood
sampling with the help of an indwelling catheter essentially avoids disturbances of the
patients and thus enhances compliance so that the resolution of temporal fine struc-
tures including pulsatile patterns superimposed upon the basal daily profile of mela-
tonin secretion is possible (Follenius et al. 1995; Luboshitzky et al. 1996, 1997). In our
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own clinical studies, we usually collect blood samples for the measurement of endo-
crine parameters including melatonin at 4-hourly intervals. This is sufficient to per-
form statistical analyses according to the cosinor method (Nelson et al. 1979) testing
for the presence of daily rhythms, including the respective rhythm parameters such
as the amplitude and the acrophase (time of the peak during the 24-h cycle) with
the paradigm of a simple sinusoidal variation due to the sleep-wake cycle during the
24-hourly observation period. Recently, a related but more complex statistical analysis
called COSIFIT was developed (Teicher et al. 1990), using multiple sinusoidal com-
ponents for curve fitting which, however, like other statistical methods applied for
rhythm analysis, requires more frequent blood sampling. This is difficult to realize
under most clinical conditions. For this reason, sample collections at 4- to 2-hourly
intervals have been used to determine the daily fluctuations of a number of physio-
logical parameters including the components of the hematopoietic and hemostatic
system as well as the temporal modulation of the therapeutic efficacy of drugs and
their toxicity (Redfern and Lemmer 1997).

Also in the case of urine collections, we found 4-hourly sample intervals to be
adequate to monitor the daily variations of melatonin or of its main metabolite
6-sulfatoxymelatonin (aMT6s). Since it is advisable not to disturb sleep, however, we
prefer to collect only one 8-hourly sample, unless patients are equipped with a catheter.
Melatonin- or aMT6s-determinations from urine samples appear to be of special
relevance from a clinical point since they allow to monitor pineal function in a non-
invasive fashion.

The formation of aMTé6s in the liver is a two-step process in which melatonin is first
converted to 6-hydroxymelatonin by a microsomal monooxygenase of the cytochrome
P-450 system and subsequently conjugated predominantly by a cytosolic sulfotrans-
ferase to aMT6s (70-80%; Jones et al. 1969; Kopin et al. 1961). According to Arendt et
al. (1985), the urinary excretion of aMTés reliably reflects circulating melatonin in
healthy subjects and according to our own investigations this applies to untreated
cancer patients as well (Bartsch et al. 1992). The excretion of unmetabolized melatonin
only occurs in traces constituting around 1% of the total production by the pineal
gland. The urinary concentration of melatonin, however, correlates well with the
corresponding concentrations of circulating melatonin and can therefore be used to
estimate the melatonin secretory activity of the pineal gland (Bartsch et al. 1992). This
phenomenon is principally due to passive tubular reabsorption during the renal pro-
cesses: melatonin, like other low-molecular weight substances (Rocci et al. 1981),
passes into the primary filtrate after glomerular filtration but subsequently diffuses
back into renal venous blood until an equilibrium is attained between both fluids.
Wetterberg (1978) reported an excellent correlation between plasma melatonin con-
centrations (r = 0.89) in first morning urine and 0200 hours serum melatonin concen-
trations in healthy humans, and subsequently Lang et al. (1981) detected a good cor-
relation (r = 0.74) between plasma concentrations (2400 hours) and nocturnal urinary
melatonin (2100-0700 hours). In our investigations on healthy men as well as those
suffering from unoperated and untreated prostate tumors, a strong correlation
(r = 0.772) was found between the concentration of serum melatonin at 0300 hours
and the nocturnal urinary concentration (2300-0700 hours; Bartsch et al. 1992).
Recently, Graham et al. (1998) reported that both melatonin and aMT6s determina-
tions from morning urine samples, representing urine production between 2300 and
0700 hours, reflect the area under the curve for plasma melatonin determined during
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this period at hourly intervals. These studies emphasize that determinations of
melatonin as well as of aMT6s from nocturnal or early morning urine samples are
well-suited to monitor the daily variations of melatonin and represent simple but
adequate tools to determine pineal function in cancer patients. These noninvasive
techniques ensure good compliance and avoid potential disturbances that might affect
pineal melatonin production. The collection of naturally passed nocturnal urine
samples will not disturb sleep. Evidence exists that sleep disturbances may affect the
physiological production and secretion of melatonin (Hajak et al. 1995; Suzuki et al.
1993). It has repeatedly been reported that it is feasible to measure melatonin in saliva
which also reflects the day-night variations in blood (Laakso et al. 1994). The collec-
tion of saliva, however, is an active process and in our opinion is not compatible with
undisturbed sleep.

The above considerations lead to the conclusion that determinations of melatonin
from either blood or urine, as well as of aMT6s from urine, render relevant informa-
tion concerning the day - night variations of pineal melatonin if samples are collected
at suitable intervals over a complete 24-h cycle. If it can be assumed that no phase-
shifts occur and/or emphasis is laid primarily on the estimation of the nocturnal surge
of production, measurements of melatonin or aMT6s from overnight urine samples
will suffice, as is the case in certain types of clinical studies dealing with patients
suffering from cancer. A word of caution, however, should be expressed at this point
concerning studies in which circulating melatonin is measured in morning or even
noon samples. Due to the clear day-night rhythm of pineal melatonin secretion, the
levels of melatonin in serum or plasma are, according to our experience, low and are
sometimes near or even below the assayable level and should therefore be interpreted
very cautiously.

6.2.2 Parameters Interfering with the Estimation of Pineal Function in Patients

Photic retinal impulses synchronize the circadian oscillation of the suprachiasmatic
nuclei to the environmental light - dark cycle and thus the rhythm of pineal melatonin
production (Moore and Klein 1974). In this process, light at night is known to inhibit
the secretion of melatonin. This phenomenon is dependent on the quality and quantity
of light as well as on the duration of light exposure and can vary considerably among
species. In the rat, 1 min of 150 Ix white light leads to a rapid depression of the activity
of the rate-limiting enzyme of pineal melatonin biosynthesis, the serotonin-N-acetyl-
transferase (SNAT), as well as to a drastic reduction of plasma melatonin to daytime
concentrations (Illnerova et al. 1979). As opposed to that, a pronounced suppression of
nocturnal melatonin secretion in humans to basal daytime-like levels is elicited only
by very bright light, such as 2500 Ix for 2 h (Lewy et al. 1980). Light of lower intensity,
e.g.,200-300 Ix, only leads to a partial suppression of melatonin secretion (Bojkowski
et al. 1987) emphasizing the existence of a dose-response curve for the suppressive
effect of light on nocturnal melatonin. With respect to wavelength, it appears that light
of 509 nm seems to possess the strongest inhibitory potential in humans whereas light
beyond 600 nm exerts practically no suppressive effect (Brainard et al. 1985). For these
reasons it is important for clinical studies to verify that light at night during sample
collection does not disturb the physiological secretion of the pineal hormone. During
sample collection at night it should therefore be seen that only dim and if possible red
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light is used. In this context it may also be mentioned that there are some hints that the
circadian profile of melatonin secretion in humans may exhibit phase-shifts among
different seasons (Illnerova et al. 1985) due to different light - dark cycles. For well-con-
trolled clinical studies it would therefore appear desirable to perform them within
comparable seasons. Since the daily melatonin rhythm is so strictly controlled by the
light-dark cycle, it is also important to study exclusively well-entrained individuals
who recently have not performed shift-work. The inclusion of blind patients into
clinical-oncological studies aiming at the measurement of pineal function should also
be avoided since these individuals very often possess a free-running melatonin rhythm
with peaks occurring at unpredictable times during the day or night (Lewy and
Newsome 1983).

From these findings and considerations it is clear that light has to be considered as
a “drug” for the secretion of melatonin, but there are a number of other true pharma-
cological agents which interfere with the biosynthesis of melatonin. These interactions
are immediate consequences of the mechanisms involved in the regulation of pineal
melatonin biosynthesis. Pineal melatonin secretion is strictly controlled by nerves
(Klein 1985) which enter the pineal gland as postganglionic sympathetic fibers
originating from the superior cervical ganglia and control the activity of the rate-
limiting step of the biosynthesis of melatonin, SNAT, via a cascade of intracellular
events involving adenylate cyclase, CAMP as a second messenger, and the activation of
specific protein kinases which ultimately induce the activation of SNAT. Due to this
regulatory mechanism, the administration of - or a-blockers has to be strictly
avoided in studies dealing with the effect of oncological diseases on pineal function
(Arendt et al. 1985) so that the physiological course of melatonin secretion can be
monitored correctly.

Benzodiazepine derivatives frequently used as preoperative sedatives can also
negatively interfere with melatonin secretion (Kabuto et al. 1986; Monteleone et al.
1989), although the detailed mechanisms involved in this phenomenon are not exactly
understood. Lowenstein et al. (1984) and Suranyi-Cadotte et al. (1987) reported that
both central and peripheral benzodiazepine binding sites are found in human pineal
glands.

According to in vivo studies with rat pineal glands, it appears that the inhibitory
action of diazepam on melatonin secretion is elicited via a reduced activity of the rate-
limiting step of the biosynthesis of melatonin (SNAT) (Wakabayashi et al. 1991). The
studies of Winters et al. (1991), however, lead to the conclusion that the in vivo inhibi-
tion of melatonin production by benzodiazepines does not involve SNAT, but rather a
step before or after this enzymatic reaction including the hydroxyindole-O-methyl-
transferase (HIOMT).

According to our own experience, the administration of insulin seems to negatively
affect melatonin secretion whereas oral antidiabetic substances, sulfonylurea deriva-
tives, do not affect melatonin (C. Bartsch et al., unpublished observations). Pharma-
cological elevations of melatonin are elicited by a number of drugs acting on the
central nervous system such as the neuroleptic chlorpromazine (Smith et al. 1979).In
this case, the stimulatory action on melatonin, however, does not seem to be exerted at
the level of the pineal but rather via a reduced peripheral metabolization of melatonin
in the liver. The MAO-A inhibitors clorgyline and tranylcypromine but not the
MAO-B inhibitor deprenyl were found to lead to an elevation of plasma melatonin
(Murphy et al. 1986) prompting these authors to conclude that mainly an increased



158 C.Bartsch et al.

availability of serotonin, the precursor of the pineal hormone, and an enhanced
noradrenergic function due to a higher availability of norepinephrine appear to be
responsible for the observed elevation of melatonin. Fluvoxamine, an antidepressant
with a selective inhibitory effect on the uptake of serotonin, was also found to elevate
circulating melatonin as well as desipramine, a noradrenaline uptake inhibitor (Skene
et al. 1994). The naturally occurring peptide destyrosine-y-endorphin, possessing an
antidepressant action according to Chazot et al. (1985), leads to an enhanced secretion
of melatonin. Tetrahydrocannabinol increases circulating melatonin (Lissoni et al.
1986). The list of drugs affecting melatonin is far from complete but underlines that the
secretion of the pineal hormone may easily be misinterpreted due to the concomitant
administration of pharmacological agents. It is therefore indispensable to perform a
meticulous process of selection of those patients who should become part of clinical
studies to analyze possible effects of tumor growth on pineal function.

Melatonin secretion, however, is not only regulated by external factors, such as light
and drugs, but the pineal gland as an integrative part of the neuroendocrine system
(Cardinali, 1984) is also influenced by endogenous factors such as hormones and,
according to recent findings (Maestroni 1993), by immune processes. This implies that
whenever pineal gland function is to be monitored in cancer patients they have to be
otherwise free from endocrine and immune diseases. Clinical studies on pineal gland
function are furthermore complicated by the fact that the secretion of melatonin
declines with age (Touitou et al. 1981), which is of particular interest for the proper
choice of nonmalignant controls. Finally, it has to be stressed that these patients have
to be carefully selected and characterized with respect to their disease, i.e., they should
have tumors of a comparable histopathological appearance and the malignant disease
should be at a defined stage. In our studies we focussed our attention on cases who had
developed a tumor for the first time, being otherwise healthy, and who had not been
treated in any way thus avoiding possible pharmacological influences on the synthesis
and metabolism of melatonin.

These considerations demonstrate methodological limitations for relevant studies
on melatonin secretion in cancer patients and illustrate why melatonin will not
easily meet the requirements of a feasible tumor marker as may have been hoped by
clinicians. This fact, however, by no means lowers the potential importance of this
hormone in the physiological control of malignant tumors exerted by the different
systems of the body. It is rather felt that well-controlled clinical studies estimating
pineal function in cancer patients will contribute to a better understanding of how the
neuroimmunoendocrine network responds to different forms and stages of malignant
disease.

6.3 Studies on Patients with Breast Cancer

Interest in a possible role of the pineal gland and its hormone melatonin in the etiology
of breast cancer was stimulated in the late 1970s and early 1980s by the so-called Cohen
hypothesis published in The Lancet in 1978 and the results of a subsequent study
published by this American group. They hypothesized that a diminished function of
the pineal gland may promote the development of breast cancer since it is associated
with estrogen excess and that, on the other hand, melatonin inhibits ovarian estrogen
production, gonadotrophin production, sexual development, as well as maturation.
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They further argued that pineal calcification, possibly connected with a lowered secre-
tion of melatonin, is commonest in those countries with high rates of breast cancer,
whereas the incidences of pineal calcification and of breast cancer are moderate
among the black population in the United States. If, on the other hand, pineal function
is impaired, they argued it may trigger puberty which may be the cause of early
menarche being a risk factor for breast cancer. Finally, they assumed, although at that
time information was still scarce, that the pineal gland and melatonin may influence
tumor induction and growth in experimental animals (Anisimov et al. 1973; Karmali
et al. 1978). Evidence for this assumption was soon found in several studies dealing
with experimental breast cancer using different in vivo model systems. Tamarkin
et al. (1982) and Shah et al. (1984) found that administration of melatonin inhibits
DMBA-induced mammary cancer. Blask et al. (1991) observed NMU-induced breast
cancer occurrence in rats, and Subramanian and Kothari (1991) detected that
spontaneous mammary cancers in C3H/Jax mice are reduced by melatonin. Later it
was found that human mammary cancer cell lines can be inhibited by physiological
concentrations of melatonin in vitro (Blask et al. 1997). These data support the concept
of an involvement of endogenous melatonin in the etiology of human breast cancer.

Parallel to Cohen and collaborators, we formulated a similar hypothesis and started
designing clinical studies on the measurement of melatonin in human breast cancer
patients. In our opinion, the main reason for linking the pineal gland with breast
cancer as a hormone-dependent type of malignancy were the findings that pinealectomy
leads to a stimulation of experimental tumor growth affecting both primary growth as
well as formation of metastases (Barone and Das Gupta 1970), and the early observa-
tions of Bergmann and Engel (1950) in Vienna in the 1930s that the administration
of pineal extracts inhibited the growth of benzopyrene-induced tumors in mice. We
assumed a particularly close link between melatonin and hormone-dependent cancers,
such as breast and prostate cancer, since melatonin was reported to affect pubertal
development as well as seasonal reproduction in animals via central neuroendocrine
mechanisms. A lowered secretion of melatonin, as an agent controlling normal
mammary development, may thus also promote the formation of breast cancer. The
actual functional relationship between the endogenous production of melatonin and
the risk to develop breast cancer, however, appears to be considerably more complex
than expected due to nonlinear and dynamic changes occurring in the levels of circulat-
ing melatonin during different phases of tumor development and the fact that early
sub-clinical stages of tumor development are almost impossible to be studied.
Indications for complex interactions between pineal gland activity and different
phases of mammary tumor development also stem from our analytical experimental
studies on tumor-bearing rats and will be discussed in detail in another chapter of this
volume.

Wetterberg et al. (1979) were the first to publish analytical results on melatonin
with respect to the breast cancer problem. They compared the circadian variation of
urinary melatonin in clinically healthy women in Japan and the United States of
America since the incidence of mammary cancer is very low in Japan compared to the
United States. They found a lower excretion of melatonin in Japanese than in North-
American white women, indicating that the risk to develop breast cancer is positively
correlated with a high pineal secretory activity. They interpreted this observation as
an effort of the body’s systems to control the process of tumor development. These
findings were subsequently confirmed by them in another study (Wetterberg et al.
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1986) in which, in addition, a circannual rhythm of melatonin was found in North-
American but not in Japanese women.

Cohen and colleagues published the results of their first clinical study in 1982
(Tamarkin et al. 1982) analyzing the circadian profile of plasma melatonin in
20 women with unoperated primary breast cancer at the early clinical stages I and II.
Among the ten patients with estrogen receptor-positive tumors, they detected a
significant depression of nocturnal melatonin. This finding was subsequently
confirmed by the same group in another study (Danforth et al. 1985) in which only
patients with estrogen receptor-positive tumors showed lowered melatonin compared
to healthy controls. It is interesting to note that in a third group of women with a high
risk to develop breast cancer, melatonin did not differ from the controls, in contrast to
Wetterberg et al. (1979).

In our initial study performed at the All-India Institute of Medical Sciences,
New Delhi, in December 1979, we collected samples from cancer patients and suitable
controls under conditions which met those stringent methodological criteria
mentioned above. Urinary melatonin was analyzed in its circadian profile in untreated
postmenopausal breast cancer patients as well as in age-matched controls free of
cancer (Bartsch et al. 1981). Both groups of patients were studied within a single month
and the collection of urine samples (4-hourly intervals during the day and one 8-hourly
interval at night) was performed over two to three consecutive days. The nine controls
had uterovaginal prolapse and were free from endocrine and immunological disease.
Out of the ten breast cancer patients analyzed, nine had an unoperated primary tumor
(stage I, n = 1; stage II, n = 1; stage III, n = 6; stage IV, n = 1) and one patient showed
a local recurrence. The overall group of breast cancer patients revealed a 30% depres-
sion of the 24-h excretion of melatonin which was accompanied by a phase delay of the
circadian peak of urinary melatonin excretion, showing higher levels in the morning
than at night (Bartsch et al. 1981). An unusual feature of these two groups of Indian
women was that melatonin showed a high excretion during the afternoon
(1400-1800 hours) which was even higher than the night surge (2200-600 hours). The
excretion of melatonin in the cancer patients was around 50 % lower during the after-
noon (1400-1800 hours) and night interval (2200-0600 hours) than in the controls,
and was even more pronounced and became statistically significant when cancer
patients with an advanced primary tumor (> stage II) were considered.

We performed another study on breast cancer patients in Germany during the 1980s
in which the circadian rhythm of serum melatonin was monitored using 4-hourly
sampling intervals (Bartsch et al. 1989). Twenty-three patients with unoperated
primary tumors and 12 patients with recurrences were analyzed. Twenty-eight pa-
tients with different types of benign breast disease served as controls. Since some indi-
viduals among all groups of patients had additional diseases and received different
types of pharmacological treatments, the data analysis was performed in two ways.
Initially, all patients in the different groups irrespective of the presence of other patho-
logical conditions or treatments were analyzed forming the so-called clinical cross-
section. Afterwards, only those patients within each group who were practically
healthy and suffered only from either benign or malignant diseases of the mammary
gland were selected resulting in the so-called central groups. In addition, the central
group of controls was subdivided into younger and older patients so that the latter
could be age-matched with the central group of unoperated primary breast cancer
patients. These 12 patients showed a significant 67% depression of the circadian
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amplitude of melatonin, compared to the eight age-matched controls suffering from
benign breast diseases such as fibroadenoma or fibrocystic mastopathy. A similar
significant depression of 56% was found when the 23 patients of the clinical cross-
section of patients with primary breast cancer were compared to their respective age-
matched controls (n = 15). In contrast, patients with secondary breast tumors which
appeared after surgical removal of the primary tumor, either locally at the site of
operation or within the contralateral breast in some cases forming distant metastases,
did not give any indication of a depression of circulating melatonin. Patients with
recurrences under antiestrogen therapy (tamoxifen) even showed slightly higher
amplitudes than their age-matched controls (Bartsch et al. 1989). These results indicate
that the levels of circulating melatonin may be transiently depressed due to primary
tumor growth but return to normal after operation and particularly when secondary
tumors arise. A functional role for the presence of primary tumors in the suppression
of melatonin is also suggested by the fact that a subdivision of primary breast cancer
patients according to tumor size (stage T1, < 2 cm in diameter; T2,> 2 cm, < 5 cm; T3,
> 5 cm) showed an increasing depression of the nocturnal surge parallel to tumor size:
—27% at T1,-539% at T2, and -73 % at T3 (Bartsch et al. 1989). The relevance of these
findings was verified again by excluding effects of age or pharmacological treatments.
As opposed to the studies of Tamarkin et al. (1982) and Danforth et al. (1985), in our
study (Bartsch et al. 1989) no correlation between melatonin and the levels of estrogen
receptors within the tumors was detectable. The discrepancies between these studies
may have been due to the fact that Tamarkin (1982) as well as Danforth (1985) ana-
lyzed exclusively patients at the initial clinical stages I and II, whereas we studied a
number of patients at the advanced stage III, who may tend to show a lower expression
of estrogen receptors within tumor tissue.

Concerning the possible mechanisms involved in the depression of circulating
melatonin, we assumed, at this stage of our investigations, that the pineal secretory
activity may be inhibited due to primary breast tumor growth. In order to test this
hypothesis indirectly, the main peripheral metabolite of melatonin, aMTés, was
quantified in the sera of breast cancer patients. Parallel circadian profiles of aMT6s
and melatonin in serum were found in all investigated groups including patients with
primary breast cancer (Bartsch et al. 1991), which confirmed previous observations of
Markey et al. (1985) in healthy subjects and indicated that the depression of circulating
melatonin in cancer patients is apparently not due to changes in the hepatic metabo-
lism of the pineal hormone. In addition, these results paved the way for future clinical
studies with the help of measurements of aMTé6s. The stability of this compound and
its excretion into urine allowed the design of new studies using the noninvasive collec-
tion of nocturnal urinary samples for the estimation of pineal secretory activity.

The aim of our subsequent studies was to confirm with this method our previous
findings of a depression of circulating melatonin in primary mammary cancer
patients. Therefore, urine samples were collected from a larger population of breast
cancer patients using more than 100 hospitalized women with different types of
benign gynecological complaints as controls (Bartsch et al. 1997). Prior to the final
evaluation when detailed anamneses had become available, patients with breast cancer
as well as their controls were thoroughly screened and only those patients who had
no other serious pathological conditions, received no pharmacological treatments,
and were within a comparable age range were selected. Among the group of primary
mammary cancer patients, 17 remained. The group of controls allowed strict age-
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matching in the range of +1-3 years in a ratio of two per each breast cancer patient.
Among these oncological patients, the nocturnal urinary excretion of aMT6s was
significantly depressed by 48% confirming the observations of our two preceding
studies. When breast tumor patients were subdivided according to the stage of their
tumor, an inverse correlation was found between aMT6s and tumor size: patients with
T2 tumors showed a 40% depression and those with T3 tumors a 71% significant
depression (Bartsch et al. 1997), which rendered support for the concept that primary
mammary tumor growth is actively involved in a depletion of circulating melatonin.
Hoffmann et al. (1996) also observed a negative correlation between primary tumor
size and the concentrations of nocturnal melatonin in breast cancer patients further
supporting the correctness of the concept. Since the size of the primary tumor is
apparently actively involved in lowering circulating melatonin, it is logical to conclude
that the average melatonin value of a group of cancer patients will only differ signifi-
cantly from age-matched controls in cases where adequate numbers of patients with
larger tumors are present. This may also explain why Skene et al. (1990) were not able
to detect changes of the urinary excretion of aMTé6s in their breast cancer patients
compared to age-matched normal controls. They, however, unfortunately give no
clinical details concerning the size and stage of the tumors of their patients.

Dogliotti et al. (1990) also addressed the question of circulating melatonin in pa-
tients with breast cancer by measuring the pineal hormone at midnight as well as in
the morning at 0800 hours. They analyzed 30 cancer patients with stage I-1I as well
as 45 patients with stage III-IV. Melatonin did not differ significantly between the
26 controls and stage I-II the patients. In contrast, patients with the advanced
stages I1I-IV showed highly significantly elevated night as well as morning melatonin
concentrations in serum compared to controls and patients with stages I1-1I. These
findings are in obvious contradiction to those of Tamarkin et al. (1982) as well as our
own results (Bartsch et al. 1981, 1989, 1997). A possible explanation could be that
Dogliotti et al. (1990) studied a number of breast cancer patients with stage IV and
distant metastases, since, according to our findings, it appears that circulating
melatonin declines parallel to the growth of the primary tumor as long as it is localiz-
ed but again normalizes and can even be elevated when distant metastases arise
(Bartsch et al. 1989). We assume that a recognition of distant metastases by compo-
nents of the immune system may be involved in this phenomenon.

Oosthuizen et al. (1989) compared the levels of plasma melatonin collected at
0800 hours in 18 patients with breast cancer and compared them to 18 controls. They
found statistically significant lower levels in patients with breast cancer. The authors,
however, give no further clinical details about the patients and their controls, making
it impossible to compare their results with those of other studies. Furthermore, it is
unclear what these results of single time point determinations of morning melatonin
in blood may imply for the shape of the circadian rhythm of melatonin in these pa-
tients: is the amplitude lowered or does perhaps a phase advance of their acrophase
occur? Also Barni et al. (1989) exclusively studied the concentration of melatonin in
morning serum samples analyzing 74 untreated breast cancer patients of the stages
T1-3N0-2MO and compared them to 46 age-matched healthy women as controls.
They found that mean serum melatonin levels were significantly higher among the
breast cancer patients than in the controls and that melatonin was highest in those
patients with the best prognosis, i.e., estrogen receptor-positive and node-negative
cases. In continuation of this study, the group of Lissoni (1990a) analyzed the levels
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of melatonin at 0800 hours in the serum of 25 untreated breast cancer patients with a
locally limited disease and estimated cell proliferation in the corresponding tumors
with the help of Ki-67 labeling measurements. Forty-six healthy women were used as
controls. Breast cancer patients, as in their previous study, showed significantly higher
mean melatonin levels than the controls. Patients with negative Ki-67 labeling rate in
their tumors, having a low rate of cellular proliferation, exhibited significantly higher
levels of the pineal hormone than those with a positive Ki-67 rate. The authors inter-
preted these results in a similar way to their previous data, namely that an elevation of
melatonin represents a favorable sign for the prognosis of the malignant disease. In
another study, Lissoni et al. (1987) addressed the question whether radical mastectomy
may affect the levels of serum melatonin in the morning. They studied 24 patients with
T1-2N0-2MO breast cancer representing relatively early and localized stages of the
disease and compared the preoperative levels in these patients to 14 women under-
going surgery for reasons other than neoplastic disease. Mean melatonin in patients
with breast cancer before surgery was again significantly higher than in the unoperat-
ed controls. Melatonin showed divergent changes 15 days after radical mastectomy as
compared to the preoperative values: it was not affected in 13 patients, whereas it was
enhanced in 5 women and showed a decline in 6 cases. This study again confirmed the
previous trend of the results of Lissoni’s group, namely that early stages of cancer with
a good prognosis are apparently connected with high morning melatonin levels
although the observed incongruent changes after mastectomy are of still unknown
clinical significance.

A group in South Africa (Falkson et al. 1990) also analyzed melatonin in breast cancer
patients with the help of blood samples collected in the morning (0730-830 hours).
Eighty-six patients were studied from whom 280 assays were performed and compar-
ed with the clinical status of the patients. According to this study, patients in the
advanced disease group had significantly higher levels than those in the adjuvant treat-
ment group, and patients with progressive disease had significantly higher values than
those in remission or with stable disease. Multiple-regression tests showed a signifi-
cant inverse correlation between survival and melatonin values. These results appear
to be in obvious contradiction to those of Lissoni and co-workers, who found a posi-
tive correlation between high melatonin levels and a favorable prognosis. It has to be
pointed out, however, that the types of breast cancer patients analyzed by the two
groups were completely different. Lissoni et al. (1990a) studied untreated patients at
early stages of the disease free from distant metastases, while the South African group
also analyzed patients undergoing anticancer therapy who in several cases had distant
metastases. Since these authors mention that they could not observe an effect of the
presence of metastases on the levels of melatonin, it appears that there are unexplain-
able contradictions between the results of these two groups of researchers. However, it
has to be stressed that these contradictions are found in studies dealing exclusively
with determinations of melatonin in early morning samples and only render limited
information with respect to the complex circadian profile of melatonin. It is conceiv-
able that additional phenomena such as seasonal changes may distort findings in rela-
tion to the secretory activity of the pineal gland in breast cancer patients.

Holdaway et al. (1991) determined the circadian profile of melatonin in women with
previous breast cancer at the summer and winter solstices. Although the overall mela-
tonin secretion assessed by either the amplitude of the nocturnal melatonin pulse or
the area under the 24-h melatonin curve (AUC) was not different between the 20 pre-
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menopausal women with previous breast cancer and the nine controls, both the ampli-
tude and the AUC significantly declined in breast cancer patients in winter. In a more
detailed analysis, this depletion was apparently confined to those patients whose
tumor was detected in winter. Since, according to another study of the same group
(Mason et al. 1990), breast cancer detection in winter is connected with a poorer prog-
nosis than in spring/summer, these results may indicate that the abnormal reduction
of melatonin in winter may be involved in tumor growth promotion during this season
and could thus contribute to a decreased survival time in these patients.

Recently, Maestroni and Conti (1996) addressed the important question of the
levels of melatonin within breast cancer tissue. They analyzed the concentration of
melatonin in 15 human neoplastic and adipose tissues sampled during mastectomy or
tumorectomy with high-performance liquid chromatography. They found melatonin
to be three orders of magnitude more concentrated in these tissues than in sera
from the corresponding cancer patients or from healthy controls. Melatonin was also
measured in a limited number of normal breast tissues (n = 3) where it showed equally
elevated concentrations. The authors further determined the nuclear grade of the
malignant tissue specimens and correlated this parameter with the corresponding
melatonin concentrations and detected a clear inverse relationship. This means that
tumors with a high nuclear grade, connected with a poor prognosis of the patients
concerned, show relatively low amounts of intratumoral melatonin. Contrary to that,
a positive correlation was found between melatonin and the estrogen receptor status,
high levels of estrogen receptors being a favorable prognostic marker. Due to the
exceedingly high levels of melatonin in breast specimens, Maestroni and Conti (1996)
hypothesize that melatonin may be synthesized by normal and malignant epithelial
mammary cells and that an adequate amount of melatonin produced by these cells
might constitute a protective factor against malignant processes. There is clear evi-
dence that melatonin is also produced by extra-pineal tissues including the retina
(Pevet et al. 1980), parts of the gastrointestinal tract (Huether 1993), as well as the
ovaries (Itoh et al. 1999). It therefore could indeed be possible that the mammary gland
produces melatonin although it cannot be completely ruled out that, in addition,
circulating melatonin may be concentrated and metabolized by mammary gland tissue
as is known for sex steroids (Soderqvist 1998). An interplay may even exist between
melatonin and sex steroids which are fundamentally involved in the endocrine control
of the components of the reproductive tract thus contributing to the local homeostasis,
as it has been demonstrated for the human prostate (Gilad et al. 1997) and for malig-
nant human mammary cells under in vitro conditions (Molis et al. 1995). It is therefore
important to clarify by further clinical as well as biochemical studies which detailed
mechanisms are involved in the modulation of circulating melatonin in patients with
breast cancer at different stages of their disease and to resolve whether primarily
a variation in pineal secretory activity, peripheral processes at the level of the tumor,
or complex systemic changes including the neuroimmunoendocrine network are
involved.
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6.4 Studies on Patients with Gynecological Cancers
6.4.1 Endometrial Cancer

In 1992, Sandyk published a hypothesis in which he linked the pineal gland with the
pathogenesis of endometrial carcinoma, also termed carcinoma of the uterine corpus.
In Western industrialized nations, endometrial carcinoma is one of the most common
neoplasms of the female genital tract (Silverberg at al. 1990). The exact pathogenesis of
this type of cancer is unknown although there are a number of risk factors known,
namely obesity, nulliparity, diabetes mellitus, and hypertension (Bardawil 1987).
Patients with a long-lasting history of anovulatory cycles and those with “delayed
climacterium” are apparently at higher risk (Bardawil 1987). All these risk factors
have in common a connection with increased or extended estrogenic exposure which
is unopposed by progesterone. During the normal menstrual cycle, estrogens are
known to stimulate the endometrium whereas the luteal production of progesterone
leads to transformation into the so-called secretory stage of the endometrium facilitat-
ing implantation of a fertilized ovum. Chronic estrogen exposure unopposed by gesta-
gens predisposes the endometrium in susceptible women to malignant transforma-
tion. Such chronic estrogen exposure may stem either from endogenous sources, such
as estrogen-secreting ovarian tumors and chronic anovulation, or from exogenous
sources such as contraceptive pills as well as stilbestrol (Bardawil 1987). High circulat-
ing levels of androstenedione and estrone have also been associated with an elevated
risk of endometrial cancer (Potischman et al. 1996), since androstenedione is aroma-
tized to estrone in adipose tissue (Nimrod and Ryan 1975) which is further converted
to estrogens. For this reason, obese women possess an elevated production of estrogen
compared to slimmer women of comparable age. Sandyk (1992) in his subsequent
line of thought argues that a deficient secretion of melatonin should be considered
as an additional risk factor for the development of endometrial carcinoma because
melatonin possesses antiestrogenic properties and declines in plasma during the
menopause when the risk to develop endometrial cancer increases. Similar to the
Cohen hypothesis on the involvement of melatonin and the pineal gland in the etio-
logy of breast cancer (Cohen et al. 1978), Sandyk (1992) assumes a possible involve-
ment of increased pineal calcification (connected with reduced melatonin secretion)
in the pathogenesis of endometrial cancer. Sandyk (1992) further argues that pineal
calcification is extremely low among black Africans (Daramola and Olowu 1972) and
is also lower in black Americans than in the white population of the United States
(Adeloye and Felson 1974), which shows a higher incidence of endometrial cancer than
black women (Plaxe and Saltzstein 1997). According to the findings of Bojkowski and
Arendt (1990), however, it is doubtful whether an actual correlation exists between the
age-related decline of melatonin production and the amount of corresponding pineal
calcification.

Sandyk (1992) predicted a depression of circulating melatonin in patients with
endometrial cancer compared to age-matched healthy controls. The current clinical
studies dealing with the analysis of melatonin in patients with endometrial cancer
seem to support this assumption. Karasek et al. (1996) studied ten untreated patients
with adenocarcinoma of the uterine corpus and they found a significant depletion
of the nocturnal surge of melatonin by more than 50% compared to age-matched
controls. Grin and Griinberger (1998), analyzing the circadian rhythm of melatonin in
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68 patients with confirmed endometrial cancer in comparison to 70 controls, also
observed a drastic depletion of melatonin by about 80 %.

The mechanisms involved in the depletion of melatonin in patients with endo-
metrial cancer as well as the functional significance of these findings for the prognosis
of this malignancy still await elucidation. In this context it is worth mentioning that in
recent years we performed two major experiments to test whether melatonin adminis-
tration or physiological pinealectomy due to exposure to constant light may affect the
survival of virgin BDII/Han rats, an inbred strain that develops spontaneous endo-
metrial cancers in more than 90% of all animals. Life-long administration of the pineal
hormone beginning from day 30 of life led to a small but statistically significant in-
crease of the median survival time compared to the respective controls. However, no
effect of this treatment was detectable if melatonin was given from day 50 or day 180
of life onwards until the end of life. The effect of physiological pinealectomy was criti-
cally dependent on the time of the beginning of treatment: only if constant light was
applied from day 30 of life onwards was a pronounced shortening of the median
survival time noticed, but no effect was noticed if the treatment was begun on day 50
of life (Deerberg et al. 1997; C. Bartsch, unpublished results). These findings clearly
show that in this experimental model system for endometrial cancer administration of
melatonin or a deficiency of the pineal hormone under constant light does not acutely
influence the course of the disease (once it is established) but that the pineal gland
seems to exert an indirect effect via a modification of developmental processes with-
in the reproductive tract. This illustrates and emphasizes the complexity of the
mechanisms involved in the neuroendocrine control of the development of endo-
metrial cancer under participation of the pineal gland which seems to include
modulatory effects on pubertal processes. Evidence for an inhibitory influence of
melatonin on puberty in the rat has been documented (Rivest et al. 1986) and is also
discussed for humans (Waldhauser et al. 1993). A delay of puberty due to melatonin
would lead to a reduction of the overall amount of estrogen to which the system is
exposed throughout life and the risk of estrogen-sensitive tissues, such as the endo-
metrium, to undergo malignant transformation would thus be reduced. These con-
siderations underline that it is indispensable to differentiate between the role of the
pineal hormone in neuroendocrine events which may affect the development of endo-
metrial carcinomas indirectly via developmental processes and acute effects during
the growth and progression of malignancy. In both cases, however, a central question
is to which extent melatonin may affect estrogen and progesterone production and the
balance between the two hormones which seems to be an important factor for the
development of endometrial cancer.

With respect to the control of estrogens by melatonin, there is increasing evidence
that the pineal hormone is able to exert neuroendocrine control over the production
of ovarian estrogen and to interfere with the action of the steroid at the level of target
tissues. Control over the production of ovarian estrogen during the female cycle of
seasonally breeding animals is a well-accepted fact and seems to occur either via
central structures affecting luteinizing hormone-releasing hormone (LHRH) and sub-
sequently luteinizing hormone (LH) (Skinner and Robinson 1997; although the detail-
ed mechanisms with respect to the distribution of melatonin receptors in the relevant
brain areas remain elusive) or directly at the level of the ovary (Tamura et al. 1998). It
is also known that melatonin modulates the local action of estrogen at the level of
target tissues by affecting the transcription of the estrogen receptor gene expression
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(Molis et al. 1994), receptor-binding activity (Danforth et al. 1983) and the activation
of the estrogen receptor for DNA-binding (Rato et al. 1999). A body of evidence exists
that melatonin exerts a stimulatory action on the formation of progesterone (Durotoye
et al. 1997; Webley et al. 1988) so that melatonin may in fact control the estrogen/
progesterone balance, being a critical determinant for the development of endometrial
cancer. Since there are currently no solid data to support a role for melatonin in the
control of ovarian steroid production in women, future studies should define further
to what extent this assumption may apply to the human situation so that possible
endocrine consequences of a depression of circulating melatonin could be predicted
adequately.

6.4.2 Ovarian Cancer

Ovarian cancer constitutes the most frequent cause of death among patients affected by
gynecologic malignancies (Parkin et al. 1988). Although the etiology of ovarian cancer
is still unknown, a number of epidemiological risk factors have been identified that
are accompanied by a history of incessant ovulation, e.g., due to nulliparity, early
menarche,late menopause, and not having taken oral contraceptives (Fathalla 1971). The
mechanisms involved in the development of ovarian cancer are assumed to be connected
to normal physiological processes which occur during ovulation, namely the rupturing
of the ovarian surface epithelium and subsequent proliferation to heal the wound gene-
rated within this tissue. Since epithelial ovarian carcinomas exclusively develop from the
superficial ovarian epithelium it appears that during the above-described proliferative
process mutations occur for unknown reasons leading to uninterrupted autocrine and
paracrine growth stimulation of these cells (Godwin et al. 1992, 1993). It appears that
ovarian cancer constitutes the end point of a multi-step carcinogenic process in which
two oncogenes are predominantly involved, namely Her-2/neu (Ross et al. 1999) as well
as mutations of the tumor suppressor gene p53 (Diebold 1999).

Together with LM. Kvetnoy and T.V. Kvetnaia (Obninsk, Russia), we analyzed the
nocturnal urinary excretion of aMT6s in 119 Russian patients with ovarian carci-
nomas comparing them to 27 age-matched controls. Among the patients, a high
variability of the measured aMT6s values was detected with some of them showing
very low levels whereas others exhibited extremely high values. A similar observation
was made by us in a follow-up study of a woman with an inoperable ovarian can-
cer showing extremely high values of nocturnal aMT6s excretion (A. Karenovics,
C. Bartsch, H. Bartsch, unpublished results). Since these abnormal values are found
irrespective of age, we assume that they could be connected to certain, yet unknown,
parameters involved in the growth of ovarian tumors such as oncogene-encoded
growth factors secreted by these tumors which could exert a stimulatory action on
pineal melatonin secretion. Another possibility is that melatonin produced by ovarian
tumors may reach the circulation and thus lead to the observed high concentrations of
melatonin. Melatonin has been found to be higher in human preovulatory follicular
fluid than in the circulation (Brzezinski et al. 1987). Itoh (1997) obtained evidence for
the production of melatonin by ovarian tissue in the rat. It seems that the function of
ovarian melatonin, according to the study of Yie (1995) and as discussed before, could
be to regulate ovarian steroidogenesis thereby inhibiting estrogen and stimulating
progesterone production.
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6.5 Studies on Patients with Prostate Cancer

The prostate as an accessory sex organ is functionally dependent on the secretion of
gonadal testosterone which is converted within this gland to the potent androgen
dihydrotestosterone (DHT) via the enzyme 5a-reductase (Bruchovsky and Wilson
1968). Androgens support both the fibromuscular as well as the epithelial cell elements
of the prostate and support their proliferative as well as secretory activity (Aumiiller
1983). Estrogen, which is also formed to a minor extent by the testes (Payne et al. 1987)
and the prostate (West et al. 1988), suppresses testosterone uptake into the prostate
epithelial cell and reduces 5a-reductase activity (Lee et al. 1973). Thus, estrogen at
pharmacological doses affects atrophy of the epithelial cell elements of the prostate
and in case of a chronic administration leads to squamous hyperplasia and metaplasia.
The development of benign prostatic hypertrophy (BPH), which is connected with an
increase of the stromal cell elements in aging men, is thought to occur due to a shift
in the androgen/estrogen balance accompanied by lowered testosterone and elevated
estrogen production (Habenicht and el Etreby 1991). For the etiology of prostatic
cancer (PC) on the other hand, it would appear logical to assume that an elevation of
testosterone exerting a stimulatory action on epithelial cell elements should be involv-
ed. Scientific evidence for such an assumption had been lacking and, only recently,
Gann et al. (1996) reported the results of a major prospective study showing that an
elevation of the testosterone/estrogen ratio precedes the development of PC. For this
reason, it would also appear necessary to investigate what type of neuroendocrine
mechanisms may be involved in the dysregulation of men who develop PC and
which affect the hypothalamic-pituitary-gonadal axis as well as melatonin. The pineal
hormone exerts multiple control over testosterone by inhibiting its secretion at the
gonadal level (Valenti et al. 1995) as well as by controlling its production via an inhibi-
tion of LHRH and LH secretion (Rasmussen 1993). In addition, melatonin controls the
action of testosterone on the prostate, modifying its metabolism so that less DHT is
formed (Horst and Adam 1982).The presence of specific melatonin receptors consti-
tutes the molecular basis for the action of the pineal hormone on the prostate (Gilad
et al. 1998). Melatonin receptors have also been found in human malignant prostatic
cells (Gilad et al. 1999), rendering an explanation on why the androgen-sensitive
human prostatic cancer cell line LNCaP (Lupowitz and Zisapel 1999) is inhibited by
this compound. Melatonin has also been reported to inhibit the growth of the hormone-
sensitive Dunning prostatic adenocarcinoma R3327H in the rat (Philo and Berkowitz,
1988). It is interesting to note that in contrast to that, the androgen-insensitive Dunning
prostatic adenocarcinoma, R3327 HIF (Buzzell 1988) is stimulated by melatonin,
illustrating that this hormone exerts a differential effect on hormone-sensitive or
insensitive prostate cancer cells and may thus play a decisive role in the regulation of
this type of malignancy.

Our clinical findings concerning the levels of circulating melatonin in patients with
prostate cancer were obtained with protocols and analytical methods very similar to
those described above for our other clinical studies. The main aim of these investiga-
tions was to compare the circadian profiles of serum melatonin in patients with
primary unoperated prostate cancer (PC) with those in patients of similar age suffer-
ing from benign prostatic hyperplasia (BPH). In an additional group, young men (YM)
working in the ward or hospitalized for minor urological complaints were studied to
document possible age-related changes. The evaluation of results focussed on essen-
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tially healthy subjects of the so-called central groups who received no drugs that might
have interfered with pineal melatonin secretion. The central groups were formed from
the overall so-called clinical cross-section of all analyzed patients.

The first study comprised 63 patients of the clinical cross-section: 14 YM, 25 patients
with BPH, and 24 PC patients. Our initial evaluation of these groups revealed that
50% of all PC patients showed very low levels of circulating melatonin at night
(<0.05 pmol/ml), whereas only 20% of all BPH patients showed this phenomenon
(Bartsch et al. 1982). PC patients with low melatonin possessed tumors of a low degree
of histological differentiation whereas patients with highly differentiated malignant
tumors exhibited very pronounced nocturnal melatonin peaks which are usually found
among young men only. The subsequent selection of untreated patients from the above-
described clinical cross-section yielded the following central groups: ten YM (average
age 33 years), 13 elderly patients with BPH, and nine elderly patients with PC (average
ages 6870 years), as well as five patients with incidental carcinomas (PCi) who were
diagnosed within BPH tissue during the histopathological examination consisting of
small foci of highly differentiated malignant cells. Patients with unoperated primary PC
exhibited extremely low levels of nocturnal serum melatonin leading to the loss of a
statistically detectable circadian rhythmicity whereas patients with BPH showed
significant circadian rhythms of melatonin being only 36 % lower than in YM. Patients
with PCi had melatonin profiles comparable to YM (Bartsch et al. 1983, 1985). The
question arises whether high levels of melatonin in patients with PCi are a direct con-
sequence of the presence of controlled malignant prostate cancer cells or not. A con-
siderable number of elderly men are known to die with such type of dormant malignant
cells and the incidence does not seem to differ widely among countries even for those
which show either high or low prevalence of PC such as in the United States and Japan.
It is assumed that additional environmental and socioeconomic factors are involved in
the transformation of dormant to progressing PC cells. Possible tumor promoters for
PC are components of animal fat, making this type of cancer the most frequent malig-
nant tumor among men in Western industrialized nations (Rowley and Mason 1997).

In order to verify the results of the first study, further investigations were initiated
using the same protocol as well as analytical methods. In this case the total clinical
cross-section consisted of 43 patients: ten YM, 18 unoperated patients with BPH and
15 patients with PC without metastases; the central groups had seven patients with
BPH and nine patients with PC (average ages 65-69 years) as well as eight YM (aver-
age age 27 years). A comparison of the central groups showed that patients with PC
suffered a significant depletion of the circadian melatonin amplitude (- 65 %; Bartsch
et al. 1992) thus confirming the results of our first study. Since the first and second
study were performed within the same department using identical protocols and ana-
lytical techniques, data could be pooled and an overall evaluation of both studies was
performed. Among the 18 PC patients of the combined central groups, the circadian
amplitude of melatonin was significantly depressed by 71% as compared to the 20 pa-
tients with BPH (Bartsch et al. 1998). It could well be that this resuit (in spite of a rela-
tively small number of patients analyzed to this point) may prove to be representative
for patients with PC, since the individuals of the central group were healthy and
untreated so that a true effect of tumor growth upon pineal melatonin secretion could
be observed. A further evaluation of the combined data of our two studies indicates
that tumor growth seems to actively interfere with the levels of circulating melatonin.
When patients with PC and BPH were subdivided according to the size of their tumor,
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namely into small (BPH+/T1), medium-sized (BPH++/T2) and big (BPH+++/T3,4),
patients with T1 tumors showed a slight depression of their melatonin amplitude by
28% as compared to BPH+, whereas patients with T2 and T3,4 tumors exhibited both
a significant depletion by 78% in relation to BPH++ and BPH+++, respectively
(Bartsch et al. 1998). Since the amplitude of melatonin remained stable among patients
with BPH of different sizes and the age-ranges for patients of the matched groups were
comparable, it can be concluded that the growth of localized primary prostate cancer
negatively affects the concentration of circulating melatonin at night.

The mechanisms involved in this phenomenon are at present unknown but a change
of the main hepatic pathway of metabolism of melatonin to aMT6s can be excluded.
Parallel measurements of aMT6s in serum in the first study showed a depression in PC
very similar to that of melatonin (Bartsch and Bartsch 1994). Also in the second study,
comparable amplitude depressions of aMT6s were detected in serum and urine of
patients with PC, very similar to those detected for melatonin in serum and urine
(Bartsch et al. 1992). In an attempt to test a possible direct functional involvement of
prostate cancer growth in the depression of circulating melatonin, a limited number of
patients with low nocturnal melatonin were studied before and after the surgical
removal of an advanced tumor. However, no normalization of melatonin occurred
after surgery, and only if patients were treated with high doses of estrogen after
surgery was melatonin found to increase in some of the cases (Bartsch et al. 1986). An
endogenous normalization of circulating melatonin seems to take place in PC patients
with distant metastases showing very pronounced circadian amplitudes as compared
to those with lymph node metastases (Bartsch and Bartsch 1994). These different find-
ings underline that the presence of an advanced, though still localized, primary tumor
of the prostate is obviously not directly responsible for the depression of circulating
melatonin, but rather indicate that other systemic changes (within the endocrine
and immune system) occurring in response to malignant growth may be involved. In
patients of the first and second prostate cancer study a number of additional hormones
in their circadian profile, which included LH, follicle-stimulating hormone (FSH),
testosterone, thyroid-stimulating hormone (TSH), thyroxine, prolactin, somatotropin,
and cortisol were analyzed. Surprisingly, hormones of the adenohypophyseal-gonadal
axis (LH, FSH, and testosterone) which exert control over the function of the prostate
were not found to show any specific changes in patients with PC. In contrast to that, the
circadian profiles of prolactin and somatotropin were seriously affected, showing a
transition to ultradian rhythmicity (having a shortened phase-length of 12 h instead
of 24). Changes occurred also in the adenohypophyseal-thyroidal axis: TSH was ab-
normally low in spite of thyroxine being within normal limits (Bartsch et al. 1985, 1994,
1998). These observations are supported by similar findings in breast cancer patients
(Bartsch et al. 1989) and support the assumption that (neuro)endocrine imbalances
occur in cancer patients. It would be important to understand whether these hor-
monal changes are a direct consequence of tumor growth and which mechanisms are
involved. It could be hypothesized that the depression of melatonin plays a functional
role in this phenomenon affecting central parts of the endocrine system since the pineal
hormone is thought to control the adenohypophyseal secretion via hypothalamic
nuclei (Morgan et al. 1994). An alternative possibility is that the secretion of melatonin
and of other hormones is disturbed because of a negative effect of tumor growth upon
those parts of the autonomic nervous system in the brain that control both the pineal
gland and the hypothalamo-adenohypophyseal unit.
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7.1 Introduction

Melatonin (MT), the 5-methoxy-N-acetylated derivative of serotonin (5-hydroxy-
tryptamine) was first discovered in the bovine pineal gland by Lerner et al. (1958) and
for a number of years the pineal gland was considered to be the exclusive site of its bio-
synthesis (Reiter 1991). The wide application of immunocytochemical methods for the
study of the cellular localization and metabolism of many biochemical substances,
including hormones, has allowed the acquisition of evidence that MT-immunopositive
cells are detectable in a number of extra-pineal tissues including the retina, Harderian
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gland (Bubenik et al. 1978), mucosa of the gut (Bubenik et al. 1977), respiratory tract,
liver, kidney, adrenal glands, thymus, placenta, endometrium, endothelium, cerebellum,
and neuronal ganglia (Raikhlin and Kvetnoy 1994; Kvetnoy and Yuzhakov 1993, 1994).
The discovery of the key enzymes of the MT biosynthetic pathway, namely of N-acetyl-
transferase and hydroxyindole-O-methyltransferase, in the retina, gut, as well as in
other tissues mentioned above (Hickman et al. 1998; Quay and Ma 1976; Slominski et
al. 1996) gave evidence for extra-pineal sites of production thus leading to a revision of
the view that the pineal gland is the only source of MT (Raikhlin and Kvetnoy 1994,
Kvetnoy 1999). Today it is well established that MT possesses a wide spectrum of bio-
logical activities playing a key role as a neuroendocrine signal molecule for general
and local coordination including the synchronization of biological rhythms (Kvetnoy
et al. 1997), thus fundamentally affecting the nervous, endocrine, and immune systems
as well as the organism as a whole. One of the most important properties of MT prob-
ably is its influence on cell division. MT is able to inhibit cell mitosis, with a partial
delay occurring at the metaphase stage (Banerjee and Margulis 1973). Several reports
have been published concerning an inhibitory action of MT on the growth of sex
steroid hormone-dependent cells (Cos et al. 1996; Hill et al. 1992) as well as on the
development of experimental malignant tumors both under in vivo and in vitro
conditions (Blask 1984; Blask et al. 1994). In view of these findings, it was recently pro-
posed that MT is a naturally occurring oncostatic neurohormone for the prevention
of neoplastic growth (Blask et al. 1994). Therefore it appears logical to assume that
clinical studies dealing with the estimation of MT secretion in cancer patients would
be of fundamental theoretical importance for a better understanding of the endogen-
ous mechanisms involved in the process of neoplastic transformation, and may also be
used as a diagnostic and prognostic tool for malignant diseases.

Determinations of MT in cancer patients have been performed for the last 20 years.
Initially, the content of serum MT in cancer patients was studied with the help of gas
chromatography combined with mass spectrometry (Pico et al. 1979) and the levels of
MT were found to be lower in these patients compared with healthy controls. Later
on, a decrease of nocturnal MT was detected in breast cancer patients (Tamarkin et al.
1982). Touitou et al. (1985) analyzed the daily excretion of MT in cancer patients and
showed an increase of MT in patients with cancer of the uterus and ovary, and
a decrease in patients affected with cancer of the liver, kidney, lung, and skin.
Numerous studies followed and those dealing with the determination of MT in
patients with cancer of the reproductive organs are surveyed in the preceding chapter
of this book.

This chapter focuses on MT in patients with tumors originating in organs outside
of the reproductive system. In these studies, the nocturnal production of MT was esti-
mated noninvasively with the help of 6-sulfatoxymelatonin (aMT6s) measurements in
urine. aMTé6s is the major peripheral metabolite of MT (Kopin et al. 1961), and its
measurement became possible after the development of a simple and reliable radio-
immunoassay by Arendt et al. (1985). The nocturnal excretion of aMT6s in urine was
found to reflect the nocturnal secretion of MT in blood in healthy subjects as well as
in cancer patients (Bartsch. et al. 1992). The second part of this chapter deals with the
analysis of correlations between the nocturnal production of MT, as estimated by
aMT6s measurements, with intratumoral parameters at the cellular level in order to
better understand the possible mechanisms involved in the pineal-cancer crosstalk.
These parameters include the proliferative potential of tumor cells studied immuno-
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cytochemically using antibodies to proliferating cell nuclear antigen (PCNA) as well as
the number of MT-immunopositive cells within tumors.

7.2 Patients and Methods

Clinical Material. Between 1991 and 1996, we studied more than 200 female and
male cancer patients who were hospitalized at the Medical Radiological Research
Center, Obninsk, the Oncological Research Center, Moscow, or the Medical University
Hospital, Saratov. The patients were suffering from cancer of the thyroid, larynx,
lung, stomach, colon, and rectum, as well as of the urinary bladder. The patients were
studied before surgical removal of their primary tumor and received neither chemo-
nor radiotherapy or other types of treatment that were known to affect the synthesis
and secretion of MT.

The female and male control groups consisted of patients suffering from different
types of nonmalignant diseases, i.e., ischemic heart disease, chronic gastritis, choleli-
thiasis, rheumatoid arthritis, and deforming arthrosis, as well as of healthy volunteers.
In addition, two separate control groups were studied with colitis ulcerosa or
with benign thyroid diseases to allow comparison with the corresponding malignant
diseases, namely colorectal and thyroid cancer. To facilitate relevant comparisons
among the different groups of patients, care was taken that patients with similar age-
ranges were selected out of the overall populations in each group. For further clinical
details of the groups see Table 7.1.

Urine was collected from each patient or control subject during the night be-
tween 11 p.M. and 7 A.M. and immediately after collection it was aliquoted and frozen
at -20°C and transported to Germany in liquid nitrogen where assays were perform-
ed. Specimens from different parts of the respective tumors were collected during
operation and were immediately fixed in 10% phosphate-buffered formaldehyde and
in phosphate-buffered Bouin’s fluid.

Measurement of aMTé6s. The radioimmunoassay of aMT6s was carried out in

Germany from the above-described frozen urine aliquots using specific antibodies for
aMT6s, standards and iodinated tracer of Stockgrand Ltd. (Guildford, Surrey, UK)

Table 7.1. Clinical details of the groups studied

Group n Average age TNM staging
(years + SEM)
1. Men
Healthy 21 56+ 1
Chronic colitis ulcerosa 6 53+4
Colorectal cancer 15 60 +2 T, 4No_sMg_,
Larynx cancer 25 56+2 T, 4No_aMg_y
Lung cancer 31 58+ 1 T 4No_sMg_,
Stomach cancer 8 653 T;5_4Nx_,M,
Cancer of urinary bladder 7 55+ 4 T, 4Nx_1M,
2. Women
Healthy 27 55+2
Benign thyroid disease 12 57 £2

Thyroid cancer 6 55+ 2 T3_4Ng_,My_,
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applying the protocol of Arendt et al. (1985). The inter-assay coefficient of variation
was 7% and the intra-assay coefficient of variation was 4 %. The results were expressed
as ng aMTé6s/h.

Histopathological Examination of the Tumors. From the formalin-fixed tumor
specimens, paraffin sections were prepared and stained with hematoxylin/eosin accord-
ing to routine histopathological methods. Tumors were examined by a histopatho-
logist and classified according to the WHO standard (Hermanek and Sobin 1992).

Immunocytochemical Study of Proliferating Cell Nuclear Antigen (PCNA) and MT
Within Tumors. Specimens from the zone of active proliferation without necrosis were
fixed in 10% phosphate-buffered formaldehyde of pH 7.2 for the detection of PCNA
and in phosphate-buffered Bouin’s fluid of pH 7.2 for the detection of MT. Immuno-
cytochemical reactions were performed with the mouse monoclonal anti-PCNA anti-
body PC-10 (Dako, Glostrup, Denmark) and with the ultra-specific rabbit polyclonal
anti-MT antiserum (URMA) of CIDtech Research Inc., Mississauga, Canada, according
to established protocols using biotinylated rabbit anti-mouse IgG (for PC-10), bio-
tinylated goat anti-rabbit IgG (for URMA) as secondary antibodies, and peroxidase-
conjugated avidin and 3,3-diaminobenzidine tetrahydrochloride for staining (all
reagents from Dako).

Morphometric Analysis of PCNA- and MT-Positive Cells. Nuclei staining for PCNA
and cytoplasm staining for MT were accepted as positive. The quantification of
PCNA-positive nuclei and of MT-positive cells was performed with the computer image
analysis system MORPHOSTAR with the application software module COLQUANT
(Imstar S.A., Paris, France). PCNA immunopositive nuclei of tumor cells,and MT-posi-
tive cells were counted in 50 randomly selected visual fields, each covering 0.785 mm?,
at x 200 original magnification (X 20 objective and x 10 ocular). At least five sections
were counted from each tumor. The results were expressed as the mean number of
nuclei or cells (or as PCNA index) per one visual field at x 200 original magnification.
The PCNA index was calculated as the number of PCNA positive nuclei/total number
of nuclei.

Statistical Analysis. The data were analyzed with the program STATISTICA of Statsoft
(Tulsa, OK, USA) using non-parametric tests exclusively, the ANOVA of Kruskal-Wallis
and the Spearman rank order correlation test.

7.3 Results
7.3.1 Nocturnal Urinary aMTé6s Excretion in Cancer Patients

Thyroid Cancer Patients. The six female patients with large primary carcinomas of
the thyroid studied before operation (see Table 7.1) showed a 56 % lower nocturnal
excretion of aMT6s (539 + 104 ng/h) than the 27 female controls of comparable age
(55 £ 2 years) not affected by thyroid disease (1223 + 176 ng/h). The 12 controls affected
by different types of benign thyroid enlargement (11 simple goiters as well as adenomas
and one Hashimoto thyroiditis) with an average age of 57 * 2 years showed a signifi-
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cant 60% depletion of aMT6s (492 * 89; P < 0.05) compared with controls without
thyroid disease. Six to eight days after surgery of a malignant thyroid tumor (subtotal
resection or thyroidectomy) the nocturnal excretion of aMT6s appeared to be decreas-
ing further from 539 + 104 to 348 + 83 ng/h.

Laryngeal Cancer Patients. Male patients with primary laryngeal cancers (n =25)
which were histologically characterized as squamous cell carcinomas of grades G1-3
and of different clinical stages (T2-4N0-2MO0-1), showed a marginal increase of
the average nocturnal excretion of aMTé6s by 12% (1126 + 191 ng/h) compared with
controls (1004 + 146 ng/h). Both groups had the same average age of 56 years (see
Table 7.1). A subdivision of the group of patients with laryngeal cancer according
to the size of their primary tumor reveals that patients with relatively small tumors
at the T2 stage (n = 4) exhibit a 125% increase of aMT6s (2262 + 690 ng/h) compared
with controls, whereas patients with T4 tumors (n =5) show a 62% decrease
(386 + 132 ng/h). Patients with T3 tumors (n = 16) are more or less at the level of
controls (1074 £+ 183 ng/h). Since the average age of the patients in subgroups with
different tumor sizes is comparable (55-57 years), it appears that the size of a primary
laryngeal carcinoma exerts a modulatory effect on the nocturnal production of MT.In
the presence of smaller tumors (T2) the production is elevated whereas an inhibition
seems to occur due to large tumors (T4). A subdivision according to the histological
grade of the tumor indicates that aMT6s excretion is elevated in the presence of highly
differentiated G1 tumors (n = 9),being on average 52 % (1524 * 405 ng) higher than in
controls, whereas the two patients with undifferentiated G3 tumors had extremely low
aMTé6s (114 and 384 ng/h). Patients with poorly differentiated G2 tumors were found
to have an average aMT6s excretion which was practically indistinguishable from
controls (996 + 195 ng/h).

Lung Cancer Patients. The average nocturnal aMT6s excretion of the 31 male patients
affected by unoperated primary lung cancer was found to be highly significantly
diminished by 59% (P = 0.0019; 408 + 63 ng/h) compared with tumor-free controls of
similar average age (see Table 7.1). Patients with cancer had tumors of clinical stages
T1-4N0-3MO0-1, the majority being non-small-cell lung cancer, characterized histo-
logically as squamous cell carcinomas and adenocarcinomas. In addition, one patient
with a small-cell carcinoma was analyzed. A division of patients according to the size
of their primary tumors did not give any clear indication for an effect on the nocturnal
excretion of aMTés since the suppression was comparable among the different
subgroups being in the range of 36-50% (T2, n =11, 501 * 141 ng/h; T3, n =13,
378 + 91 ng/h; T4, n = 4,362 + 29 ng/h).

Stomach Cancer Patients. The nocturnal excretion of aMT6s showed a significant 59 %
(P =0.0023) decrease in the eight male patients studied with primary unoperated
stomach cancer (410 £ 75 ng/h) compared with controls. These patients had large
tumors without distant metastases (T3-4NX-2MO0) histologically characterized as
adenocarcinomas.

Colorectal Cancer Patients. The 15 male patients studied had mostly large tumors of
stages T3 and T4 which in some cases showed pronounced lymph node infiltration
(N2-4) and in a few cases distant metastases. Tumors were classified histologically as
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adenocarcinomas. The average nocturnal urinary aMT6s excretion was 1449 + 309 ng/h,
thus being 44 % higher than in tumor-free controls of comparable average age and not
affected with diseases of the colon. The excretion of aMT6s was also found to be high
in six male patients of similar average age suffering from chronic colitis ulcerosa
(1909 + 553 ng/h).

Patients with Urinary Bladder Cancer. Among the seven male patients with primary
unoperated cancers of the urinary bladder the average nocturnal excretion of aMTé6s
was marginally lower (-15%; 858 + 132 ng/h) than in tumor-free controls of the
same average age. Tumors were mostly large (T3-4) but localized and without distant
metastases (see Table 7.1). Six of them were classified histologically as transitional cell
carcinomas showing different degrees of differentiation (G1-3), and one was an
adenocarcinoma.

7.3.2 Correlations of Nocturnal Urinary aMTés Excretion
with Imnmunocytochemical Parameters Measured in Gastrointestinal and Lung Cancer

In 26 male patients with unoperated primary colorectal, stomach, or lung cancer with-
out distant metastases, the number of PCNA-, and MT-positive cells were quantitated
morphometrically and correlated with the corresponding urinary aMT6s excretion.

Urinary aMT6s and PCNA-Positive Tumor Cells. A very strong positive correlation
was found between the urinary aMT6s excretion and the number of PCNA-positive
cells in tumor tissue for all analyzed patients (Spearman rank test rg=+0.915;
P < 0.0001). A subdivision of patients according to their tumor type also revealed strong
positive correlations (rs = 0.736-1.000; P < 0.01-0.001), particularly in patients with
colorectal cancer who exhibited a much higher relative number of PCNA-positive
tumor cells (64 + 9) than patients with stomach (36 * 5) or lung cancer (39 £ 5).

Urinary aMTés and Number of MT-Positive Tumor Cells. The urinary excretion of
aMTé6s showed clear negative correlations with the intratumoral MT content not only
among the merged group of all 26 analyzed cancer patients (rs = -0.846; P < 0.0001)
but also within the three subgroups of patients suffering from colorectal (n = 6;
rs = -0.928; P < 0.01), stomach (n=28; rs=-0.905; P <0.0025), and lung cancer
(n =12;r5 = -0.735; P < 0.01). The average relative number of MT-positive tumor cells
was lower in colorectal (12+3) than in stomach or lung cancer (17 *+ 4) indicating that
fast-proliferating tumors show a lower degree of MT-positive cells.

7.3.3 Correlations Among Intratumoral Parameters in Gastrointestinal Cancers

PCNA and MT. Since the average relative number of MT-positive tumor cells was lower
in colorectal than in stomach or lung cancer with a higher proliferative activity as
estimated by PCNA, it is not surprising that clear negative correlations were found be-
tween the individual PCNA- and MT-values of the different tumors. This applied to the
overall group of patients analyzed (n = 26;rs = +0.924; P < 0.001) as well as to the sub-
groups with different types of tumors (rs = +0.886-0.928; P < 0.01-0.0001).
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7.4 Discussion
7.4.1 Melatonin Secretion in Human Cancer Patients

Thyroid Cancer. The limited number of thyroid cancer patients studied indicates that
the nocturnal production of MT as estimated by the urinary excretion of aMT6s is
lower as compared to controls not affected by thyroid disease. The inhibitory effect of
thyroid cancer upon pineal function, however, does not seem to be a specific pheno-
menon confined to the presence of malignant thyroid cells, since patients with
a benign enlargement of the thyroid including simple goiter, adenomas as well as
Hashimoto thyroiditis show a statistically significant 60% depletion of urinary excre-
tion of aMT6s (P < 0.05) compared with controls without thyroid enlargement. These
differences are not due to age since patients of the different groups were of comparable
age. It has to be concluded that thyroid enlargement in general, irrespective of benign
or malignant pathology, appears to inhibit pineal MT production. It is conceivable that
the depletion of circulating MT may have a negative effect for the patients’ prognosis
since MT has been reported to control thyroid function including the mitotic activity
of thyroid follicular cells (Lewinski and Sewerynek 1986; Wajs and Lewinski 1992) and
[*H]thymidine incorporation into the DNA of thyroid lobes (Wajs and Lewinski 1991),
whereas pinealectomy was found to stimulate thyroid growth (Lewinski et al. 1992;
Wajs and Lewinski 1992). Our findings of a decline of pineal MT secretory activity are
supported by the observation of a depressed circadian amplitude of plasma MT in
female patients with recurrent struma (Kuzdak and Komorowski 1995). Rojdmark et
al. (1991) detected a higher peak of MT in patients with hypothyroidism and a phase-
advanced peak in thyrotoxic patients. It is unclear whether changed thyroid hormone
secretion alone accounts for the observed depletion of MT secretion. It is conceivable
that central changes within the hypothalamo-pituitary-thyroidal axis which is modu-
lated by MT (Vriend 1983) may reciprocally affect the pineal gland, or that thyroid
growth factors secreted (Lewinski et al. 1993) by the respective tumors inhibit MT
production. Another conceivable mechanism could be that homeostatic changes with-
in benign or malignant thyroid glands negatively affect the superior cervical ganglia
which exert sympathetic control over both the thyroid and the pineal gland (Cardinali
et al. 1983).

Larynx Cancer. The male larynx is an androgen-dependent structure and possesses
respective sex steroid receptors (Beckford et al. 1985). Laryngeal carcinomas have been
reported to contain both testosterone and estrogen receptors (Marsigliante et al. 1992;
Resta et al. 1994). Therefore, the normal and neoplastic larynx are endocrine-dependent
structures which are affected by changes within the hypothalamo-pituitary-gonadal
axis as well as by the neuroendocrine hormone MT. Although alcohol abuse and
tobacco smoking appear to be the main causative factors for the development of
laryngeal cancer (Seitz et al. 1998), changes ot the levels of circulating testosterone due
to aging as well as a result of pronounced ethanol consumption (Shi et al. 1998) and
tobacco smoking (Ochedalski et al. 1994) appear to be important co-factors which
determine the susceptibility of laryngeal cells towards malignant transformation by
the primary noxae (Kambic et al. 1984). The exact role of androgens is, however, still
unclear mainly due to the paradox that the highest incidence of laryngeal carcinomas
occurs in the presence of reduced androgen levels connected with aging, although
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these androgens exert a stimulatory action on laryngeal mucosa and their tumors
(Kleemann and Kunkel 1996). A similar paradox is known for prostate cancer which
almost exclusively develops in elderly men and in many cases is androgen-dependent.
An overproduction of autocrine and paracrine cytokines due to elevated oncogenic
expression may be regarded as a compensatory mechanism towards declining circulat-
ing androgen levels normally controlling prostatic development and function in order
to foster the initial and autonomous growth of prostatic cancer cells (Chan et al. 1998).
Due to the presence of androgen receptors, these cells are also stimulated in their
growth by androgens. Similar mechanisms may also apply to the development of
laryngeal cancer in elderly men (Whisler et al. 1998) particularly because of the
puzzling observation of elevated circulating androgens in these patients (Kambic et al.
1984). The documented negative effects of alcohol consumption on the levels of
circulating MT (Wetterberg et al. 1992) may aggravate endocrine disturbances in
patients with laryngeal cancer, such as an elevation of circulating testosterone due to
an inhibitory action of MT on the reproductive system (Pang et al. 1998). A decline
of circulating MT by alcohol abuse may also directly stimulate the development of
laryngeal cancer because of its diminished availability as a free radical scavenger
molecule (Reiter et al. 1999) to neutralize metabolites of ethanol and particularly of
tobacco constituents (often consumed together with alcohol) possessing a high muta-
genic potential upon laryngeal tissue (Phillips 1996).

The main result of our current study on male patients with unoperated primary
laryngeal cancer is that there is a striking tumor size dependent effect upon the noc-
turnal production of MT with a clear elevation in the presence of relatively small
tumors (T2) and a depression due to large ones (T4). MT production was also found to
depend upon the histological grade of differentiation being high in case of G1 and very
low in G3 tumors. These pronounced tumor-size- and differentiation-dependent effects
are the reason why the production of MT in the overall group of patients with laryngeal
cancer does not differ from controls. Similar tumor-size- as well as differentiation-
dependent changes have been reported for circulating testosterone in patients with
laryngeal cancer (Szeja et al. 1996) and it is conceivable that these may affect pineal MT
secretory activity via androgen receptors present in this gland (Luboshitzky et al.
1997). The detailed mechanisms involved in these divergent effects of tumor size on
the nocturnal production of MT, however, are still unclear but similar phenomena have
been observed in patients with prostate or breast cancer (Bartsch C et al. 1989; Bartsch
C and Bartsch H 1994; Bartsch C et al. 1997). Also in animals with different serial trans-
plants derived from a chemically-induced mammary cancer, differential effects have
been observed on pineal MT, namely a stimulation during the growth of a relatively
well-differentiated early passage and an inhibition in the presence of an undifferen-
tiated late passage (Bartsch C et al. 1995). The stimulation due to early passages seems
to involve a recognition by the cell-mediated immune system, whereas the inhibition
of circulating MT may involve a degradation of the pineal hormone by tumorous tissue
(Bartsch C et al. 1999). Similar mechanisms may apply to the tumor-stage-dependent
modulation of MT in patients with different types of cancer, since MT is high in
patients with laryngeal as well as prostate cancer of high differentiation and low if
poorly differentiated tumors are present (Bartsch C and Bartsch H 1997; Bartsch C et
al. 1998). Evidence for an activation of cellular immunity has also been obtained in
patients with primary laryngeal cancer (Cozzolino et al. 1986). These observations
underline the necessity to strictly differentiate analytical biochemical observations in
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cancer patients according to the stage of their disease and illustrate the complexity of
neuroimmunoendocrine interactions involved in cancer.

Lung Cancer. Male patients with primary unoperated lung cancer of different clinical
stages mostly being non-small-cell lung cancers (squamous carcinomas and adeno-
carcinomas) showed statistically significantly lower nocturnal urinary aMT6s excre-
tion values than tumor-free controls (- 59 %, P = 0.0019), no differences were detected
between patients with different tumor sizes. Viviani et al. (1992) reported obliterated
day/night variations of circulating MT in patients with non-small-cell lung cancer
which could be restored by the administration of interleukin (IL)-2. Dogliotti et al.
(1990), in a mixed group of male and female patients, reported an overall elevation of
MT in case of stage III-1V lung cancer, with very high early morning and nighttime MT
levels due to non-small-cell lung cancer and very low concentrations in the presence
of small-cell lung cancer. The discrepancies among these studies may be due to in-
congruent distributions of the clinical stages analyzed by the different authors.

Concerning the mechanisms involved in the clear depression of MT in our as well
as Viviani et als (1992) investigation, it can be hypothesized that either central or peri-
pheral processes are involved. Central mechanisms could include an inhibition of the
biosynthesis and secretion of MT which invariably would be connected with a depres-
sed hepatic formation of aMTés. Peripheral mechanisms may consist of either a lower-
ed formation of aMT6s by the liver or an enhanced degradation of MT to metabolites
other than aMTés. It is presently unknown which mechanism may apply to patients
with lung cancer but different alternatives can be discussed on theoretical grounds.
A central inhibition of the formation of MT by the pineal gland could occur in lung
cancer patients due to the formation of hormones or growth factors (Rozengurt 1999)
produced by the tumor. A considerable proportion of bronchial cancers, particularly of
the small-cell type, are known to produce hormones ectopically, e. g., ACTH (Wajchen-
berg et al. 1995) as well as neurohypophyseal peptides (Moses and Scheinman 1991).
The peripheral mechanisms leading to the observed depletion of the urinary aMTés
excretion could include a potential inhibition of the hepatic formation of this metabo-
lite due to malignancy, but neither in breast (Bartsch C et al. 1991) nor in prostate cancer
(Bartsch C et al. 1992) has evidence for such changes been found. It is more likely that
the enzyme indolamine 2,3-dioxygenase (IDO, E.C. 1.13.11.17) may be involved, which
has been reported to be expressed in extra-hepatic normal tissues, including lung, as
well as in lung cancer (Yoshida and Hayaishi 1984; Yasui et al. 1986). IDO, among others,
is controlled in its activity by interferon-y (Taylor and Feng 1991). The metabolization
of MT in the brain occurs primarily via the kynurenine pathway (Hirata et al. 1974)
and highest IDO activity is found in the choroid plexus as well as in the pineal gland
(Fujiwara et al. 1978). The presence of a further elevated IDO activity in the brain of
lung cancer patients would open up the possibility that the depression of aMT6s might
even be caused by an enhanced central degradation of the pineal hormone.

The depression of MT is not the only drastic endocrine change observed in lung
cancer patients. It has been repeatedly reported that the pituitary-gonadal axis is
disturbed in these patients characterized by a depression of circulating testosterone
in the absence of any changes of luteinizing hormone (LH) (Blackman et al. 1988;
Taggart et al. 1993). Although the mechanisms involved in this phenomenon are as yet
unknown, the depression of testosterone correlates with poor performance of the
patients concerned (Aasebo et al. 1991).
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A central question is whether a substitutional therapy with MT in patients with a
pronounced depression of the pineal hormone in their circulation may perhaps be able
to favorably influence the course of this disease. According to experimental studies
on animals, the primary growth of aggressive lung cancers does not appear to be con-
trolled by MT effectively (Lapin and Ebels 1974) since fast-growing and undifferen-
tiated tumors usually respond poorly to MT (Bartsch H et al. 1986); although according
to arecent study the formation of metastases is inhibited (Mocchegiani et al. 1999). The
clinical studies of Lissoni and co-workers, however, indicate that MT in conjunction
with other therapies may help to improve therapeutic results (Lissoni et al. 1998) as
well as to diminish the myelotoxic side effects of chemotherapy (Lissoni et al. 1997 a);
although the latter was not confirmed by a subsequent double-blind study (Ghielmini
et al. 1999).

If, however, MT will prove to be a physiologically relevant endogenous free radical
scavenger molecule as is discussed in numerous experimental studies (Reiter et al.
1999), it could well be that the circulating levels of the pineal hormone would reduce
the susceptibility of bronchial tissue towards the mutagenic action of highly reactive
metabolites of tobacco constituents due to oxidative damage (Park et al. 1998), par-
tially because specific MT receptors were identified in lung tissue (Paul et al. 1999).
Changes of MT levels in blood with aging or in the course of other diseases may thus
elevate the risk to develop lung cancer which could be reduced by the administration
of MT.

Stomach Cancer. In the current study, a statistically significantly depressed nocturnal
excretion of aMTé6s was found in men with primary unoperated stomach cancer
(-59%, P = 0.0023) compared with tumor-free controls of comparable age. Colombo
et al. (1991), exclusively analyzing morning MT in blood, reported depressed levels in
patients with unoperated stomach cancer which, however, due to the circadian rhythm
of MT secreted by the pineal gland render only limited information. In our previous
study of stomach cancer patients, the day/night variation of urinary MT was monitor-
ed and the excretion of MT during the day was found to be higher than at night, where-
as the total 24-h excretion remained unchanged compared with healthy controls
as well as patients with benign tumors of the stomach (adenomatous polyps)
who showed the usual nocturnal surge of MT (Kvetnoy and Levin 1987). This observa-
tion indicates the presence of a phase shift of the urinary excretion of MT in stomach
cancer patients. A similar observation was made for the urinary excretion of MT in
postmenopausal Indian breast cancer patients (Bartsch C et al. 1981), which was inter-
preted to facilitate the progression of the disease due to the circadian-stage-dependent
effect of MT on tumor growth characterized by an inhibition during the early
night and a stimulation or no effect during the day (Bartsch H and Bartsch C 1981).
In further studies, parallel determinations of MT in blood and of aMT6s in urine
throughout day and night should clarify whether such acrophase changes can be con-
firmed or not. Such studies would also help to find answers to the central question
of whether the secretion of MT by the pineal or the hepatic metabolism of MT to
aMTé6s is inhibited in stomach cancer patients. An additional possibility to explain the
observed depletion of nocturnal aMTé6s in stomach cancer would be to consider an
involvement of the degradation of MT via the enzyme IDO leading to the correspond-
ing kynurenine derivatives, which has been reported to occur in normal stomach
tissue (Hayaishi 1976).
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In further clinical studies, it should be analyzed whether the levels of circulating MT
are affected by the presence of precancerous conditions of this type of malignancy,e.g.,
chronic gastritis, gastric adenoma, chronic peptic ulcer as well as pernicious anemia
(Bajtai and Hidvegi 1998), since MT, under experimental conditions, possesses a protec-
tive action towards both stress- (Khan et al. 1990; Kato et al. 1998) and indomethacin-
induced gastric injuries (Alarcon de la Lastra 1999). According to Konturel et al. (1997),
the gastroprotective action of MT against stress- and ischemia-induced lesions is
mediated via the scavenging of oxygen radicals. Hirokawa et al. (1998) state that such
highly reactive compounds are apparently also generated during the metabolization of
ethanol in gastric mucosal cells. This would mean that MT could lower the document-
ed risk for the development of stomach cancer due to alcohol consumption (de Stefani
et al. 1998) via its free radical scavenging property. In the same way, other risks for
stomach cancer such as smoking (Chow et al. 1999) could be reduced by adequate
levels of circulating MT. This view is supported by the observation of Lewinski et al.
(1991) concerning a certain anti-mitotic effect of MT on epithelial cells of the gastric
mucosa.

Data concerning the effect of MT administration to patients with gastric cancer are
sparse: Lissoni et al. (1993, 1993a, 1994) applied in their preliminary studies low doses
of IL-2 in combination with MT to 16 advanced stomach cancer patients and conclud-
ed that this type of combination therapy may be promising and that such investiga-
tions should therefore be extended.

Colorectal Cancer Patients. Among the male patients studied with primary unoperat-
ed colorectal adenocarcinomas, the nocturnal urinary aMTés excretion showed
a trend towards elevation compared with tumor-free controls of comparable age.
The enhanced formation of aMTé6s, however, does not appear to be a cancer-specific
phenomenon since in patients affected by chronic colitis ulcerosa similar changes were
observed. In our previous study, the daily urinary MT excretion was found to be
elevated to nocturnal levels (Kvetnoi and Levin 1987) indicating a potential acrophase
shift of the circadian pattern of pineal MT secretion. Lissoni et al. (1988) reported an
increase of morning MT in blood in those colorectal cancer patients who responded
favorably to chemotherapy. Khoory and Stemme (1988), analyzing the circadian varia-
tions of MT in plasma of primary unoperated colorectal carcinoma patients with and
without distant metastases, observed a pronounced depletion of nocturnal MT. It is
currently difficult to explain the apparent discrepancies between our findings and
those of Khoory and Stemme (1988). It may be conceivable that the peripheral meta-
bolism of MT in the liver towards aMT6s is enhanced in colorectal cancer patients.
This assumption, however, is not supported by clinical studies on breast (Bartsch C et
al. 1991) and prostate cancer patients (Bartsch C et al. 1992). In order to test this hypo-
thesis, parallel determinations of MT in blood and of aMT6s in blood or urine should
be performed over a complete 24-h cycle in patients with malignant and benign
colorectal diseases. Such a study will also help to test whether acrophase changes of
circulating MT occur and would allow first insights into other potential ways of how
MT is cleared from the circulation or is secreted into the same. A reduction of circulat-
ing MT could be elicited via IDO, an enzyme degrading MT to he respective kynurenine
derivative (Hayaishi 1976), as well as by a modification of the observed pronounced
retention of MT in gut tissue (Messner et al. 1998). Possible elevations of circulating
MT may not only be affected by an enhanced secretion by the pineal gland in response
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to certain benign or malignant pathologies of the colon and rectum, but also by a
potential release from these tissues where a considerable amount of extra-pineal MT
biosynthesis occurs (Huether 1993). MT seems to serve in gastrointestinal physiology
and homeostasis by being involved in intestinal motility (Harlow and Weekley 1986)
and in the feedback system with serotonin which regulates appetite and digestive
processes both in the gastrointestinal tract and the brain (Bubenik and Pang 1994). MT
also controls the mitotic activity within colonic mucosa epithelial cells (Lewinski et al.
1991), and therefore it is not surprising that exogenous MT is able to inhibit both in
vivo (Anisimov et al. 1997) and in vitro experimental colon cancer (Melen-Mucha et al.
1998). Preliminary evidence exists that human colorectal carcinomas can be inhibited
by the administration of MT in combination with low doses of IL-2 (Barni et al. 1992,
1995; Lissoni et al. 1993, 1993a, 1997). MT may not only be useful in the treatment of
established colorectal cancers but may also possess a preventive action against pre-
neoplastic conditions such as severe colitis (Bubenik et al. 1998), which is supported by
studies on experimental dextran-induced colitis (Pentney and Bubenik 1995). In this
connection, details of the interplay between pineal and gastrointestinal MT require to
be clarified as does the question of which MT may primarily contribute to the protection
of the colon and rectum towards benign and malignant lesions. The enhanced produc-
tion of aMT6s observed in the present study in patients with colitis ulcerosa and with
colon cancer can be viewed as an effort of the pineal gland to inhibit these proliferative
processes within the gastrointestinal tract, an effect facilitated via the presence of
specific MT receptors within the human gastrointestinal tract (Poon et al. 1996).

Patients with Other Types of Malignancies. In our own study, no obvious change in the
urinary excretion of aMT6s was found in patients with primary unoperated cancer of
the urinary bladder and no other reports have, to our knowledge, been published on
this type of cancer. Panzer and Viljoen (1998) reported divergent changes in the 24-h
urinary excretion of aMTés among 10 patients with osteosarcoma: in eight patients
lower values were found than in the controls, whereas in the remaining two patients,
aMT6s was dramatically higher for no obvious reason. In some of his female patients
with Hodgkin’s sarcoma, Lissoni et al. (1986) reported clearly elevated levels of
nocturnal MT. Pfletschinger (1994) studied daytime values of plasma MT (8-10 A.M.)
in children with neuroblastoma or with acute lymphoblastic leukemia (ALL) and
detected a statistically significant depletion in the presence of neuroblastomas com-
pared with children with ALL. These results were, however, not compared with data
from healthy age-matched controls of same sex and it is questionable in which way
these morning values correspond to the nocturnal peak concentrations. Tarquini et al.
(1995) reported that morning MT in plasma (7.30-9.30 a.M.) of patients with multiple
myeloma was significantly elevated compared with controls. More extensive analytical
clinical investigations of MT in patients with hematopoietic neoplasias are urgently
required to better understand the role of the pineal gland in these types of malignan-
cies where circulating MT may show changes quite different from those observed in
patients with solid tumors. This assumption is derived from findings in experimental
therapeutic studies on the effect of MT in animals with leukemias where the pineal
hormone stimulated the malignant process whereas pinealectomy was inhibitory
(Conti et al. 1992).
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7.4.2 Correlation Between MT Production and Proliferative Activity in Tumor Cells

The 26 male patients with colorectal, stomach, or lung cancer showed strong positive
correlations between the expression of PCNA in tumors and the nocturnal urinary
aMT6s excretion, in comparison with the combined group of all cancer patients as well
as the subgroups with different types of cancers (Bartsch C et al. 1997 a). Similar strong
positive correlations were observed in patients with ovarian cancer between nocturnal
urinary aMT6s excretion and the expression of PCNA in the corresponding tumor
tissue (I. M. Kvetnoy and C. Bartsch, unpublished results). The mechanisms involved in
the interaction between proliferation within tumor tissue and pineal secretory activity
are not understood, but the observed correlations may point to a feedback between
tumor cells and the pineal gland, which exerts an inhibitory effect on the proliferation
of both normal (Bindoni 1971) and malignant cells (Barone and Das Gupta 1970).
A central question is in which way tumor cells may signal information about their pro-
liferative state to the pineal gland. It is conceivable that oncogeneticly encoded growth
factors are secreted by tumor cells and reach the pineal gland via the circulation and
thus affect pineal MT biosynthesis. Another possibility is that growth factors secreted
by tumor cells affect parts of the sympathetic nervous system which are involved in the
neural stimulation of pineal MT biosynthesis, i.e., the postganglionic sympathetic
noradrenergic nerves innervating the pineal and regulating the activity of the rate-
limiting enzyme, serotonin-N-acetyltransferase.

The current findings of a close correlation between PCNA and nocturnal urinary
aMTé6s supports the idea that the proliferative activity of tumor cells could be monitor-
ed in a noninvasive fashion for both diagnostic as well as prospective purposes (since
the proliferative activity of tumor cells plays a key role for invasiveness and formation
of metastases). PCNA is regarded by some authors as one of the most important pro-
liferation marker (Yu et al. 1992). PCNA is a non-histone protein with a molecular
weight of 36 kDa which functions as an auxiliary protein of DNA-polymerase delta
(Prelich et al. 1987) and its expression increases drastically during the S phase of the
cell cycle (Zuber et al. 1989). With respect to the prognostic relevance of PCNA deter-
minations in malignant tissue, it appears that an unfavorable prognosis is connected
with high PCNA expression as was reported for patients with carcinoma of the thyroid,
stomach (Maeda et al. 1994), or breast (Cummings et al. 1993), with non-Hodgkin’s
lymphoma (Klemi et al. 1992), with soft-tissue sarcomas, and with malignant fibrous
histiocytomas (Choong et al. 1995).

7.4.3 Correlation Among Tumoral Parameters

The negative correlation observed between PCNA- and MT-immunopositive tumor
cells indicates that the binding or uptake of circulating MT by tumor cells and/or
the biosynthesis of MT within tumor cells declines if proliferation increases. This con-
firms previous findings in some types of tumors with a low degree of differentiation
(Raikhlin and Kvetnoy 1994). Poon et al. (1996) detected specific MT receptors within
the gastrointestinal tract and MT is synthesized by extra-pineal tissues (Huether
1993). The loss of immunocytochemically detectable MT in fast-proliferating tumors
can be viewed as a sign of diminished cellular differentiation, which according to a
number of studies is connected with a lowered sensitivity towards the inhibitory
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action of MT (Bartsch H et al. 1986; Bartsch C and Bartsch H 1997). A central question
is whether MT-immunopositive cells as detected in different types of carcinomas
in humans (Raikhlin and Kvetnoy 1994; Bartsch C et al. 1997a) result from local
biosynthesis or whether MT secreted by the pineal gland is bound and/or taken up by
these malignant tissues. Subsequent studies should therefore test whether MT-immuno-
positive cells are identical with MT-receptor positive cells or not, and whether MT
is indeed produced within tumors. Irrespective of the exact origin of intratumoral
MT, the localization of this hormone within malignant tissue can be regarded to
be of considerable importance for growth and invasiveness due to its effects on
cellular proliferation and differentiation, modulation of immune reactions (Maestroni
et al. 1994) and of radiosensitivity (Kvetnoy et al. 1994). The presence of MT within
a tumor is likely to be of diagnostic and prognostic importance as has been demon-
strated for other biologically active substances including hormones, neuropep-
tides and biogenic amines. If MT is indeed synthesized within carcinomatous tumor
tissue, it would render further support to the concept that neuroendocrine sub-
stances are not produced exclusively in classical neuroendocrine tumors but also
in different types of carcinomas (Bonkhoff et al. 1995; Bosman 1984; Maluf and
Koerner 1994). We assume that about 25-30% of all epithelial malignant tumors
are able to produce biogenic amines or peptide hormones (Raikhlin and Kvetnoy
1994) which could lead not only to a re-consideration of the concept on how neoplasias
develop, but would also have practical applications for both diagnostic and prognostic
purposes.

7.5 Conclusion

The current analytical results in patients with cancers outside of the reproductive
system render further support to the concept of a close link between MT and cancer
(Blask 1993), as evidenced by previous experimental studies which showed that
pinealectomy stimulates experimental tumor growth whereas aqueous pineal extracts
and MT are inhibitory (Blask 1984; Bartsch H et al. 1987; Blask et al. 1991).

Patients with different malignancies outside of the reproductive system show
varying changes of the urinary excretion of aMT6s, which depend on both the histo-
logical type of the tumor and the stage of the disease. The mechanisms involved in
these phenomena are poorly understood and seem to include central as well as peri-
pheral components which may be superimposed. This view is supported by the ob-
servation that in spite of a varying nocturnal urinary excretion of aMTé6s in patients
with different types of tumors, e.g., stomach, lung, and colorectal cancer, aMT6s
shows comparable positive correlations with the degree of tumor cell proliferation
as estimated by the number of PCNA-immunopositive cells. This means that the
amount of aMTé6s excretion (as well as the corresponding concentration of circulating
MT) can be regarded as the net result of a number of different effects exerted by
the tumor on the system, e.g., the secretion of pineal MT, its peripheral metabolism
as well as the production and release by tumor cells. It is felt that a deeper under-
standing of these processes will help to better understand the complex systemic effects
of different types and stages of tumor growth upon the neuroimmunoendocrine net-
work, and might in future even be applied for both diagnostic as well as prognostic
purposes.
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8.1 Introduction

In the preceding chapters, findings relating to the measurement of circulating mela-
tonin as well as the excretion of melatonin and of its main metabolite, 6-sulfatoxy-
melatonin (aMT6s), in urine of patients with different types and stages of cancer are
reviewed. It has become obvious that melatonin and aMTés are modulated in different
ways by the same type of malignancy depending on the histological type as well as
different stage of the tumor. The underlying mechanisms, however, remain unclear
and may be difficult to understand solely on the basis of clinical studies because of
self-evident ethical restrictions. For this reason it is indispensable to complement such
diagnostic clinical studies with related experimental studies on tumor-bearing
animals. Clinical studies on patients with breast and prostate cancer with the help
of parallel determinations of melatonin and aMT6s indicate that the depression of
circulating melatonin is not due to a simple modification of the peripheral conversion
of melatonin to aMT6s in the liver (Bartsch et al. 1991, 1992). Therefore it was suppos-
ed that the pineal melatonin biosynthetic activity may be reduced due to tumor growth
as indicated by the initial investigations of Lapin and Frowein (1981), who detected
an inverse correlation between the pineal content of melatonin and increasing size
of transplantable Yoshida sarcomas in Wistar rats and interpreted this finding as
evidence for an involvement of melatonin in the stimulatory effect of pinealectomy on
malignant growth (Lapin 1974). Further analytical experimental studies until now
have mainly focused on female rats bearing chemically induced mammary tumors as
well as serial transplants derived therefrom.

8.2 Studies with Chemically-Induced Mammary Cancers

Mammary cancer in female Sprague-Dawley rats induced chemically with 7,12-di-
methylbenz[a]anthracene (DMBA) (Huggins et al. 1959) represents one of the most
commonly used experimental model systems for hormone-dependent human breast
cancer (Welsch 1985; Vorherr 1987). DMBA-induced mammary tumors are regulated
neuroendocrinologically mainly via the hypothalamo-adenohypophyseal-gonadal
axis (Meites 1980) and prolactin (Meites 1980). In addition, the thyroid gland (Chen et
al. 1977; Goodman et al. 1980), adrenal cortex (Hallberg 1990), and p-endorphin
(Tejwani et al. 1991) are involved. Melatonin administration, probably because of its
neuroendocrine effects (Blask 1987; Chap. 15 of this volume), inhibits these types of
tumors whereas pinealectomy stimulates them (Tamarkin et al. 1981; Shah et al. 1984).
Therefore it appears to be of interest to study the levels of circulating melatonin as well
as to analyze components of the pineal melatonin biosynthetic pathway in order to
better understand the possible feedback of tumor growth on the pineal gland, an organ
which may possess a central role for the temporal organization of the endocrine
system (Bartsch et al. 1998). In addition, studies on DMBA-generated mammary
cancers allow analysis of the direct effect of this tumor-inducing chemical on circulat-
ing hormones such as melatonin and other neuroendocrine parameters.
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8.2.1 Acute Effects of DMBA-Administration on Circulating Melatonin:
Evidence for an Induction of the Hepatic Degradation of the Hormone

DMBA is metabolically activated by the liver as well as mammary tissue to its ultimate
carcinogen, 3,4-dihydrodiol-1,2-epoxide (DiGiovanni and Juchau 1980) by the action
of cytochrome P450 isozymes (CYP1A1, CYP1A2, and CYP1BI; Christou et al. 1995;
Shou et al. 1996) which are induced by the mammary carcinogen. The administration
of DMBA has been reported to lead to a number of endocrine changes which include
modification of the timing of the luteinizing hormone (LH) peak (Kerdelhue and Peck
1981) as well as of prolactin secretion (Kerdelhue and El Abed 1979), which appear
to take place due to estrogen-like effects of DMBA modifying the regulation of the
hypothalamo-pituitary axis in the female rat (Pasqualini et al. 1990). These hormonal
changes are supposed to regulate the sensitivity of the developing mammary gland
towards the carcinogen, which is at its maximum when the animals are 50-55 days old.
In addition, there are inter-strain differences, Sprague-Dawley rats (el Abed et al. 1987)
being the most sensitive animals. The DMBA model system therefore allows study of
the interplay between a metabolically activated carcinogen and concomitant changes
within the neuroendocrine milieu, both of which are essential and interdependent
determinants for tumor initiation.

In our experiment, 16 female Sprague-Dawley rats were treated on day 51 of life
with a single intragastric dose of DMBA in 1 ml of peanut oil (10 mg/100 g body
weight), and, on the same day, 16 animals of the same age and strain received 1 ml of
peanut oil only (Huggins et al. 1959). Eight animals from each group were sacrificed
2 days later when they were 53 days old (between 1 and 2 .M. under very dim red light,
A>665nm) and plasma and pineal glands were collected. The remaining eight
animals in each group were sacrificed 5 days later in the same way when animals were
58 days old. Nocturnal plasma melatonin was found to be significantly depressed both
2 and 7 days after DMBA-administration (-37% and -31%, P < 0.05), whereas the
main peripheral metabolite of melatonin, 6-sulfatoxymelatonin (aMTé6s), did not
differ compared to controls, indicating an increased degradation of the pineal
hormone due to DMBA (Bartsch et al. 1990, 1990a). The content of pineal melatonin
was not affected by DMBA treatment but 2 days after carcinogen treatment, serotonin
(+31%, P < 0.025) and N-acetylserotonin (+25%, P < 0.05) were significantly elevated
(Bartsch et al. 1990, 1990a). Further evidence for an enhanced peripheral degradation
of melatonin due to DMBA was obtained in a subsequent study (Praast et al. 1995) in
which it was found that the hepatic microsomal monooxygenases of the cytochrome
P450 system catalyzing the 6-hydroxylation of melatonin, though primarily inducible
by phenobarbital, are also enhanced by DMBA treatment, probably because of an
involvement of CYP1A2.

The observed depression of melatonin 2 and 7 days after DMBA treatment could
have a direct functional significance for experimental mammary cancer initiation.
Melatonin, on one hand, possesses free radical scavenging properties (Reiter et al.
1999) which could thus reduce the metabolic activation of DMBA via radical inter-
mediary products and, on the other hand, exerts pronounced regulatory functions
within the neuroendocrine system by controlling prolactin (Esquifino et al. 1997) and
the hypothalamo-pituitary-gonadal axis including the timing of the LH surge (Chiba
et al. 1994; Evans et al. 1999), thereby counteracting the above-described array of
endocrine imbalances generated by the administration of DMBA (Kerdelhue and
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El Abed 1979; Kerdelhue et al. 1981; Pasqualini et al. 1990). The observed depression of
nocturnal circulating melatonin may therefore be regarded as an event favoring
the process of mammary cancer initiation, an assumption supported by the observa-
tion that melatonin administration during the initiation phase of DMBA-induced
mammary cancer development inhibits these tumors (Subramaniam and Kothari 1991)
and modifies the metabolism of this carcinogen (Kothari and Subramaniam 1992).

8.2.2 The Effects of DMBA-Induced Mammary Tumor Growth on Circulating Melatonin
and the Pineal Melatonin Biosynthetic Pathway

Available data concerning the levels of circulating hormones in animals with DMBA-
induced mammary cancers are sparse. According to the results of Burenin and
Piskareva (1984), the growth of DMBA-induced breast cancer results in an increase
of circulating thyrotropin-releasing hormone (TRH), somatotropin, and prolactin,
whereas the basal levels of adrenocorticotropic hormone (ACTH), LH, and luteinizing
hormone-releasing hormone (LHRH) remain unchanged. With respect to the peripheral
hormones, the concentrations of estradiol, corticosterone, and insulin are enhanced
and those of testosterone, progesterone, and thyroxine lowered. In the following sec-
tion, our data on the levels of circulating melatonin and on the melatonin biosynthetic
pathway in DMBA-treated and control animals are described.

8.2.2.1 Experiment with Sprague-Dawley Rats

DMBA was administered in 1 ml peanut oil (10 mg/100 g body weight) to 22 female
Sprague-Dawley rats on day 51 of life. Twenty-one animals serving as controls received
1 ml of peanut oil as vehicle. Approximately 130 days after DMBA treatment, when 73 %
of all animals had developed palpable tumors, they were sacrificed at night between
2-3 a.M. under dim red light (1> 665 nm). The histopathological investigations
proved all tumors to be adenocarcinomas according to Prof. Dr. E. Kaiserling (Institute
of Pathology, Tiibingen) with very pronounced concentrations of cytosolic estrogen
receptors (Bartsch 1988). Tumors were of different size and in many cases individual
animals had more than one. In order to allow a better comparison between the animals,
the total tumor load for each animal was calculated. Melatonin was quantitated in both
plasma and pineal gland. In addition, different steps of the pineal melatonin biosynthetic
pathway were analyzed including the rate-limiting enzyme serotonin-N-acetyltrans-
ferase (SNAT), hydroxyindole-O-methyltransferase (HIOMT), and the intermediary
products serotonin and N-acetylserotonin.

In animals with mammary cancers, no changes of the average values of any of the
quantitated parameters were detected, but among the six tumor-free animals treated
with DMBA, a nominal increase of SNAT activity was found (+31%, Bartsch 1988).
Plots of the corresponding total tumor burden of each animal versus the correspond-
ing plasma melatonin concentrations, as well as versus the different components of the
pineal melatonin biosynthetic pathway, showed hyperbolic relationships for pineal
and plasma melatonin as well as for SNAT and N-acetylserotonin with an initial
increase parallel to growing tumor size of up to 10 cm’ and a subsequent decline when
tumor load increased further (Bartsch 1988; Bartsch et al. 1990a). This indicates that
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the effect of malignant growth upon the pineal gland critically depends on the tumor
burden. Since DMBA-induced mammary tumors in Sprague-Dawley rats develop at
different intervals and in varying numbers, it is impossible to form groups of adequate
number to allow quantitative analytical endocrine studies with this model system of
human breast cancer.

8.2.2.2 Experiment with Inbred F344 Fischer Rats

Because of the above-described limitations of the DMBA model system in Sprague-
Dawley rats, we decided to switch to another experimental paradigm, namely serial
transplants derived from a DMBA-induced mammary cancer in inbred female F344
Fischer rats (Lee et al. 1981), which will be dealt with in detail later. The availability of
a specific radioimmunoassay for 6-sulfatoxymelatonin (aMT6s) (Aldhous and Arendt
1988) as well as a set of metabolic cages enabled us to monitor the nocturnal produc-
tion of melatonin during different phases of mammary tumor development. Since
female F344 Fischer rats, as well as most other rat strains, are less susceptible to the
mammary cancer-inducing action of DMBA than Sprague-Dawley rats (Moore et al.
1988), tumors developed more slowly in these animals and a considerable number of
mammary tumors showed benign histology.

As in the previous DMBA experiments, the carcinogen was administered once
intragastrically at 10 mg/100 g body weight in 1 ml of peanut oil on the 51st day of life.
Nocturnal urine (11 p.M.-7 A.M.) was collected in metabolic cages once before the
beginning of the experiment in June and after DMBA- or vehicle-treatment at weekly
to monthly intervals for more than a year. It was possible to analyze nocturnal aMT6s
from these samples in seven vehicle-treated tumor-free controls as well as in seven
animals each with a single malignant (adenocarcinoma) or a single benign mammary
tumor (fibroadenoma), allowing a specific analysis of the effect of different types of
tumor growth on the production of pineal melatonin.

The tumor-free controls showed a significant circannual rhythm of aMT6s produc-
tion characterized by two summer peaks and a winter trough (Bartsch H et al. 1994) in
spite of controlled photoperiods (light:dark =12 h:12 h), air-conditioned rooms
and food ad libitum. This led to the hypothesis of a possible functional involvement of
seasonal variations of the horizontal component H of the geomagnetic field for the
generation of this phenomenon, since pineal gland activity had indeed been shown to
be influenced by variations of H under experimental conditions (Olcese et al. 1988). In
animals with malignant mammary tumors, no circannual rhythm of aMT6s was
detectable due to the absence of a clear winter decline when tumors grew in size
and because of a flattened rise during the second summer (Bartsch H et al. 1993).
These observations seem to support our previous results on the analysis of melatonin
and the pineal melatonin biosynthetic pathway in Sprague-Dawley rats with
DMBA-induced tumors (Bartsch et al. 1990a), in which indications for a stimulation
of the pineal melatonin biosynthetic activity were found during the growth of
small malignant mammary tumors, and an inhibition was observed when tumors
became big. Rats with benign tumors showed a flattened, though statistically signifi-
cant, circannual rhythm with relatively high aMT6s values in winter and a surge during
the second summer being even more pronounced than in controls (Bartsch H et al.
1993). These findings indicate that a stimulation of pineal melatonin production
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occurs due to the growth of both benign and malignant DMBA-induced mammary
tumors.

When animals were sacrificed after more than 1 year of observation, the average
values of plasma melatonin as well as of the parameters of the pineal melatonin
biosynthetic pathway did not differ between the tumor-free controls and the two
tumor groups, which was in good agreement with the results of our previous study on
Sprague-Dawley rats (Bartsch C et al. 1990) where antagonistic effects by tumors of
different size led to the absence of any overall group changes. Due to the small number
of Fischer rats in each group, non-linear regression analyses between the correspond-
ing tumor sizes and the measured parameters could not be calculated.

8.3 Studies with Serial Transplants Derived from DMBA-Induced Mammary Cancers

In order to initiate the process of serial passaging, a cell suspension of one histologi-
cally confirmed mammary adenocarcinoma induced in inbred F344 Fischer rats with
DMBA was injected subcutaneously into young female rats of the same strain accord-
ing to Lee et al. (1981). When these tumors became well-palpable they were checked
for their histology using frozen sections and, if characterized as malignant (adeno-
carcinoma), the tumor was transplanted again. It took two attempts for such trans-
plants to grow successfully at the first passage. Difficulties to establish serial trans-
plants derived from DMBA-induced mammary tumors even in syngeneic rats have
been reported by others as well (Welsch 1985).

8.3.1 Early Passage: Localized Carcinosarcoma

Nocturnal urine was collected from nine animals bearing passage 2 tumors as well as
from six tumor-free controls with the help of a set of metabolic cages at weekly to fort-
nightly intervals until an average tumor volume of 25 cm® was attained after 16 weeks.
The animals were then sacrificed at night under dim red light (as described above) at
the time of the nocturnal peak of pineal melatonin production (2-3 A.M.) and plasma,
pineal glands as well as tumor tissues were collected.

The tumors were characterized histopathologically as carcinosarcomas and they
showed localized growth. It was found that nocturnal urinary melatonin increased by
50% shortly after successful transplantation, remaining elevated throughout the sub-
sequent growth of the tumor compared to tumor-free controls. Plasma melatonin
showed a 42% increase when animals were sacrificed (Bartsch C et al. 1995). The
analysis of the pineal melatonin biosynthetic pathway revealed a 45 % increase of the
rate-limiting enzyme, SNAT, accompanied by a significant 62% elevation of N-acetyl-
serotonin (P < 0.05). Since the activity of SNAT is under control of adrenergic nerves
(Klein 1985), it was assumed that an activation of the sympathetic tone of the auto-
nomic nervous system may be involved in the observed elevated formation of N-acetyl-
serotonin via SNAT. Noradrenaline was found to be significantly augmented by 243 %
(P < 0.005) in nocturnal urine collected 1 week before the animals were sacrificed,
whereas adrenaline remained unchanged (Bartsch et al. 1999). This supports the as-
sumption that the growth of tumors of passage 2 led to an elevation of the sympathetic
tone. It is conceivable that this phenomenon is due to an activation of the cellular
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immune system in response to the growth of these tumor transplants, since urinary
biopterin steadily rose as the carcinosarcomas increased in size and was significantly
augmented by 214% (P < 0.005) towards the end of the experiment (Bartsch et al.
1995). Biopterin is formed by murine macrophages under the control of interferon-y
for which a 12-fold rise was detected (Bartsch et al. 1999). These findings may be
viewed as an effort of the body to control malignant growth, probably via an immuno-
logical rejection of the tumor. We observed an inhibitory effect of melatonin on tumors
of passage 2 (Bartsch H et al. 1994a) and it is conceivable that this phenomenon is
primarily due to the immunostimulatory action of the pineal hormone (Maestroni
1993) rather than to its neuroendocrine effects on prolactin and, to a lesser extent,
gonadal steroids (passage 2 tumors showed no biochemically detectable estrogen and
progesterone receptors).

Immunological mechanisms may in fact be of considerable general importance for
this tumor transplantation system and could even be responsible for the histological
changes taking place during serial passaging. The original DMBA-induced adeno-
carcinoma of the mammary gland changed to a carcinosarcoma at passage 2 consist-
ing of transformed epithelial as well as mesenchymal components (Bartsch et al., in
press) due to the replacement of epithelial tissue elements by sarcomatous tissue,
which led to a complete loss of epithelial cells and the development of a pure sarcoma
at passages 4-6 when transplanted further (Bartsch et al. 2000). The mechanisms
involved in this process of epithelial-mesenchymal tissue remodeling (Guarino 1995,
Birchmeier et al. 1996) are complex but may in part consist of immunological pro-
cesses leading to a rejection of epithelial cells. The observed elevation of macrophage-
derived biopterin as well as interferon-y support this view. The progressive growth of
abnormal mesenchymal cells could be viewed as a compensatory mechanism to main-
tain the overall tissue mass of the tumor or as a misdirected wound-healing process
within the tumor tissue which may be partially destroyed by immune processes.

8.3.2 Late Passages: Metastasizing Sarcoma

An experiment comparable to the one described for passage 2 was performed when
serial transplantation had reached the 12th passage, being a pure sarcoma with a
tendency to develop pulmonary metastases. Twelve animals were used as tumor
recipients and 12 controls received vehicle injections. Nocturnal urine samples
(11 p.M.-7 A.M.) were collected from all animals in the same way as described above.
Seven weeks after transplantation when tumors had reached a volume of 25 cm?, animals
were sacrificed at night (2-3 a.M.) and plasma, pineal glands, as well as tumor tissues
were collected.

Nocturnal urinary melatonin was found to be significantly depressed by 22%
(P < 0.025) towards the end of the experiment and plasma melatonin was 56 % lower
(P < 0.01) than in controls (Bartsch et al. 1995, 1999). The analysis of the pineal mela-
tonin biosynthetic pathway, however, did not reveal any concomitant changes of SNAT
or HIOMT, but a statistically significant reduction of pineal serotonin (- 24 %, P < 0.05)
was detected. In addition, the concentration of plasma tryptophan, the precursor of
serotonin and melatonin, was significantly reduced (-34%, P < 0.0001). It was there-
fore assumed that the observed depression of circulating melatonin in tumor-bearing
animals of this passage may be due to a reduced availability of this precursor amino
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acid (Bartsch et al. 1999) since acute tryptophan depletions are known to negatively
affect nocturnal melatonin (Zimmermann et al. 1993), which was confirmed in our
laboratory under in vitro conditions analyzing the secretion of perifused pineal glands
exposed to a tryptophan-free medium (Schmidt 1996).

The depletion of tryptophan in tumor-bearing animals may result from an activation
of the hypothalamo-pituitary-adrenal axis accompanied by an enhanced secretion of
corticosterone (+208 %, P < 0.01) (Bartsch et al. 1999) which, like other glucocorticoids,
is an inducer of the hepatic catabolizing enzyme tryptophan 2,3-dioxygenase (TDO)
(Feigelson and Greengard 1962). Further experimental results, however, raise doubts
whether a depression of circulating tryptophan may indeed limit pineal melatonin
production since animals with passage 2 tumors exhibited an enhanced secretion of
melatonin in spite of a clear tryptophan depression (-46%, P < 0.001). Alternative
modes of explanation for the depression of circulating melatonin in animals with tumors
of passage 12 consider an involvement of the extra-hepatic isozyme of TDO, namely
indolamine 2,3-dioxygenase (IDO), which has been detected in tumor tissue and, in
contrast to TDQ, is able to metabolize melatonin as well ( Yoshida and Hayaishi 1984).

These considerations underline that the cause for the depression of circulating
melatonin in tumor-bearing animals probably does not lie within the pineal gland but
rather in metabolic processes taking place in, e.g., liver or tumor. This view is support-
ed by quantitative ultrastructural studies on pinealocytes of animals bearing tumors
of the 14th passage of the above-described DMBA model system, where no changes
among cell organelles involved in the biosynthesis of melatonin were found (Karasek
et al. 1994). Leone and Skene (1994), however, obtained evidence that sera from tumor-
bearing mice are able to inhibit the in vitro secretion of melatonin. Similar results were
obtained with pineal glands of healthy rats perifused with supernatants of cultured
sarcoma cells derived from an advanced passage of our DMBA model system (Schmidt
1996, Schmidt et al. 1997) giving evidence for the existence of tumor cell-derived
factors that are able to reversibly inhibit the production/secretion of pineal melatonin.
One such factor might be TGF-, which has been reported to be secreted by transform-
ed mesenchymal cells such as sarcomas (Kloen et al. 1997). TGF-§ acts as a growth
inhibitor for epithelial cells (Goustin et al. 1986) and shows immunosuppressive effects
(Antonia et al. 1998), which could thus explain the significant depression of macro-
phage-derived biopterin observed in animals with passage 12 tumors (-29%, P < 0.005)
(Bartsch et al. 1995, 1999). Maestroni and Conti (1996), in their studies on human
breast cancer tissues, found that the concentration of the pineal hormone is three
orders of magnitude higher in neoplastic mammary tissue than in the serum of the
patients concerned, which indicates that melatonin may be produced and/or concen-
trated by these cancer cells. Also in case of estradiol, high concentrations have been
reported within human breast tumor tissue, even in the case of postmenopausal
women, probably involving very high affinity receptor-mediated uptake mechanisms
(Masamura et al. 1997). Since experimental evidence exists that estrogen is formed
from its sulfated catabolite estrone sulfate via the action of estrone sulfatase in tumor
tissue (Masamura et al. 1996), it is conceivable that also aMT6s may be reconverted to
melatonin by malignant tissue and subsequently concentrated within the tumor.

The above-mentioned considerations indicate that independent processes seem to
exist acting in parallel to depress circulating melatonin in animals with passage 12
tumors of our model system. These mechanisms may also render explanations for the
observation that both exogenous melatonin (Bartsch H et al. 1994a) and physiological
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pinealectomy by constant light (H. Bartsch et al., unpublished results) are unable to
affect the growth of tumors of passage 12 or 14 under in vivo conditions.

8.4 Studies with Chemically Induced Colon Cancers

Anisimov et al. (1999) analyzed the day - night increment of serum melatonin between
10 A.m. and 12 .M. in rats with colon cancer induced by 1,2-dimethylhydrazine. They
found an overall elevation of circulating melatonin in tumor-bearing animals, particu-
larly in the morning samples compared to tumor-free controls. In a preceding study,
Anisimov et al. (1997) observed that the administration of melatonin inhibits the
development of these chemically induced tumors, perhaps via an anti-initiation effect
(Musatov et al. 1999). Therefore, the elevation of endogenous melatonin in animals
with colon cancer may be interpreted as an effort of the system to control tumor
development, which could be fostered by administration of exogenous melatonin.
Since patients with colon cancer also tend to show an elevated production of melatonin
(Chap. 7 of this volume) it is conceivable that melatonin administration might favor-
ably influence the course of the disease.

8.5 Conclusions and Considerations

The above-described findings on experimental animals show that the levels of circulat-
ing melatonin are modulated by tumors of different histological types and stages of
growth. Comparable observations have been made in cancer patients as summarized
in the preceding chapters. According to the studies on experimental animals, it appears
that the mechanisms involved in the up- or down-regulation of circulating melatonin
are highly complex consisting of overlapping synergistic as well as antagonistic pro-
cesses involving not only the pineal gland and the tumor but also components of the
neuroimmunoendocrine network. The measurable levels of circulating melatonin
could be viewed as a net effect of multiple and multi-directional vectorial processes
governed by the presence of a tumor of defined histopathological type as well as
developmental stage. This net effect is transient and is affected by the histological
appearance of the tumor, its size, and the formation of metastases, leading to a modula-
tion of circulating melatonin characterized by phases of elevation, depression, or lack
of changes compared to tumor-free controls. Endocrine imbalances affecting seven
different hormones including insulin, prolactin, growth hormone, thyroxine, as well as
gonadal steroids were also reported by Besedovsky et al. (1985) in rats with syngeneic
transplants derived from DMBA-induced tumors, and Vaswani et al. (1986) observed a
decrease of opioid peptide levels within the central nervous system of animals with
DMBA-induced mammary tumors.

It may therefore be assumed that measurements of melatonin and of other hormones
as well as of immunological parameters could offer valuable information about the
physiological state of the host affected by tumor growth. More detailed knowledge
about the significance of these analytical findings could aid in predicting onco-
therapeutic results. For the administration of melatonin, it appears that normal or
elevated levels of circulating melatonin correlate with a good responsiveness of the
tumor whereas low levels of melatonin predict unresponsiveness (Bartsch H et al.
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1994a). It requires to be investigated whether this conclusion, mainly derived from
investigations in only one experimental model system, namely serial transplants of a
DMBA-induced mammary cancer in female rats, is generally applicable or not. If this
assumption is correct, it would mean that, e.g., breast or prostate cancer patients with
a depressed nocturnal melatonin surge (Bartsch C et al. 1994) could not expect any
tumor growth inhibitory effects by exogenous melatonin.

It will be necessary to extend experimental analytical as well as parallel thera-
peutic studies on the role of melatonin in the control of cancer growth to other in vivo
tumor model systems to achieve a more reliable predictability regarding the thera-
peutic efficacy of melatonin. Furthermore, it should be tested whether circulating
melatonin levels in tumor-bearing animals or cancer patients deviating from the
normal range of age-matched healthy controls may also possess a general predictive
value for cancer patients concerning their prognosis and survival as well as their
responsiveness to established and experimental oncotherapies. Such considerations
appear to be justified in view of the fact that pronounced circadian endocrine dis-
turbances are observed in cancer patients with low circulating melatonin (Bartsch et
al. 1989, 1998) and that the production of melatonin correlates with cancer cell pro-
liferation (Bartsch et al. 1997) thus reflecting important processes both at the level of
the tumor and within the neuroimmunoendocrine network of the host. A stimula-
tion of the levels of endogenous melatonin during early phases of tumor growth
may be interpreted as an effort of the system to control these cancers (Bartsch H
et al. 1994a) either directly or by fostering immunological control. Depressed levels
of circulating melatonin during advanced tumor growth most probably are not
functionally involved in enhanced primary tumor growth (Bartsch H et al. 1994)
but may, however, facilitate metastatic spread and thus would essentially determine
survival.
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9 The Pineal Gland, Melatonin, and Neoplastic Growth:
Morphological Approach

Michal Karasek

9.1 Introduction

Many studies, both experimental and clinical, indicate a link between the pineal gland
and neoplastic disease, although the results are sometimes conflicting (Blask 1984,
1993; Blask and Hill 1988; Reiter 1988; Karasek and Fraschini 1991; Karasek 1994,
1996). There is a bulk of evidence showing an influence of melatonin or pinealectomy
on development and/or growth of a variety of experimentally induced malignant
tumors. Despite some discrepancies, the majority of reports indicate an oncostatic
action of the pineal gland, most probably exerted by its hormone melatonin. It has
been demonstrated in various tumor types in vivo as well as in vitro (Blask 1984, 1993;
Pawlikowski and Karasek 1990; Karasek 1997).

The influence of the pineal gland on tumorigenesis has recently been extensively
studied. However, very few studies on tumor morphology after pinealectomy or mela-
tonin administration have been performed. Studies on pineal morphology in tumor-
bearing animals are equally rare. In the present paper, the results of morphological
studies on the relationship between the pineal gland and neoplastic growth, including
the author’s own studies, are presented and discussed.
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9.2 Morphological Studies of Tumors Following Melatonin Treatment
and Pinealectomy

The majority of studies on the influence of melatonin or pineal removal on develop-
ment and/or growth of malignant tumors are based on observations of tumor size
(diameter), weight or volume, survival time of the animals, and proliferation of neo-
plastic cells. Methods employing microscopic anatomy are very rare.

The proliferation of neoplastic cells has been studied using various methods. Most
commonly, incorporation of [*H]thymidine into DNA or counting the number of cells
(in vitro) was used as an index of cell proliferation. However, morphological studies
based on mitotic activity rate (number of metaphases) or on incorporation of bromo-
deoxyuridine (BrDU) into DNA were also performed. The results of the later studies
are briefly summarized below.

Lewinski et al. (1993) have demonstrated that melatonin administration decreased
the mitotic activity of Guerin epithelioma in rats (both intact and pinealectomized),
not affecting the life span of the animals. On the contrary, pinealectomy resulted
in small, statistically insignificant enhancement of the mitotic activity in the same
tumor. Pinealectomy also increased the mitotic index in mice bearing Ehrlich’s tumor
(Billittieri and Bindoni 1969).

Inhibition of proliferation of tumor cells (using incorporation of BrDU as an index)
has been shown in Kirkman-Robbins hepatoma in Syrian hamsters in vivo (Fig.9.1a) but
not in vitro (Fig. 9.1b) (Karasek et al. 1992), in murine transplantable Colon 38 adeno-
carcinoma, both in vivo (Fig. 9.1¢) and in vitro (Karasek et al. 1998), and in diethyl-
stilbestrol (DES)-induced prolactinoma in vivo (Fig.9.1d) (M. Karasek et al.,unpublished
data). In the last two tumor types, effects similar to those exerted by melatonin have been
observed after treatment with the putative melatonin agonist CGP 52608 (Fig. 9.1¢, d)
(Karasek et al. 1998; M. Karasek et al., unpublished data). Moreover, in Kirkman-Robbins
hepatoma, the proliferation of tumor cells was significantly higher in hamsters kept in
long photoperiod than in those maintained in short photoperiod (Karasek et al. 1994a).

Melatonin was shown to decrease the number of ME-180 human cervical cancer
cells (Chen et al. 1995) and M-6 melanoma cell line in vitro (Ying et al. 1993).

Also, the number of MCF-7 human breast cancer cells after melatonin administra-
tion to the culture medium was 20-60% lower than in the control group (Hill and
Blask 1988; Cos and Blask 1994; Crespo et al. 1994). Additionally, melatonin treatment
resulted in a decrease in MCF-7 cell size (both in soma and nuclear areas). More-
over, melatonin significantly altered certain ultrastructural features of MCF-7 cells.
Reduced development of microvilli, presence of numerous bundles of tonofilaments,
and an increased amount of rough endoplasmic reticulum, Golgi complexes, and
secretory granules after melatonin treatment indicate greater differentiation of tumor
cells. On the other hand, mitochondrial swelling with disruption of cristae, cyto-
plasmic vacuolation, increase in the number of autophagic vacuoles, and nuclear
chromatin disaggregation suggest an eventual process of cell death (Hill and Blask
1988; Crespo et al. 1994). The changes observed after melatonin were reversed by sub-
sequent addition of estradiol to the culture medium (Crespo et al. 1994).

The morphology of the mammary gland has also been studied in another type
of mammary tumor, i.e., the spontaneous mammary tumor in C3H/Jax mice
(Subramanian and Kothari 1991). It has been shown that prolonged melatonin treat-
ment alters the architecture of the mammary gland, modulating the degree of develop-
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Fig. 9.1a-d. Proliferation of Kirkman-Robbins hepatoma cells in vivo (a), and in vitro (b), Colon 38
adenocarcinoma cells in vivo (c), and diethylstilbestrol-induced prolactinoma cells in vivo (d) in
control (C), melatonin-treated (M), and CGP 52608-treated (CGP) animals. Data are expressed as
a number of BrdU-positive nuclei per 1000 cells (proliferation index); * P < 0.05, ** P < 0.01,
ik P < 0.001. (Based on Karasek et al. 1992; 1998; Karasek et al., unpublished data; modified)

ment of the mammary epithelium, and subsequently reducing spontaneous mammary
tumor incidence in these high-risk mice. In whole-mount preparations, mammary
glands of intact tumor-bearing mice showed extensive ductal branching with terminal
end buds and a few hyperplastic alveolar nodules, whereas melatonin-treated animals
showed sparse ductal branching almost without terminal end buds and a complete
absence of hyperplastic alveolar nodules.

Pinealectomy resulted in an increased density of terminal end buds and a decrease in
the density of alveolar buds in mammary cancer induced by dimethylbenzanthracene
(DMBA) (Shah et al. 1984).

It is noteworthy that melatonin was shown also to partially inhibit postnatal devel-
opment of normal murine mammary gland by reducing the number of epithelial
structures representing sites of growth, and increasing the number of structures repre-
senting the final stage of ductal growth in virgin animals (Mediavilla et al. 1992).

9.3 Pineal Morphology in Tumor-Bearing Animals

Data on pineal morphology in neoplastic disease are scarce. This is true for both
experimentally induced animal tumors and human neoplasia. However, alterations in
gross and microscopic anatomy of the pineal gland in malignancy have been reported.



9 The Pineal Gland, Melatonin, and Neoplastic Growth: Morphological Approach 213

A marked increase in size and number of pinealocytes containing vacuolated cyto-
plasm and large, vesicular nuclei was observed in rats bearing transplanted melanoma
in comparison with intact animals, and these changes were reversed by the adminis-
tration of melatonin (El-Domeri and Das Gupta 1976). In rats bearing carcinogen-
induced fibrosarcoma, no changes in either pineal weight or nuclear diameter were
found (Tapp 1980).

In our laboratory; attention has recently been focused on ultrastructural changes in
pinealocytes of animals bearing various types of experimentally induced malignant
tumors, including DES-induced prolactinoma in the rat (Karasek et al. 1991), trans-
plantable Kirkman-Robbins hepatoma in the Syrian hamster (Karasek et al. 1993), an
advanced passage of a DMBA-induced mammary tumor in the rat (Karasek et al.
1994b), and transplantable Colon 38 adenocarcinoma in the mouse (M. Karasek et al.,
unpublished results). The results of these studies are briefly summarized here.

In pinealocytes of rats bearing DES-induced prolactinoma (Fig. 9.2), ultrastruc-
tural features of increased cell activity were observed. It was exemplified by increased
relative volumes of mitochondria, lysosomes, Golgi apparatus, granular endoplasmic
reticulum, lipid droplets, and vacuoles containing flocculent material as well as by an
increased number of dense-core vesicles (Karasek et al. 1991).

On the contrary, pinealocytes of Syrian hamsters bearing Kirkman-Robbins
hepatoma (Fig. 9.3) showed ultrastructural patterns of decreased cell activity at night,
exemplified by a decrease of the relative volumes of mitochondria, Golgi apparatus,
granular endoplasmic reticulum, lipid droplets, and vacuoles with flocculent content
as well as a decrease in the number of dense-core vesicles. However, there were no dif-
ferences in the ultrastructure of pinealocytes between control and tumor-bearing
animals during daytime (Karasek et al. 1993).

Ultrastructure of the pinealocytes of rats bearing DMBA-induced mammary tumors
of an advanced passage did not show significant differences as compared to control
animals, either during the daytime or at night, despite the fact that plasma melatonin
concentrations in tumor-bearing animals killed at night were suppressed by 35% when
compared to the control animals killed at the same time (Karasek et al. 1994b).

In preliminary studies of pinealocytes of mice bearing Colon 38 adenocarcinoma,
a decrease in the nocturnal relative volume of mitochondria and an increase in the
relative volume of lipid droplets have been observed in comparison with control
tumor-free animals. The relative volumes of Golgi apparatus, granular endoplasmic
reticulum, and lysosomes did not differ between tumor-bearing and control animals
(M. Karasek et al., unpublished preliminary data).

It should be emphasized that different ultrastructural patterns of the pinealocyte
activity were observed in various experimental tumor types. Therefore, it seems that
the nature of pinealocyte response to the presence of malignancy, like the influence of
the pineal gland on tumor development and/or growth, may in fact be tumor-specific.

9.4 Pineal Morphology in Human Malignancy

Morphological studies of the pineal gland in humans in relation to neoplastic disease
are even more rare than animal studies.

It has been shown that pineal glands from patients dying of malignant tumors were
greater in size and weight than those of patients succumbing to non-malignant
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diseases, although no changes in the microscopic anatomy of these pineal glands
have been found (Rodin and Overall 1967). However, in 11% of patients dying of
malignancy, changes in pineal morphology such as deposits of pleomorphic struc-
tures, gliosis with enlarged astrocytes and Rosenthal fibers, and the presence of slit-
like cystic cavitations were observed (Hadju et al. 1972).

No correlation between pineal calcification and malignancy was found (Tapp 1982).
This observation was confirmed in a CT study (Tagliabue et al. 1989). Moreover, no
correlation between melatonin morning concentrations and pineal size was found in
cancer patients (Tagliabue et al. 1989).
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10 In Vitro Effects of Melatonin on Tumor Cells

Samuel Cos, Emilio J. Sdnchez-Barcel

10.1 Introduction

Since Georgiou (1929), who first suggested that the pineal gland might influence the
growth and spread of malignant tumors, a great number of studies have found that
substances from the pineal gland, particularly its principal hormone melatonin,
inhibit carcinogenesis. In 1977, Vera Lapin organized in Vienna the first international
workshop focusing on the relationship between the pineal gland and cancer: “The
Pineal Gland as a New Approach to the Neuroendocrine Control Mechanism in Cancer”
(a survey of the summarized results of this workshop can be found in Lapin and Ebels
1981). This important event served to systematize all the knowledge generated until
that moment and can be considered as the starting point of present day studies on the
role of the pineal gland in the etiology and pathogenesis of neoplastic diseases, always
with the ultimate goal of finding therapeutic tools useful in the treatment of human
neoplasias.
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Since the pineal gland modulates the activity of several aspects of endocrine phy-
siology, particularly those relating to reproduction (Reiter 1980), the most common
models used to study the relationship between pineal function and tumorigenesis are
hormone responsive tumors, particularly mammary tumors (Blask 1984; Reiter 1988).
The oncostatic role of the pineal gland has been studied in different animal models of
tumorigenesis, by using the classical experimental designs of changes of photoperiod,
pinealectomy, or administration of melatonin. Contrary to Georgiou’s original proposal
that the pineal stimulates tumor growth, the most common conclusion accepted at
present is that either experimental manipulations which activate the pineal gland or
the administration of melatonin reduce the incidence and development of tumors,
while pinealectomy usually stimulates cancer growth (see reviews from Blask and Hill
1988, Blask 1993, Sdnchez-Barcel6 et al. 1997, Panzer and Viljoen 1997).

Different mechanisms have been proposed to explain melatonin antitumoral effects.
These include: indirect neuroendocrine mechanisms, such as regulation of some
pituitary and gonadal hormones that control tumor growth (Blask 1984; Sdnchez-
Barceld et al. 1988, 1997; Blask et al. 1989); modulation of the immune response to the
presence of a malignant neoplasm (Maestroni 1993); actions as an endogenous
hydroxyl-radical scavenger (Poeggeler et al. 1993; Tan et al. 1993); and, direct actions at
the cellular level (Blask and Hill 1986; Cos et al. 1991).

Due to the complex interplay of hormones and growth factors involved in the regula-
tion of tumor growth as well as the pleiotropic actions of melatonin, it is difficult to draw
conclusions about the mechanism of melatonin antitumor actions from in vivo experi-
ments. This fact encouraged numerous researchers to study melatonin anticancer
actions by using tumor cell cultures as a model. Evidence of direct melatonin antipro-
liferative effects has been reported in a variety of neoplastic cell cultures which include
basically mammary adenocarcinomas and melanomas, but also other neoplasms.

In this paper, we will review the state of the art of melatonin effects on different cell
tumor lines in vitro.

10.2 Effects of Melatonin on Breast Cancer Cells

The direct effects of melatonin on mammary cancer have been studied in vitro, basi-
cally by using the MCF-7 human breast cancer cell line as a model. This cell line derives
from the pleural effusion of a woman with metastatic carcinoma of the breast (Soule
et al. 1973), and contains both estrogen and progesterone receptors (Brooks et al. 1973;
Horwitz and McGuire 1978). MCF-7 cells are dependent upon estrogen for optimal
growth and it has been shown that the levels of some RNAs and proteins therein are
controlled by estrogens (Rochefort 1983). Thus, these cells represent a good model for
the study of the molecular mechanisms underlying estrogen action in breast cancer.

10.2.1 Effects of Melatonin on Proliferation of Breast Cancer Cells In Vitro

The effects of melatonin on MCF-7 cell growth were firstly described by Blask and Hill
in 1986. They found that melatonin is able to inhibit the in vitro proliferation of MCF-7
cells in an anchorage-dependent monolayer culture system (Blask and Hill 1986; Hill
and Blask 1988). Interestingly, the inhibitory effect of melatonin is reversible and the
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logarithmic growth of MCEF-7 cells is restored after melatonin-containing medium is
replaced with fresh medium lacking melatonin (Hill and Blask 1988). Melatonin pre-
cursors, metabolites, and other pineal methoxyindoles lack the antitumoral properties
of melatonin (Blask and Hill 1986) and have greater cytotoxicity than melatonin on
MCF-7 cells (Shellard et al. 1989). The findings that MCF-7 cells do not metabolize mela-
tonin (Danforth et al. 1983) and that melatonin could still be detected with a radio-
immunological assay hours after it was added to MCF-7 cells (UHermite-Baleriaux and
de Launoit 1992) confirm the finding of Blask and Hill (1986) that melatonin itself is re-
sponsible for the antiproliferative effect. However, these inhibitory effects of melatonin
on MCF-7 cell growth have not been confirmed by other investigators (Shellard et al.
1989; Bartsch et al. 1992; I'Hermite-Baleriaux and de Launoit 1992; Panzer et al. 1998).
Different sources of MCF-7 cells (Osborne et al. 1987) and different experimental culture
conditions could be responsible for these discrepancies, as we will comment later.

The susceptibility of MCF-7 cells to the growth inhibitory effect of melatonin
depends on numerous factors, such as:

1. Concentration of melatonin in the culture medium. Only melatonin concentrations
within the physiological range, and especially 1 nM (corresponding to night peak
levels), inhibit MCF-7 cell growth, as measured by either DNA content or hemo-
cytometer cell counts, while either supra- (0.1 uM and 10 pM) or sub-physiological
(10 pM and 0.1 pM) concentrations are less or completely ineffective. The dose-
response curve of antiproliferative effects of melatonin on MCF-7 cells has a bell-
shaped form with a maximum effect coinciding with the 1-nM concentration (Blask
and Hill 1986; Hill and Blask 1988).

2. The patterns of exposure to melatonin. Since rhythmicity is the most important
feature defining the secretory and circulating profiles of melatonin, our group
considered it worthwhile studying whether different patterns (rhythmic or not) of
exposure to melatonin differently affected the proliferation of human breast cancer
cells. In MCF-7 cell cultures, a periodic exposure to melatonin (1 nM/0 nM alternat-
ing every 12 h) is as effective as a continuous exposure (1 nM melatonin through-
out the experiment) in terms of antiproliferative effects, although the amount of
melatonin and the time of cell exposure to the hormone is obviously only half under
pulsatile exposure. Interestingly, the highest antiproliferative effect of melatonin is
achieved when its concentration in culture media is changed every 12 h from 1 nM
to 10 pM thus reproducing the night/day oscillation of serum melatonin in most
mammals (Cos and Sdnchez-Barceld 1994).

3. The prevailing culture conditions. Although only melatonin concentrations within
the physiological range inhibit MCF-7 cell growth in monolayer cultures, in an
anchorage-independent clonogenic system, melatonin antiproliferative actions
exhibit a linear dose-response curve with pharmacological concentrations produc-
ing a maximal inhibition (Cos and Blask 1990). The number and size of colonies
formed decrease linearly as the dose of melatonin increases. This fact suggests that
cellular attachment, with associated changes in cell shape, may influence the re-
sponse of MCF-7 to melatonin (Cos and Blask 1990). Changes in cell-surface adhe-
sion molecules induced by melatonin on MCF-7 cells, which we will describe later,
could also explain the differential response of MCF-7 cells to melatonin depending
on the culture conditions. This finding may also explain why melatonin is more
effective in vivo at pharmacological doses.



224 S.Cos, E.]. Sdnchez-Barcel

4. The estrogen receptor status of the cells. As well as in MCF-7 cells, melatonin inhibits
proliferation in other estrogen-responsive cell lines (T47D, ZR-75-1), but has
no effects on estrogen-insensitive breast tumor cell lines (BT-20, MDA-MB-231,
MDA-MB-364, Hs587t, T47D,,) (Hill et al. 1992). In addition, among the estrogen-
responsive cell lines, the MCF-7 cells are very sensitive to the antiproliferative
effects of melatonin, responding to nanomolar and picomolar concentrations,
whereas the other cell lines respond only to micromolar concentrations of melatonin.
These data suggest a direct relation between the overall cellular responsiveness to
estrogen (receptor content) and the cell’s responsiveness to melatonin. This relation
is further strengthened by the fact that LY-2 cells, a tamoxifen-resistant estrogen-
insensitive subclone of MCF-7, is unresponsive to melatonin (Hill et al. 1992).
DPHermite-Baleriaux and de Launoit (1992) described no effect of melatonin at
physiological concentrations on estrogen-responsive mammary cancer cell lines
(MCF-7, ZR-75-1, and T-47D). These discrepancies may be explained by the differ-
ent experimental culture conditions and, particularly, by the different cell density
on the initial cultures which influence the cell proliferation rate and the effects of
melatonin on cell growth (Cos and Sédnchez Barcel6 1995).

5. The presence of hormonal and/or growth factors in the culture medium. The anti-
proliferative action of melatonin requires the presence of serum in the culture
media. In serum-free media, melatonin loses its antimitogenic capabilities unless
MCF-7 cells are also simultaneously exposed to some mitogen, such as estradiol,
prolactin, or epidermal growth factor (Blask and Hill 1986; Cos and Blask 1994).
Melatonin blocks the mitogenic effect of estradiol (Blask and Hill 1986) as well as
the stimulatory effects of prolactin (Blask et al. 1993; Lemus-Wilson et al. 1995) and
epidermal growth factor (Cos and Blask 1994) on MCF-7 cell proliferation.
Human breast cancer cells (MCF-7) have been shown to produce a variety of poly-
peptide growth factors which act as autocrine and paracrine growth factors. The
addition of melatonin to cultures of MCF-7 cells with conditioned medium from
estradiol-treated cells significantly inhibits the growth stimulatory activity of this
conditioned medium from which residual estradiol had been removed, suggesting
that melatonin inhibits cell proliferation by blocking the action of estrogen-induc-
ed autocrine growth stimulatory factors. Furthermore, conditioned medium from
melatonin-treated cells (from which melatonin had been removed) significantly
inhibits cell proliferation as compared with either conditioned medium from
control cells or unconditioned medium. An additional supply of melatonin to these
cultures has an even greater inhibitory effect (Cos and Blask 1994). All these results
suggest that physiological levels of melatonin have the capacity to act on MCF-7
human breast cancer cells to inhibit their proliferation through actions on the syn-
thesis/secretion and/or the action of autocrine growth stimulatory or inhibitory
factors (Cos and Blask 1994).

6. The cell proliferation rate. By plating MCF-7 cells at different densities (from 50,000
to 100,000 cells/60-mm diameter dish) it is possible to obtain different rates of cell
proliferation. There is a highly significant inverse correlation between the number
of plated cells and the population doubling time (PDT) in MCF-7 cells cultured in
media with stripped serum (Cos and Sédnchez-Barcel6 1995; Jakesz et al. 1984). The
inhibitory actions of melatonin show a good correlation with the cell proliferation
rate of MCF-7 cells. Melatonin significantly decreases the proliferation of fast-grow-
ing cells (PDT 33-40 h) but is not effective when cells proliferate slowly (PDT
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58-75 h). Melatonin also increases PDT in those cultures with a high proliferation
rate (and consequently low PDT), but does not modify the PDT of slowly proliferat-
ing cells, which is already long (Cos and Sdnchez-Barcelé 1995).

The above changes in PDT can be explained by the fact that melatonin is able to
increase MCF-7 cell cycle duration by 15% as compared with that of control cells, a
non-evident action in cells in which the PDT is already long (Cos et al. 1996a). After
5 days of incubation with melatonin (1 nM), the fraction of cells in G, phase of the cell
cycle increases as compared to the control plates and, simultaneously, a 50 % reduction
is caused in the proportion of cells in S phase (Cos et al. 1991). Furthermore, melato-
nin-treated synchronized cells show a decrease of DNA synthesis when compared to
untreated cells (Cos et al. 1996b). All these results strongly support a growth inhibition
process of melatonin through direct cell-cycle effects. Thus, melatonin increases
the duration of the cell cycle by increasing the length of the G, phase and delaying the
entrance of cells into the S phase. Therefore, melatonin allows MCE-7 tumor cells to
achieve greater differentiation as demonstrated by morphological and morphometric
studies (Crespo et al. 1994).

As previously indicated, some authors did not find inhibitory actions of melatonin
on MCEF-7 cell proliferation. The explanation to these discrepancies could be found by
the different experimental culture conditions and, particularly, by the different cell
density in the initial cultures, which influence the cell proliferation rate and the effects
of melatonin on cell growth (Cos and Sdnchez-Barcel6 1995). Thus, Panzer et al. (1998)
failed to observe inhibition of MCF-7 cell proliferation under physiological concentra-
tions of melatonin. However, these authors used an initial cell density of 15 x 10* cells
per 25 cm? (6000 cells/cm?), which corresponds to low proliferation rate, and it has
been shown that melatonin with this proliferation rate has no effect. Antiproliferative
effects of melatonin can only be appreciated from an initial density of 15,000 cells/cm?
(Cos and Sénchez-Barcelé 1995), a 2.5-fold greater density than that used by Panzer et
al. (1988). PHermite-Baleriaux and de Launoit (1992) also described no effect of mela-
tonin on MCF-7 cell growth, but the initial cell density is not indicated in the paper.
Bartsch et al. (1992) only found inhibitory effects of melatonin on MCF-7 cells at con-
centrations higher than 1 mM. The initial number of cells used in this experiment was
3000 per well, and they do not indicate the growth area of the plate. A low cell prolif-
eration rate could be responsible for the lack of effects of physiological melatonin con-
centrations in these studies.

10.2.2 Effects of Melatonin on the Metastatic Behavior of Breast Cancer Cells

Since the antitumor actions of melatonin are, at least in part, exerted by interactions
with estradiol and this gonadal steroid stimulates the invasive and the metastatic
potential of cancer cells (Osborne et al. 1985; Albini et al. 1986), it was reasonable to
hypothesize a possible effect of melatonin on the metastatic behavior of breast cancer
cells. We dealt with this problem in a series of experiments (Cos and Sédnchez-Barcel6
1997; Cos et al. 1998) in which we evaluated the antimetastatic properties of melatonin
on MCEF-7 cells in vitro.

Our results show that, in vitro, melatonin (1 nM) reduces the number of cells which
traverse a reconstituted basement membrane (Matrigel) by 44 %, whereas both sub-
(0.1 pM) and supra-physiological (10 pM) concentrations of melatonin fail to inhibit
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cell invasion. Pretreatment of MCF-7 cells with 1 nM melatonin increases the response
of tumor cells to the anti-invasive effects of this indolamine, and the same concentra-
tion of melatonin reduces the invasion of MCF-7 cells by up to 74 %. It is well known
(Albini et al. 1986) that estradiol (1 uM or 10 nM) induces changes in MCF-7 cells
that are characteristic of the malignant phenotype, such as a greater attachment to the
basement membrane, a greater ability to migrate toward laminin, a greater prolifera-
tion in culture in the presence of the basement membrane matrix and a much greater
ability to invade the barriers of a reconstituted basement membrane. In our experi-
ments, melatonin (1 nM) is able to counteract the estradiol-induced increase in the
number of cells that invade the Matrigel membrane.

After having found that melatonin reduces the invasiveness of tumor cells, it was
necessary to define the role of this indolamine within each step of the metastatic
process: (a) the attachment of MCF-7 cells to the basement membrane, (b) the chemo-
tactic response of tumor cells into the target tissue and, (c) the secretion of proteolytic
enzymes by tumor cells.

Melatonin reduces the ability of MCF-7 cells to attach to the basement membrane,
this effect being greater at 1 nM than at 10 pM or 0.1 pM concentration. Estradiol (1 uM
or 10 nM) increases the adhesion of cells to the basement membrane; the simultaneous
addition of estradiol and melatonin completely abolishes the effect of the former (Cos
and Sdnchez-Barcel6 1997).

The chemotactic response of MCF-7 cells towards fibronectin is also reduced by
melatonin at physiological concentrations (1 nM). The simultaneous addition of est-
radiol (which stimulates chemotactic migration) and melatonin results in a signifi-
cantly lower chemotactic response than that of estradiol-treated cells but not of
untreated cells. Pretreatment of MCF-7 cells with melatonin (1 nM) for 5 days is more
effective in lowering cell migration as compared to unpretreated cells (Cos and
Sdnchez-Barcel6 1997).

Although previous studies indicate that the regulation of MCF-7 cell invasiveness by
antiestrogens may be mediated by an increase in collagenase IV activity (Thompson et
al. 1988), melatonin does not cause any significant change in type IV collagenolytic
activity of MCF-7 cells, which indicates that it is not among the mechanisms involved in
its anti-invasive effects.

Tumor cell motility and invasion are adhesion-dependent phenomena related to the
presence of cell-surface adhesion molecules for both cell-cell and cell-matrix inter-
actions. A down-regulation or a loss of expression at the cell surface correlates with an
increase of the invasiveness of tumor cells as well as with a poor cell differentiation and
bad prognosis of the tumor process (Sommers et al. 1994; Millon et al. 1989; Gui et al.
1997). On MCE-7 cells, melatonin increases the expression of E-cadherin (Cos et al.
1998), a calcium-dependent membrane protein responsible for cell-cell contact. The
expression of E-cadherin has been inversely correlated with in vitro invasion and
tumor cell differentiation (Sommers et al. 1994; Yagasaki et al. 1996). In addition, mela-
tonin also increases the expression of f, integrin, a subunit of integrins, receptors that
regulate interaction between cells and the extracellular matrix (Cos et al. 1998).

The invasive progression of human breast cancer cells in terms of the acquisition
or loss of markers which represent the differentiation status of the cell, traverses a
spectrum of stages from the poorly invasive cells (estrogen receptor positive cells)
through the loss of cellular adhesion molecules, such as E-cadherin and integrins, and
the acquisition of vimentin expression. Cancer cells that are very invasive are poorly
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differentiated, lose estrogen receptors and E-cadherin expression, have a lower expres-
sion of integrins, and express vimentin. Taken together, these results suggest that mela-
tonin shifts MCF-7 human breast cancer cells to a lower invasive status increasing
integrin subunit expression and E-cadherin expression and promoting the differen-
tiation of tumor cells, as has been previously demonstrated by morphological and
morphometric studies (Crespo et al. 1994).

The in vitro anti-invasive effect of melatonin is also correlated with an in vivo
decrease of the tumorigenicity of MCF-7 cells (Cos et al. 1998).

10.2.3 Influence of Melatonin on Active Cell Death of Mammary Cancer Cells

Most explanations for the antitumor action of melatonin refer to the antiproliferative
actions of this hormone. However, tumor growth should be considered as a balance
between cell proliferation and cell death. Recent studies have demonstrated that the
treatment of DMBA-induced rat mammary cancer with antiestrogens causes some
cancer cells to fall into apoptosis with a subsequent regression of the tumor (Watanabe
et al. 1995). The treatment of MCF-7 cells with tamoxifen (a nonsteroidal antiestrogen)
also induces apoptosis (Welsh 1994). On this basis, we considered it worthwhile study-
ing whether melatonin may play a role in the control of programmed cell death in
MCF-7 human breast cancer cells.

Melatonin decreases the viability of MCF-7 cells and increases the percentage of
dead cells, as assessed by the trypan blue dye exclusion test. In previous morphologi-
cal studies (Hill and Blask 1988; Crespo et al. 1994), it has been demonstrated that some
melatonin-treated MCF-7 cells display degenerative features such as mitochondrial
swelling with disruption of cristae, cytoplasmic vacuolation, nuclear chromatin dis-
aggregation, and cell lysis, all signs suggestive of apoptosis. In situ, the labeling of
apoptosis-induced DNA strand breaks by the TUNEL reaction showed that melatonin
is able to activate apoptotic cell death in this tumor cell line (Cos et al. 1997).

Regulation of apoptosis involves a large number of genes that can be classified into
three categories: (a) suppressors of apoptosis, such as bcl-2 and bcl-x;; (b) genes that act
as effectors of apoptosis, such as bax and the interleukin-1 converting enzyme genes,and
(c) intermediate genes upstream such as Fas/Fas ligand, p53, myc, and WAF1. The p53
tumor suppressor gene delays cell cycle progression in response to DNA damage and
arrests the cell cycle in G, phase before the initiation of DNA synthesis. This function is
executed by accumulation of p53 followed by induction of WAF1 gene. The expression of
both p53 and WAF1 genes in MCF-7 cells is increased by melatonin (Cos et al. 1997). So
far, changes induced by melatonin in the expression of some genes suppressors (bcl-2
and bcl x;) or promoters (Bax) of apoptosis have not yet been found. These findings sup-
port the hypothesis that melatonin treatment increases the number of MCF-7 cells which
fall into apoptosis, probably by interacting with p53-mediated mechanisms.

10.2.4 Mechanisms of the Oncostatic Action of Melatonin In Vitro
As it has been shown in this review, there is strong evidence for oncostatic actions of

melatonin on breast cancer cells in vitro, at least as far as the MCF-7 cell line, the most
studied, is concerned. These antitumor actions are manifested by an inhibition of cell
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proliferation, an increased number of cells falling into apoptosis, and an inhibition of
metastatic spread. At this point, the question that we should ask is how the oncostatic
action of melatonin is transmitted inside the cell, and which intracellular mechanisms
are involved in the antitumor effects.

Although melatonin membrane receptors coupled with G proteins and cyclic
nucleotide as second messengers have been described in different animal tissues
(Dubocovich 1995), the attempts to characterize melatonin receptors in MCF-7 cell
membranes have been unsuccessful. Alternatively, nuclear binding sites specific for
melatonin have been considered. Since melatonin is a highly lipophilic hormone (Costa
et al. 1995) it can, therefore, easily cross the cytoplasmic and nuclear membranes of the
cell. MCF-7 cells endogenously express various nuclear receptors, including some
members of the RZR/ROR family, considered to be nuclear receptors for melatonin
(Steinhilber et al. 1995). Recent reports of a regulatory effect of melatonin in cell cycle
kinetics confirm the nucleus of MCF-7 cells as a possible target for melatonin (Cos et
al. 1991, 1996b).

Since only human breast cancer cell lines that express estrogen receptors have been
found to be responsive to the antimitogenic effects of melatonin, the current hypo-
thesis is that the oncostatic actions of melatonin are mediated via its effects on the
tumor cells estrogen-response pathway (Cos et al. 1991; Hill et al. 1992; Hill and Blask
1988) by behaving as a naturally occurring antiestrogen. The link between the anti-
proliferative effect of melatonin on MCF-7 cell growth and the estrogen-response
pathway is further supported by: (a) the ability of melatonin to block, under different
culture systems (monolayer and clonogenic soft agar culture), the mitogenic effect of
estradiol (Blask and Hill 1986; Cos et al. 1991); (b) melatonin blockade of the estrogen-
rescue of tamoxifen-inhibited cells in clonogenic soft agar and monolayer cultures
(Cos et al. 1991); (c) melatonin modulation of estrogen receptor expression in MCF-7
cells (Hill et al. 1992; Molis et al. 1993); and (d) melatonin modulation of estrogen regu-
lated proteins, growth factors, and proto-oncogenes in human breast cancer cells (Cos
and Blask 1994; Molis et al. 1995).

Melatonin effects on estrogen receptors are controversial. Although this subject is
being discussed in depth in another chapter of this book, we will briefly comment on
some aspects of the problem. A first report by Danforth et al. (1983) indicated that in
vitro incubation of MCF-7 cells with melatonin (1 nM) increased the number of cyto-
solic and nuclear estrogen receptors, without changing their affinity. However, later
studies by Molis et al. (1993) found that melatonin has a biphasic effect where supra-
physiological concentrations (1 uM-0.1 uM) enhance estrogen receptor expression,
while physiological concentrations (10 nM-10 pM), those which inhibit MCF-7 cell
growth, significantly inhibit estrogen receptor expression and decrease estrogen
binding activity in a dose-specific and time-dependent manner. Differences in metho-
dologies, such as the duration of exposure to melatonin or the clone of MCF-7 cells
used, might explain the discrepancies between these reports. These effects appear not
to be mediated by the direct binding of melatonin to the estrogen receptor (Molis et al.
1994). However, although melatonin does not bind to the estrogen receptor, it could
modulate estrogen receptor expression through an intermediary factor or by inter-
acting with its own receptors to start the events which induce the down-regulation
of the estrogen receptor expression (Molis et al. 1993). In this way, it is interesting
to emphasize that from the identified nuclear receptors to melatonin, the subtype
RZR/ROR is expressed by MCF-7 cells (Steinhilber et al. 1995). The effects of supra-
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physiological concentrations of melatonin could be explained as a down-regulation of
melatonin receptors, thus suppressing the signal transduction events for estrogen
receptor down-regulation.

Molis et al. (1995) proposed that the mechanism of action of melatonin is more
complex than mere inhibition of estrogen receptor transcription and suggested that a
distinction should be made between early and late events. The former, including signal
transduction effects, might account for enhanced expression of TGF-a, TGF-f,
and pS2, as well the proto-oncogenes c-myc and c-fos. The late events include estrogen
receptor down-regulation with subsequent modulation of estrogen-related growth
factors. They found that melatonin stimulates the expression of the growth inhibitory
factor TGF-f, which is normally down-regulated by estrogens, and decreases that of
c-fos, a proto-oncogene related to cell proliferation, which is up-regulated by steroids.
These data could support the hypothesis that melatonin inhibits growth of MCF-7 cells
by interacting with the estrogen-response pathway. However, melatonin also increases
levels of growth factors which are normally up-regulated by estradiol and have mito-
genic actions on MCF-7 cells (TGF-a, c-myc, and pS2).

One of the most interesting aspects of the anticancer activity of melatonin is its
ability to inhibit the growth of the tumor cell by blocking the stimulatory effects of
other hormones and growth factors. In addition to estrogen, breast cancer cell growth
is under the complex regulatory influence of estrogen-inducible polypeptide hormones
such as pituitary prolactin as well as autocrine growth factors. Lemus-Wilson et al.
(1995) demonstrated that melatonin can block the mitogenic effects of tumor-promot-
ing prolactin or prolactin receptor antibodies on MCF-7 and ZR75-1 cells. Melatonin
interrupts the prolactin receptor-mediated growth signal, suggesting that the onco-
static activity of melatonin may also be linked with an antagonism of prolactin action.
Similarly, melatonin attenuates epidermal growth factor stimulated MCF-7 cell growth
in serum-free medium. The inhibitory effect of melatonin increased as the dose of
epidermal growth factor increased. This non-antiestrogenic inhibitory effect of mela-
tonin was reversed by estradiol, but not by the epidermal growth factor itself,
suggesting that melatonin requires accessible estrogen receptor sites for its inhibitory
activity on the growth-stimulating action of epidermal growth factor (Cos and Blask
1994). Furthermore, melatonin not only blocks estradiol-induced growth factor
stimulation of cell proliferation but also increases the levels of inhibitory growth
factors (probably TGF-p) in a medium conditioned by MCF-7 cells (Cos and Blask
1994). These effects of melatonin on growth factors may explain the finding that the
antiproliferative action of melatonin is directly proportional to the initial density of
the cultured cells (Cos and Sdnchez-Barcelé 1995).

Among the mechanisms by which melatonin causes a decrease in cell proliferation,
we can include a direct cell cycle effect. Melatonin action on the cell cycle involves
several aspects. On the one hand, melatonin increases the duration of the cell cycle by
enlarging the G, phase, thereby augmenting the fraction of cells in this phase, delaying
the entrance of cells in the S phase (Cos et al. 1991, 1996a), and allowing tumor cells to
achieve a greater differentiation (Crespo et al. 1994). On the other hand, melatonin can
also decrease the DNA synthesis in cells which are not quiescent and are in the S phase
of the cell cycle (Cos et al. 1996b).

Indirect oncostatic actions of melatonin, mediated by its properties as antioxidant,
have also been proposed. Thus, Blask and Wilson (1995) showed that the inhibitory
effects of physiological concentrations of melatonin on MCF-7 cell proliferation require
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the presence of reduced glutathione (GSH). Furthermore, some cell lines which are
resistant to the antiproliferative effects of melatonin become sensitive by inhibiting the
activity of the enzyme glutathione-S-transferase thus increasing the levels of GSH.

A possible role of nitric oxide (NO) in the melatonin inhibition of human breast
cancer growth has also been suggested by Blask and Wilson (1994). Based on the pre-
vious experiment by Maragos et al. (1993) demonstrating the antiproliferative effects
of nitric oxide (NO) on the A375 melanoma cells, Blask and Wilson incubated MCE-7
cells for 5 days with 1 nM melatonin either in the presence or in the absence of NMMA
(an inhibitor of the enzyme NO synthetase). In the presence of NMMA, melatonin
lacked its antiproliferative activity. The authors postulate that a critical threshold level
of NO might be required for melatonin to exert its oncostatic actions on MCF-7 cells
or, alternatively, that melatonin might be increasing NO production by inducing NO
synthetase activity (Blask and Wilson 1994).

Finally, there are other possible mechanisms which could be involved in the
oncostatic actions of melatonin on breast cancer cells, although they have not been
tested on these tumor models. One of them is the possibility that melatonin anti-
neoplastic actions could be related to its effects on cytoskeletal organization, by acting
as a Ca?* calmodulin antagonist (Benitez-King and Anton-Tay 1993; Benitez-King et al.
1990; Huerto-Delgadillo et al. 1994). Another interesting mechanism to be studied is
the possible effect of melatonin on the gap junctional intercellular communication.
Most, if not all, cancer cells have some dysfunction in gap-junction-mediated inter-
cellular communication, either because of defects in cell adhesion or inability to have
functional gap junctional communication. In addition, most, if not all, tumor-promot-
ing chemicals and conditions down-regulate gap junction function, while some anti-
tumor-promoting chemicals can up-regulate gap junctional communication (Trosko
et al. 1990). If melatonin can increase gap junctional communication in breast cancer
cells it may suppress tumor growth by allowing the transfer of other molecules with
the ability to suppress tumor growth. Recently, Ubeda et al. (1995) found that physio-
logical concentrations (10 pM-10 nM) of melatonin increased gap junctional inter-
cellular communication in a cell line of mouse embryo fibroblasts.

10.3 Effect of Melatonin on Melanoma Cells

Melanocytes are cells of neuroendocrine origin characterized by the ability to synthe-
size melanin from the amino acid L-tyrosine. Uncontrolled proliferation of melano-
cytes in the skin can lead to the development of melanomas, one of the fastest growing
neoplasms in humans. From the pioneering studies of Das Gupta’s group showing that
pinealectomy favored the development of primary tumors and tumor metastases of
pigmented malignant melanoma transplanted to Syrian hamsters (Das Gupta and Terz
1967), and that the effects of pineal ablation were reversed by melatonin (El-Domeiri
and Das Gupta 1973), numerous experiments have been performed in clonogenic
melanoma cell lines from both animal and human tumors, to assess possible direct
actions of melatonin on these tumor cells. In one of the first such studies, millimolar
concentrations of melatonin were shown to cause a modest 25% inhibition in the
growth of a cloned melanoma cell line (B7) derived from a spontaneously arising
tumor in a male golden hamster. Interestingly, micromolar amounts of this indole
caused a 37 % stimulation of cell growth suggesting that melatonin may have a dose-
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dependent biphasic effect (Walker et al. 1978). In this experiment, physiological doses
of melatonin had no effects. The influence of melatonin doses on the nature of the
tumor cell response (stimulatory or inhibitory) has been also described by other
authors. Thus, Bartsch and Bartsch (1984), by using human melanoma cells, found that
micromolar concentrations of melatonin caused a 60% inhibition of cell proliferation
while a tenfold higher dose produced a moderate stimulation of cell growth. Noteborn
et al. (1988) isolated a peptidic fraction from a pineal aqueous extract which inhibits
the growth of human melanoma cells. The activity of this pineal compound differs
from other substances present in the pineal such as melatonin, pteridines, and -carbo-
lines. Other pineal indoles, especially methoxytryptamine, seem to be more potent
than melatonin in inhibiting the incorporation of [*H]thymidine, [*H]uridine, and
[*H]leucine by B16 mouse melanoma cells (Sze et al. 1993). In any case, the concentra-
tion of pineal indoles used in this experiment was too high (4-500 pM).

Meyskens and Salmon (1981) observed that the sensitivity to melatonin of clono-
genic soft agar cultured human melanoma cells from patients’ biopsies varied largely.
Out of 11 patients studied, no effects were seen in 3 cases; in 6 patients, total cloning
efficiency was decreased with varying concentrations of melatonin (0.001 pM—-10 uM),
and in 2 patients, melatonin stimulated the formation of melanoma colonies. Bartsch
et al. (1986) also described significant differences in the melatonin sensitivity of a
melanoma cell line depending on the passages tested. The different sensitivity of the
human melanoma cells towards melatonin seems to be dependent on the rate of cell
growth. Thus, melatonin exhibits a direct growth-inhibiting activity on slow-growing
melanoma cells (from the earlier passages) losing its activity when the cells grow faster
(in passages of more than 150) (Bartsch et al. 1986). In cells from passages of more than
150, the melatonin concentration to reduce proliferation by 50% in relation to the
controls is 1 mM (Bartsch et al. 1987). The differences in response to melatonin observ-
ed by Meyskens and Salmon (1981) could be due to the presence or absence of steroid
receptors in the tumor cells from the different patients. In the same way, Bartsch et al.
(1986) suggested that the loss of sensitivity towards melatonin in melanoma cells could
be explained by either loss of steroid receptors or by a selection of cell clones without
receptors during passaging. Recently, it has been demonstrated (Hu and Roberts 1997),
that melatonin significantly inhibits the growth of human uveal melanoma cell lines in
vitro at a concentration comparable to that which inhibits the growth of cutaneous
melanoma cells in vitro (0.1 nM-100 nM), and similar also to the melatonin concen-
tration in the aqueous humor of normal eyes. These results indicate that melatonin
could be a new treatment for metastatic uveal melanoma, one of the most common
intraocular malignant tumors.

Differential and unparalleled effects of melatonin on cell proliferation and melano-
genesis have been described on S91 mouse melanoma cell line and AbC1 hamster
melanoma cell line (Slominski and Pruski 1993). At low (physiological) concentrations
(0.1-10 nM), melatonin inhibited cell proliferation and was without any effect on
melanogenesis; however, at high (pharmacological) concentrations (>0.10 pM),
melatonin inhibited the induction of melanogenesis but was either without an effect or
even stimulated (100 pM) proliferation, suggesting that melatonin can regulate or
modify both processes via different mechanisms. Concerning melanogenesis, melato-
nin, at pharmacological doses, diminishes the number of a-MSH receptors. However,
at physiological concentrations, it affects melanogenesis by inhibiting the induction of
tyrosinase de novo synthesis (Valverde et al. 1995).
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The mechanism of the growth-inhibiting effect of melatonin on melanoma cells is
not clear. It may be mediated through melatonin receptors of the melanoma cells
(Pickering and Niles 1992; Slominski and Pruski 1993; Helton et al. 1993; Eison and
Mullins 1993; Ying et al. 1993). Studies of ['*I|melatonin-specific binding to particulate
membrane suspensions from Syrian hamster RPMI 1846 melanoma cells revealed a K4
of 0.89 nM and a B, of 6.2 fmol/mg protein, values consistent with expression of a
melatonin receptor (Pickering and Niles 1992). Specific 2-['?*I]melatonin binding has
also been observed in murine B16 melanoma as well as SK Mel 28 and SK Mel 30
human melanoma cells (Helton et al. 1993). Binding studies in the human malignant
melanoma (M-6) cell line showed the coexistence of 2-['*I]melatonin binding sites
with picomolar and nanomolar affinities (Ying et al. 1993). By using [°’H]melatonin as
a probe, Slominski and Pruski (1993) detected saturable and specific binding sites in
crude membranes and purified nuclei of S91 mouse melanoma cells. However, other
authors have not found melatonin binding sites in murine B16 melanoma cells nor in
normal human melanocytes cultured in vitro (Mengeaud et al. 1994).

Melatonin could also inhibit melanoma cell growth by interacting with the estrogen
receptors which have been described in some human melanoma specimens as well as
in some human and rodent melanoma cell lines (Karakousis et al. 1980; Taylor et al.
1984; Gill et al. 1984; Walker et al. 1987).

Zisapel and Bubis (1994) found that melatonin (0.1-10 nM) inhibits growth of
murine melanoma M2R cells in a dose-dependent manner but only during the first
2 days after plating, later decreasing. Furthermore, melatonin was ineffective in condi-
tioned media, suggesting its actions occurred subsequent to a decrease in production
and/or secretion of autocrine factors. Recently they (Bubis and Zisapel 1995 a; Bubis et
al. 1996) have demonstrated that melatonin modulates constitutive protein secretion
from murine melanoma M2R cells in vitro. The nature of the response depends on cell
density: nanomolar concentrations of melatonin inhibit protein release early after
plating or at low cell density whereas it facilitates the release later on or at high cell
density (Bubis and Zisapel 1995b).

10.4 Effect of Melatonin on Cancer Cells from Female Reproductive Organs

The presence of melatonin receptors on hypothalamic and pituitary areas involved in
the control of reproduction (Cardinali et al. 1979), as well as in organs of the female
reproductive system such as ovaries (Cohen et al. 1978), encouraged numerous authors
to study the possible effects of melatonin on the development of tumors affecting
tissues of the reproductive tract. We will review the experiments carried out with cell
lines from ovarian, endometrial, cervical, or placental carcinomas.

Leone et al (1988) observed that while melatonin and N-acetylserotonin inhibited in
vitro growth of SK-OV-3 and JA-1 ovarian carcinoma cell lines only at mM concentra-
tions, other pineal compounds (5-methoxytryptamine) and the metabolite 6-hydroxy-
melatonin were five times more effective. However, the effects of these methoxyindoles
are cytotoxic rather than cytostatic, since, by using soft agar clonogenic cell survival
assay, the concentration of these compounds required to reduce survival by 50% of the
controls corresponded well with those derived from growth inhibition assays (Leone
et al. 1988; Shellard et al. 1989). Kikuchi et al. (1989) did not find a dose-dependent
inhibition by melatonin of the proliferation of KF cells derived from a human serous
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cystadenocarcinoma of the ovary, and even high melatonin doses (200 pM) stimulated
rather than inhibited the cell proliferation. Finally, Bartsch et al. (1992) found hardly
any effect of melatonin (1 mM-0.1 pM) on EFO-27 ovarian carcinoma cells; only mela-
tonin concentrations higher than 1 mM were able to reduce the cell number by 50% in
relation to the untreated controls.

Although micromolar concentrations of melatonin inhibit the proliferation of the
estrogen responsive human endometrial adenocarcinoma cell line (RL95-2), physio-
logical levels of the indolamine (1 nM) had no effect on cell growth (Hill and Blask
1988). Curiously, a significant correlation between melatonin deficiency and endo-
metrial cancer in woman has been recently demonstrated (Grin and Griinberger
1998). This finding should be the basis of further experiments to investigate a possible
role of melatonin in the growth of endometrial carcinomas.

Melatonin, in concentrations up to 1 mM shows no effect on mitosis in cultures of
HeLa cells, derived from a human cervical carcinoma (Fitzgerald and Veal 1976; Panzer
et al. 1998). However, when HelLa cells were preincubated with 100 uM melatonin prior
to the addition of 0.1 pM colchicine, a reduction in the mitotic index was observed in
comparison to colchicine alone (Fitzgerald and Veal 1976). Using ME-180 human
cervical cancer cells, Chen et al. (1995) observed that melatonin at a concentration of
2 mM inhibited the growth of the cells after 48-h incubation. However, at concentra-
tions of 2 uM or 0.1 mM melatonin had no effect on ME-180 cell proliferation.

The JAR cell line was established directly from a trophoblastic tumor of the placenta.
Melatonin and various pineal indoles inhibit [*H]thymidine incorporation by JAR cells
in a concentration range from 4 pM to 500 uM (Sze et al. 1993).

10.5 Effect of Melatonin on Other Neoplasms

The bulk of studies on the antitumor effects of melatonin have been focused on
mammary cancer and, to a lesser extent, on melanomas. There is also a group of
studies focusing on the effects of melatonin on tumors of the female reproductive
organs, as we have commented in the previous section. Here, we will review the studies
carried out in vitro with cell lines of different neoplasms not included in the above-
mentioned studies.

Human Neuroblastoma Cells In Vitro. Cos et al. (1996c¢) found that 10 pM and 1 nM
concentrations of melatonin significantly inhibited the proliferation of the human
neuroblastoma cell line SK-N-SH in vitro. Subphysiological (0.1 pM) or supraphysio-
logical (0.1 uM and 10 pM) concentrations of melatonin lacked this effect. After 8 days
of exposure to melatonin (1 nM) SK-N-SH cells showed significantly smaller cell and
nuclear sizes than control cells. Melatonin-treated cells presented greater differentia-
tion, as evidenced by neurite outgrowth, than control cells (Cos et al. 1996¢).

Some authors have been using neuroblastoma cells as a model to study a possible
use of melatonin in the treatment of Alzheimer’s disease. Melatonin, at pharmaco-
logical doses (3-4 mM), inhibited in neuroblastoma cells the secretion of the beta
amyloid precursor protein (B-APP), a precursor of the amyloid beta-peptide, the
component of senile plaques which are one of the major pathological hallmarks of
Alzheimer’s disease (Song and Lahiri 1997). On this line of research, Papolla et al.
(1997) demonstrated that melatonin is remarkably effective in preventing death of
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cultured neuroblastoma cells as well as oxidative damage and intracellular Ca?*
increase induced by a cytotoxic fragment of B-APP. Finally, Lezoualch et al. (1998)
showed the protective effects of melatonin and N-acetylserotonin against oxidative
stress-induced death of SK-N-MC neuroblastoma cells.

Most of the experiments demonstrating the role of melatonin on the cytoskeleton
have been performed on neuroblastoma cells. Thus, it has been reported that physio-
logical concentrations of melatonin induce an increase of microtubules in neuro-
blastoma N1E-115 cells (Benitez-King et al. 1990; Huerto-Delgadillo et al. 1994;
Melendez et al. 1996).

Pituitary Tumor Cells In Vitro. The effects of different concentrations of melatonin on
the proliferation of rat pituitary prolactin-secreting tumor cells have been evaluated in
vitro by measuring the incorporation of [°’H]thymidine by the tumor cells. Melatonin
is only effective in a fairly narrow concentration range, 0.1 pM - 10 pM, inhibiting the
incorporation of labeled thymidine (Karasek et al. 1988).

Larynx Carcinoma Cells. Melatonin inhibits the proliferation of Hep-2 larynx carcinoma
cells, but only in concentrations higher than 0.5 uM (Bartsch et al. 1992).

Human Epidermoid Oral Carcinoma Cells. Melatonin, in concentrations up to 1 mM,
shows no effect on mitosis in cultures of KB cells (derived from an epidermoid
carcinoma in the mouth). However, when KB cells were preincubated with 100 pM
melatonin, the antimitotic effects of 0.1 uM colchicine were significantly higher than
in cells which had not been previously exposed to the pineal indolamine (Fitzgerald
and Veal 1976).

Bladder Carcinoma Cells. Melatonin exerts significant in vitro growth inhibition
against RT112 cells, derived from a human transitional carcinoma of the bladder, but
only at relatively high concentrations of approximately 0.5 mM (Shellard et al. 1989).

Rat Pheochromocytoma Cells. Melatonin produces a biphasic response with respect to
the rat pheochromocytoma cells (PC12). At low concentrations (1-10 nM) melatonin
suppresses PC12 growth whereas at higher concentrations (10 uM) it prevents apop-
tosis in a time- and concentration-dependent way (Roth et al. 1997). In the same cell
line, Song and Lahiri (1997) described that melatonin, at mM doses, decreases the
expression of 3-APP, B-actin, and glyceraldehyde-3-phosphate dehydrogenase. Mela-
tonin was also found to potentiate the nerve growth factor-mediated differentiation in
PC12 cells (Song and Lahiri 1997).

Immunological Cell Lines. Melatonin exerts widespread stimulatory effects on both
cellular and humoral immunity, which could be a determinant of its antitumoral
actions in neoplastic immune cells (see review from Maestroni 1993; Conti and
Maestroni 1995). Furthermore, the possible role of melatonin on the proliferation of
cell lines from tumors of the immune system has been studied yielding controversial
results. Thus, Bartsch et al. (1992) showed melatonin inhibitory effects on K562
erythroleukemia cell line. The concentration of melatonin at which the number of
treated cells is 50 % of that of the controls was in the micromolar range. Sze et al. (1993)
studied the effects of melatonin and other pineal indoles on the proliferation of
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several tumor cell lines including sarcoma (S180, derived from Swiss Webster Sarcoma
180 ascites) and macrophage-like cell (PUS5, adapted to culture from a spontaneous
BALB/c mouse lymphoid tumor). In both cases, methoxytryptamine exhibited the
highest antiproliferative effect (measured as a reduction of [*H]thymidine incorpora-
tion), with melatonin having a weaker effect. In any case, the concentrations of these
pineal indoles necessary to obtain significant decreases of [*H]thymidine incorpora-
tion were in the micromolar range. Recently, Persengiev and Kyurkchiev (1993) describ-
ed that melatonin (200 uM) significantly inhibited the incorporation of [*H]thymidine
into both normal mouse and human lymphocytes and T lymphoblastoid cell lines. In
contrast, melatonin provoked an increase of myeloma cell proliferation in the same
study. Panzer et al. (1998) showed no differences in the growth, cell cycle, or morpho-
logy between melatonin-exposed (from 0.1 pM to 0.1 nM) and control cells on MG-63
human osteogenic sarcoma cells and TK6 human lymphoblastoid cells.

10.6 Conclusions

In this chapter we have reviewed in detail the direct actions of melatonin on different
neoplasms under in vitro conditions. The most interesting data concern the effects of
melatonin on breast cancer cells. Although the fact that most studies have been per-
formed on the same tumor cell line (MCF-7 cells) makes the generalization of the results
somewhat conflictive, the characteristics of these actions, comprising different aspects
of tumor biology such as proliferation, apoptosis and metastasis, as well as the doses
(physiological range) at which the effects are accomplished, gives a special value to these
findings. Due to the strength of these data, the scarce number of clinical studies focusing
on the possible therapeutic value of melatonin on mammary cancer is surprising.

Melanoma cells have in common with MCF-7 cells the presence of estradiol recep-
tors and, as with the breast cancer cells, respond to melatonin. Despite some dis-
crepancies, the inhibitory effects of melatonin at physiological concentrations on the
growth of different melanoma cell lines, including human melanoma cells, have been
demonstrated, and this could be important for future therapeutic applications.

In relation to the other neoplasms in which the oncostatic properties of melatonin
have been investigated, the high doses of indolamine necessary to obtain significant
effects, as well as the variability of these effects, make further studies necessary to
clarify whether melatonin could be useful in the treatment of these malignancies.
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11 Melatonin and Colon Carcinogenesis

Vladimir N. Anisimov

11.1 Introduction

The role of the pineal gland in tumor development has been under intensive study
during the last years (Anisimov and Reiter 1990; Bartsch et al. 1992; Blask 1993; Panzer
and Viljoen 1997). In cancer patients, the morphological signs of pineal function
decrease and disturbances in the circadian secretion pattern of the main hormone of
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the pineal gland, melatonin, have been observed (Anisimov and Reiter 1990; Blask
1993). The growth of a variety of tumors is accelerated in pinealectomized animals,
whereas treatment with melatonin inhibits development and growth of some types of
tumors, mainly mammary carcinomas, both in vitro and in vivo (Blask 1993). There
are few data on the effect of melatonin on tumors of other localizations (Bartsch et al.
1992; Blask 1993). One of the possible targets for melatonin action could be colon
carcinogenesis. It is well known that intestines are one of the important sources of
melatonin production in mammals (Bubenik 1999; Kvetnoy et al. 1997). Thus, the
relationship between melatonin in microenvironment (in bowels) and in circulation,
on the one hand, and the development of tumors in bowels, on the other, could be an
important aspect of the pineal gland and cancer problem.

Colorectal cancer is one of the most common human cancers all over the world
(Coleman et al. 1993). It is worthy to note the disturbances in the circadian rhythm of
melatonin excretion in colon cancer patients (Kvetnoy and Levin 1987). Intestinal
tumors induced in rats by 1,2-dimethylhydrazine (DMH) and its carcinogenic metabo-
lites azoxymethane (AOM) and methylazoxymethanol are at present the most popular
models used in experimental oncology to study various aspects of morphology, patho-
genesis, prevention, and treatment of colorectal cancer (Pozharisski et al. 1979). It was
shown that colon carcinomas induced by DMH are morphologically similar to human
colon tumors and, like other malignancies, a colon carcinoma needs at least several
stages (events) for development in bowel mucosa (Maskens 1987).

The aim of our study was to evaluate the effect and mechanisms of melatonin action
on colon carcinogenesis induced by DMH in rats. DMH is an alkylating agent that is sig-
nificant for its carcinogenic effect (Pozharisski et al. 1979). There is some evidence for a
role of free radicals in DMH-induced carcinogenesis (Salim 1993). Recently, it was found
that melatonin is a potent scavenger of free radicals (Reiter et al. 1997), which could be
one of the mechanisms of its possible antitumor effect. Some natural and synthetic anti-
oxidants have been shown to act as inhibitors of DMH-induced carcinogenesis (Balans-
ki et al. 1992), but the effect of melatonin on colon carcinogenesis has never been studied.
The role of hormones, disturbances in lipid and carbohydrate metabolism, genetic pre-
disposition, oncogene and antioncogene mutations in colon cancer development are
intensively studied (Berstein 1995; Zusman 1997). At the same time there are a lot of data
on an effect of melatonin on hormonal, carbohydrate, and lipid metabolism as well as on
the immune system (Yu and Reiter 1993). Thus, in this paper we will try to describe the
modifying effects of melatonin on “early stages” and “late stages” of colon carcinogenesis.

11.2 Effect of Melatonin on Colon Carcinoma Development

11.2.1 Inhibitory Effect of Melatonin on 1,2-Dimethylhydrazine-Induced
Colon Carcinogenesis in Rats

In our experiments, female rats were exposed to 15 (experiment 1) or 5 (experiment 2)
weekly s.c. injections of DMH, each consisting of 21 mg/kg body weight (Anisimov et
al. 1997a). From the day of the first injection, part of the rats from both series of the
experiment were given melatonin dissolved in tap water, 20 mg/l, 5 days a week during
nighttime (from 1800 to 800 hours). The experiment was finalized 6 months after the
first injection of the carcinogen.
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In experiment 1, melatonin failed to influence the total incidence of colon tumors.
However, the incidence of carcinomas in ascending colon was significantly reduced
(P < 0.01) (Table 11.1). The multiplicity of total colon tumors per rat as well as the
mean number of tumors in ascending and descending colon per rat were also decreas-
ed under the influence of melatonin (P < 0.01). In the same experiment, melatonin
slightly decreased the depth of tumor invasion and increased the number of highly
differentiated colon carcinomas induced by DMH. The percentage of small tumors in
descending colon among rats exposed to DMH + melatonin was higher than that in
rats exposed to DMH alone. Treatment with melatonin was followed also by a decrease
in the multiplicity of DMH-induced tumors of the duodenum (P < 0.05) and by a
decrease in the incidence of jejunum and ileum tumors (P < 0.05). In experiment 2,
the inhibitory effect of melatonin on DMH-induced colon carcinogenesis was much
more expressed than that in experiment 1 (Table 11.1). Thus, the incidence of total
colon tumors, ascending and descending, was significantly decreased in the DMH +
melatonin-treated group in comparison to rats exposed to DMH alone. Melatonin also
reduced the number of tumors per rat in ascending and descending parts of the colon.
The number of colon tumors invading only the mucosa was significantly higher in rats
treated with DMH + melatonin than in rats exposed only to the carcinogen. The ratio
of highly differentiated tumors was increased and the ratio of low-differentiated
tumors was decreased in rats exposed to DMH + melatonin as compared with rats
treated with DMH alone.

Table 11.1. Intestinal tumor localization, incidence, and multiplicity in female rats exposed to 1,2-
dimethylhydrazine (DMH) and melatonin (MLT)

Parameters Experiment 1 Experiment 2
DMH x 15 DMH + MLT DMH x5 DMH + MLT
Number of rats 25 23 21 21

Tumor localization:

Duodenum:
No. of tumor-bearing rats 8 (32.0%) 5(21.7%)
No. of tumors per rat 0.3+0.10 0.2+0.05* - -
Jejunum and ileum:
No. of tumor-bearing rats 4(16.0%) 1(4.3%)* - -
No. of tumors per rat 0.2+0.10 0.04 £ 0.05
Colon (all parts):
No. of tumor-bearing rats 25 (100%) 23 (100%) 21 (100%) 14 (66.6 %) **
No. of tumors per rat 9.9+£0.81 6.0 £ 0.65*** 3.8£0.2 1.5 £ 0.2 %%
Ascending colon:
No. of tumor-bearing rats 23(92.0%)  15(65.2%)** 12 (57.1%) 3 (4.32%)**
No. of tumors per rat 2.2 £0.36 0.7 £ 0.11 *** 0.8+£0.2 0.1 £0.51%*
Descending colon:
No. of tumor-bearing rats 25 (100%) 23 (100 %) 20(95.2%) 12 (57.1%)**
No. of tumors per rat 6.9 £ 0.66 4.4 £ 0.43%%* 2.8+0.4 1.2 £0.3%*
Rectum:
No. of tumor-bearing rats 11 (44.0%) 11 (47.8%) 7 (33.3%) 4(19.1%)
No. of tumors per rat 0.7 £0.20 0.8+0.16 04 +0.1 0.2 £0.05

The difference with experiment-matched group exposed to DMH alone is significant, * P < 0.05;
** P < 0.01; *** P < 0,001.
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Thus, these results demonstrate an inhibitory effect of melatonin on intestinal
carcinogenesis induced by DMH in rats. This effect was manifested by a decrease of the
incidence and multiplicity of bowel tumors, mainly of the colon, by decreasing the
invasion rate and dimensions of colon carcinomas and by increasing its differentia-
tion. The inhibitory effect of melatonin was more expressed in the proximal parts of
the colon (ascending colon) and was less expressed in the rectum, it was also inversely
correlated with the total dose of the carcinogen. This observation suggests that the
anticarcinogenic effect of melatonin is realized, at least in part, by its interaction with
active metabolites of DMH and/or its adducts with DMH in the bowel lumen. The
effect of melatonin on free radical processes involved in the realization of the carcino-
genic capacity of DMH must also be taken into consideration. In our experiments,
melatonin was given to rats from the day of the first DMH injection onwards, during
the whole period of exposure to the carcinogen, and also after the injections of DMH
were stopped. Thus, it is reasonable to suggest that the anticarcinogenic effect of mela-
tonin could be realized both on early and late stages of colon carcinogenesis.

11.2.2 Effect of Melatonin on Colon Tumor Growth In Vitro and In Vivo

DLD-1 human colon carcinoma cells are insensitive to high concentrations of melato-
nin (107* m) (Blask 1993). Using the CaCo-2 human colon carcinoma cell line, Pentney
(1995) failed to observe an antiproliferative effect of melatonin in physiological
concentrations. The only effect occurred at suprapharmacological concentrations
(1073 m). In our experiments, Balb/c female mice were transplanted with AKATOL
mouse colon carcinoma cells and, starting from the next day after grafting, were treat-
ed with saline or with melatonin (100 mg/kg, s.c.at 1000 - 1100 hours for 10 days). There
was no effect of melatonin on tumor growth or survival of tumor-bearing animals.

Barni et al. (1995) reported that 9 out of 25 patients treated with melatonin plus
interleukin-2 (IL-2) survived for 1 year, while among 25 patients of the control group,
only 3 patients survived for 1 year. Analysis of the reported trials with treatment of 112
colorectal cancer patients with melatonin combined with IL-2 has shown zero cases
with complete response, 11 cases with partial or minor response, 35 cases of stable
disease, and 66 (50 %) cases of progressive disease (Panzer and Viljoen 1997). A recent
report by Neri et al. (1998) failed to show a significant effect of melatonin treatment in
31 cancer patients, including 9 enteric cancers.

Thus, melatonin has no sufficient inhibitory effect on growth of colon cancer both
in vitro and in vivo. The results of treatment of colon cancer patients with melatonin
are also not very impressive. Our observations suggest that the inhibitory effect of
melatonin on colon carcinogenesis is realized at stages related to initiation, promotion,
and progression of tumor development.

11.3 Early Stages of 1,2-Dimethylhydrazine-Induced Colon Carcinogenesis
As Targets for the Effect of Melatonin

Stages of DMH metabolism leading to the initiation of carcinogenesis are as follows:
formation of “active” metabolites (methylazoxymethanol or methyldiazohydrate)
mainly in the liver; binding of the metabolites to glucuronic acid; delivery of conjuga-
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tes to the intestine via blood flow; liberation of “active” metabolites due to enzymic
activity of intestinal flora (f-glucuronidase); formation of carbonium ion (CH?);
specific methylation of enterocyte macromolecules (mainly DNA at OS-position of
guanine); and miscoding effect (Pozharisski et al. 1979). These events result in muta-
tions followed by the activation of the oncogene Ki-ras and inactivation of the anti-
oncogene p53 (Zusman 1997). There is evidence for an important role of free radical
processes in DMH-induced carcinogenesis (Salim 1993). It was also shown that shortly
after treatment with various chemical carcinogens, significant disturbances developed
in the neuroendocrine and immune systems, in carbohydrate and lipid metabolism.
These changes, creating specific macro- and microenvironments, are necessary for
survival of cells damaged by carcinogens (initiated) (for review see Anisimov 1987,
1998). To study the mechanism of the inhibitory effect of melatonin on early stages
of colon carcinogenesis, some experiments with a single dose of DMH have been
conducted.

11.3.1 Effect of Melatonin on the Genotoxic Action of 1,2-Dimethylhydrazine

Because the genotoxic effect is the key event in the initiation of carcinogenesis, the
effect of melatonin on the genotoxic action of DMH should be studied for an investi-
gation of the critical point(s) in the mechanism of the inhibitory effect of melatonin on
DMH-induced colon carcinogenesis. Melatonin has been found to inhibit X-ray-induc-
ed mutagenesis in human lymphocytes in vitro (Vijayalaxmi et al. 1996), to reduce
cis-platinum-induced genetic damage in the bone marrow of mice (Koratkar et al.
1992), to decrease hepatic DNA adduct formation caused by safrole in rats (Tan et al.
1994), and to protect rat hepatocytes from chromium(VI)-induced DNA single-strand
breaks in vitro (Susa et al. 1997). Awara et al. (1998) have shown that pretreatment of
human lymphocytes with melatonin reduced the rate of chromosome aberrations and
sister chromatid exchanges induced by the mutagen carbamazepine.

We have studied the effect of melatonin on the induction of chromosome aberra-
tions (ChA) and sperm head anomalies (SHA) in mice treated with DMH in vivo
(Musatov et al. 1997). Both in vivo tests showed similar results. Melatonin alone failed
to increase both ChA and SHA incidence in mice in comparison to those treated with
normal saline, but significantly decreased the incidence of DMH-induced ChA by
68.4% and of SHA by 48.2% (P < 0.01).

Since melatonin can protect cells directly as an antioxidant and indirectly through
receptor-mediated activation of antioxidative enzymes, we applied two different in
vitro test systems: the Ames mutagenicity test and the COMET assay for clastogenicity
(Musatov et al. 1998). As oxidative mutagens, we used DMH, bleomycin (with $S9-mix
consisting of Aroclor 1254 induced rat liver $9 fraction), and mitomycin C (without
$9-mix), which are believed to generate oxygen radical species. Additionally, we tested
eight other intercalating and alkylating agents both direct-acting and requiring meta-
bolic activation. Melatonin inhibited the mutations induced by promutagens DMH
(Table 11.2), 7,12-dimethylbenz(a)anthracene (DMBA), benzo(a)pyrene, 2-amino-
fluorene, and bleomycin in all the strains used. The mutagenicity of the direct-acting
mutagens 4-nitroquinoline-N-oxide, 2,4,7-trinitro-9-fluorenone, 9-aminoacridine,
N-nitroso-methylurea, mitomycin C, and sodium azide remained unaffected by mela-
tonin. It is to be noticed that melatonin was effective as an antimutagen only at
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Table 11.2. Effect of melatonin on 1,2-dimethylhydrazine (DMH)-induced His+ revertants in the
Ames test

DMH, pg/plate Melatonin, pmol/plate Net no. of revertants/plate TA 102
500 0 527 +12.72(2.3)®

0.25 468 + 14.1

0.5 423 +43.8

1 248 + 39.6

2 175+ 21.2

Incubation performed in the presence of rat liver S9 microsomal mix. No mutagenicity detected in

the non-toxic range in the preincubation assay used with TA 97, TA 98, and TA 100.

2 Mean of triplicate plates.

b Ratio between induced and spontaneous revertants. The spontaneous revertants for TA 102 +59
were 136~190.

extremely high doses (0.25-2 pmol/plate). The modifying activity of melatonin was not
related to the mechanism of action of the mutagens, i.e., frameshift mutations or base-
pair substitutions. As melatonin displayed its protective effect towards promutagens
only, we speculate that it can exert its activity on the metabolic activation process,
perhaps by inhibiting the cytochrome P-450-dependent monooxygenase enzyme system
of $9-mix. However, based on the present data, we cannot suggest any precise mechanism
of the interaction between melatonin and metabolizing enzymes. It is known that mela-
tonin administration causes a significant decrease in hepatic microsomal contents of
cytochrome bs and P-450 in rats (Kothari and Subramanian 1992). This may be related
to the suppressive effect of melatonin on safrole-induced hepatic DNA adduct forma-
tion in rats (Tan et al. 1994), DMBA-induced mammary carcinogenesis (Kothari and
Subramanian 1992), and DMH-induced colon carcinogenesis (Anisimov et al. 1997a).
The S$9-mediated effect of melatonin could be the result of the action of a metabolite
of melatonin, such as 6-hydroxymelatonin, instead of melatonin itself. 6-Hydroxy-
melatonin was found to be able to inhibit the thiobarbituric-induced lipoperoxidation
in mouse brain homogenates, which was imputed to the production of oxygen free
radicals (Pierrefiche et al. 1993). In the Ames test Salmonella typhimurium tester strains
TA 97, TA 98, TA 100, and TA 102 were used (Musatov et al. 1998). In this test, melatonin
itself was neither mutagenic nor toxic towards the four strains at the concentrations
tested (0.25-2.0 pm/plate). The mutagenicity of DMH was inhibited by melatonin in
a dose-dependent manner. The maximum inhibition observed was 67 % for TA 102.
The results of the COMET assay are in accordance with those of the Ames test.
Melatonin modulated the clastogenicity of DMBA, benzo(a)pyrene, and cylcophos-
phamide. Compared to the data obtained in the Ames test, melatonin inhibited the
clastogenicity of the chemicals at lower concentrations (0.1-1 nm) (Musatov et al.
1998). Probably, these findings reflect the fact that the protective effect of melatonin is
receptor-mediated in this model. Melatonin has been shown to increase the level of
glutathione in both the liver and the mammary gland, and to stimulate glutathione
peroxidase activity in these organs (Kothari and Subramanian 1992) and in the brain
of rats (Barlow-Walden et al. 1995). Glutathione peroxidase, in turn, is responsible for
the detoxification of mutagens and their reactive metabolites. Finally, melatonin is
structurally related to indole alkaloids, that have been shown to bind directly to DNA.
Melatonin was revealed to intercalate with the double-stranded DNA and renature the
DNA denaturated by Cu** administration and heating. Hence, the stabilization of the
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Watson-Crick helix is probably another mechanism by which melatonin could modu-
late the mutagenicity of carcinogens (Tan et al. 1994).

11.3.2 Effect of a Single 1,2-Dimethylhydrazine Administration
on Free Radical Processes in Rats

In our experiments, rats were exposed to a single s.c. dose of DMH (21 mg/kg) and
after 24 h the parameters of free radical processes were studied in serum, liver, and
colon mucosa (Arutyunyan et al. 1997). A significant decrease of the levels of active
forms of oxygen was observed in serum but not in colon of rats exposed to the carcino-
gen as compared to controls. However, it did not involve any changes in the concentra-
tion of such products of lipid peroxidation as diene conjugates and Schiff’s bases.
Protein peroxidation was increased by 39.9% in the colon mucosa under influence of
the carcinogen. At the same time, the total antioxidative activity was decreased by
27.9% in colon and was similar to the control value in serum. The activity of nitric
oxide (NO)-synthase was decreased by 32.8% (P < 0.05) and the activity of Cu, Zn-SOD
was decreased by 42.1% (P < 0.001), whereas the activity of catalase was increased
by 19.6% (P < 0.05) in colon of DMH-exposed rats in comparison to control values.
The serum concentration of ceruloplasmin was decreased by 30.3% (P < 0.05) under
influence of the carcinogen. Thus, significant changes in free radical processes in colon
mucosa, which is the target tissue for the carcinogen, were found at an early stage of
DMH-induced carcinogenesis.

11.3.3 Effect of Melatonin on Free Radical Processes in Rats

There are a lot of data at present on an antioxidant potential of melatonin in vitro and
in vivo (Reiter et al. 1997). Besides its ability to scavenge reactive oxygen species (ROS),
the antioxidant activity of melatonin is augmented by its ability to stimulate enzymes
related to the antioxidative defense system. In order to study the anticarcinogenic
effect of melatonin, we have administered it to rats through drinking water (20 mg/1)
during nighttime (Anisimov et al. 1997a). In a series of experiments, we studied the
effect of melatonin given in this way on free radical processes in vivo (Anisimov et al.
1995, 1996, 1997). It was found that in the dose used, melatonin significantly inhibits
ROS formation, lipid peroxidation, superoxide dismutase (SOD) activity, and cerulo-
plasmin levels in serum of rats. At the same time, the total antioxidative activity of
serum as well as the levels of nitrites were increased as compared to controls. A slight
increase in protein peroxidation was also observed in melatonin-treated rats. Thus, our
findings confirm the antioxidative potential of melatonin.

11.3.4 Carbohydrate and Lipid Metabolism in Rats Exposed to a Single Dose
of 1,2-Dimethylhydrazine

Many carcinogens influence the metabolism of carbohydrates and lipids at early stages
of carcinogenesis (Anisimov 1987). It was suggested that these disturbances contribute
to the promotion of initiated cells. In our experiments it was shown that the serum
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level of cholesterol was increased by 43.5% and the level of glucose and triglycerides
was unchanged in rats exposed to a single s.c. administration of DMH (21 mg/kg) as
compared to controls (Anisimov et al. 1980). In the same experiment, a pronounced
decrease of the tolerance to glucose was observed in DMH-treated rats.

11.3.5 Effect of 1,2-Dimethylhydrazine on the Neuroendocrine System of Rats

It was shown that 3 h after treatment with [*H]DMH, the rate of accumulation of
specific radioactivity was significantly higher in the hypothalamus than in the brain
stem, cerebral cortex, or liver in rats (Anisimov et al. 1976). DMH produced an anti-
gonadotropic effect both in male and female rats and increased the threshold of sensi-
tivity of the hypothalamus to inhibition by estrogens (Pozharisski and Anisimov
1975). The data on a pronounced influence of DMH on the level of biogenic amines in
the hypothalamus of rats correspond to the above-stated observation (Anisimov et al.
1976a). It was shown that 3 h after a single injection of DMH, the hypothalamic
level of norepinephrine was only 66 % of control levels. For dopamine, serotonin, and
5-hydroxyindoleacetic acid these figures were 32, 71, and 57%, respectively. DMH
could be supposed to selectively inhibit the activity of aromatic L-amino acid de-
carboxylase in the hypothalamus. DMH does not influence the level of biogenic amines
in the brain stem and hemispheres of rats. It was shown that the exposure to constant
light which inhibits melatonin synthesis and secretion also increases the threshold of
sensitivity of the hypothalamo-pituitary system to feedback regulation by estrogens
(Dilman and Anisimov 1979).

In our recent study, the levels of serotonin, N-acetylserotonin and melatonin
were estimated by high pressure liquid chromatography at night (between 0000 and
0100 hours) in pineal glands of male rats 37 h after s.c. injection of a single dose of
21 mg/kg DMH. It was observed that pineal levels of serotonin and 5-acetylserotonin
were unchanged while the concentration of melatonin decreased by 43.5% (P < 0.05)
(V.K.Pozdeev et al., unpublished data).

Thus, melatonin was able to influence several steps of the cancer-initiating effect of
DMH. Our experiments failed to elucidate the exact mechanism of the antimutagenic
effect of the hormone. Melatonin was shown to be a scavenger of hydroxyl radicals.
Likewise, melatonin can stimulate glutathione peroxidase activity in different tissues,
thereby reducing the generation of the OH- by neutralizing its precursor H,0,. These
properties allow melatonin to preserve macromolecules including DNA, protein, and
lipid from oxidative damage resulting from ionizing radiation exposure and chemical
carcinogen administration. Being both lipophilic and hydrophilic, melatonin may
prove to play an important role in the antioxidant defense system in all cells and tissues
of the body (Reiter et al. 1997). Some early events induced by DMH treatment in
the neuroendocrine system as well as in carbohydrate and lipid metabolism could be
factors which create the macro- and microenvironments facilitating survival of carcino-
gen-damaged target cell(s) (Anisimov 1987). These disturbances could be alleviated, at
least in part, by melatonin treatment.
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11.4 Effect of Melatonin on Late Stages of 1,2-Dimethylhydrazine-Induced
Colon Carcinogenesis

In this section we shall describe different characteristics of the homeostasis in
rats with DMH-induced colon tumors and effects of long-term treatment on these
parameters.

11.4.1 Free Radical Processes in Rats with Colon Tumors Induced
by 1,2-Dimethylhydrazine: Effect of Melatonin

Some parameters of free radical processes have been studied in colon, liver, and serum
of rats exposed to DMH alone or to DMH and melatonin 6 months after the start of treat-
ment with the carcinogen (Arutyunyan et al. 1997).In DMH-induced colon carcinoma-
bearing rats, the intensity of hydroperoxide-induced chemoluminescence in all tissues
studied was practically in the same range as in controls. At the same time, the level of
lipid and protein peroxidation was increased in serum and colon mucosa of rats expos-
ed to DMH alone. The activity of NO-synthase in colon mucosa of these rats was sig-
nificantly increased as well. It was found that long-term treatment with melatonin sig-
nificantly inhibits lipid and protein peroxidation in rats exposed to DMH (Table 11.3)
(Anisimov et al. 1996a). Thus, our findings confirm a high antioxidative potential of
melatonin in a model of colon carcinogenesis.

11.4.2 Effect of Melatonin on Proliferative Activity and Apoptosis in Colon Mucosa
and Colon Tumors Induced by 1,2-Dimethylhydrazine in Rats

An inhibitory effect of melatonin on the proliferation of mammary epithelium has
been confirmed by several studies (Blask 1993). In our experiments, we observed a
significant increase in proliferative activity of enterocytes in the colon mucosa in rats
exposed to DMH as compared with intact controls: both mitotic index and number of
Ki-67 positive cells were approximately twice as high in the carcinogen-treated groups.
Treatment with melatonin significantly reduced the mitotic index in colon tumors
(Anisimov et al. 2000). The number of Ki-67 positive cells was much higher in colon
tumors than in colon mucosa from the same rats. Treatment with melatonin failed to
change the relative number of Ki-67 positive epithelial cells in these tissues. The
apoptotic index (AI) was similar in the colon mucosa of intact rats and in the colon
mucosa of rats treated with DMH and with DMH + melatonin. The value of Al signifi-
cantly increased in colon adenocarcinomas as compared to the colon mucosa. Treat-
ment with melatonin was followed by an increase of Al in colon tumors.

Our findings are in agreement with observations on the inhibitory effect of mela-
tonin on cell proliferation in the rodent colon (Lewinski et al. 1991), in mammary
tumors, and hepatoma cells (Blask 1993). It was also shown that pinealectomy was
followed by an increase of crypt cell proliferation in rat bowels (colon including),
persisting at least 6 months after operation (Callaghan 1995). The presence of specific
binding sites for melatonin in mouse colon has been demonstrated as well (Bubenik
1999). Melatonin enhances cell-to-cell junction contacts (Ubeda et al. 1995). This
aspect must be specially studied.
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We failed to find a significant difference in Al between normal colon mucosa and
the colon mucosa of DMH-treated rats (Anisimov et al. 2000). No significant difference
has been observed in bcl-2, bax, and bcl-X protein expression in the non-tumoral
mucosa of azoxymethane (AOM)-treated rats and in the normal mucosa of saline-
treated rats (Hirose et al. 1997). In our experiment, we observed an increase of Al in
colon tumors of rats exposed to DMH alone as compared with Al in the colon mucosa
of the same rats as well as of controls. It was suggested that apoptosis is inhibited
during the progression of colon tumorigenesis (Bedi et al. 1995). A more detailed study
on the model of AOM-induced colon carcinogenesis in rats revealed a decrease of the
expression of the apoptotic repressor bcl-2 and an increase of the expression of the
apoptotic accelerator protein bax in colon tumors as compared to colon mucosa from
tumor-free rats treated with carcinogen and to saline-treated colon mucosa (Hirose
et al. 1997). Our data seem to be relevant to this observation and contradictory to
findings of Bedi et al. (1995). It is clear that further studies on the dysregulation of
apoptosis in colon carcinogenesis are needed.

In our study, melatonin increased the value of AI in DMH-induced colon tumors
and failed to change its levels in colon mucosa of the same rats (Anisimov et al. 2000).
This effect is in correlation with the anticarcinogenic effect of melatonin (Anisimov et
al. 1997a). It was shown that some chemopreventive agents with antioxidative pro-
perties increased the rate of apoptosis in AOM-induced colon tumors in rats, whereas
the tumor promoter 6-phenylhexyl isothiocyanate blocked the process of apoptosis
during colon carcinogenesis (Samaha et al. 1997). There is evidence of the important
role of free radicals in the realization of DMH-induced carcinogenesis (Salim 1993).
We have shown that melatonin inhibited lipid and protein peroxidation and stimulat-
ed antioxidant defense systems in rats during DMH-induced colon carcinogenesis
(Anisimov et al. 1996 a; Arutyunyan et al. 1997). At the same time, there are reports on
the in vivo protection against kainate- and single oxygen-induced apoptosis in brain
by melatonin (Cagnoli et al. 1995; Reiter et al. 1997). It was suggested that the anti-
oxidant action of melatonin might be operative in protecting target cells from cyto-
toxicity and apoptosis. Thus, melatonin inhibits apoptosis in colon tumors and
protects the brain against oxygen-induced apoptosis. These data are in agreement with
the suggestion that the effect of antioxidants is realized via p53-mediated apoptosis
(Tendler et al. 1997).

11.4.3 Pineal Function in Rats with Colon Tumors Induced by 1,2-Dimethylhydrazine

There is a lot of evidence for a decrease of pineal function in cancer patients and that
pinealectomy or inhibition of pineal function facilitate tumor processes (Anisimov
and Reiter 1990; Bartsch et al. 1992; Blask 1993). There are no data available on pineal
function in colon tumor-bearing animals.

11.4.3.1 Electrophysiological Study
In our experiments, the pineal glands of intact rats and rats with DMH-induced colon

tumors were studied electrophysiologically (Kovalenko et al. 1998). The intensity of
pineal peptide secretion was determined according to extracellularly recorded cellular
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spike frequency. “Slow”, with spikes frequency <2 Hz, and “fast”, with spikes frequency
>4 Hz, types of pineal cell activity were revealed. Intact rats usually demonstrated only
slow type of activity (frequency 0.86 + 0.49 Hz, regularly and irregularly discharging
cells). Data obtained indirectly indicate comparatively low pineal peptide secretory
activity in intact rats. In colon tumor-bearing animals, pineal cells with fast pattern
activity were revealed. This type of activity was absent in intact rats. In tumor-bearing
rats slow cells increased spike frequency four to six times due to switching to pattern
discharging, fast-type activity also appeared (5.71 + 0.73 Hz).

The results of our electrophysiological study of intact and colon tumor-bearing
animals confirm the existence of several cell types in the pineal gland (Reyes-Vazquez
et al. 1986). The ratio of cells with different types of activity were distinguished in
colon tumor-bearing and in intact rats (Kovalenko et al. 1998). The main part of cells
in intact rats (91%) were presented by “regularly” and “irregularly” active cells, thus
explaining the low summary frequency of spikes. In tumor-bearing rats the number of
“pattern” and fast cells increased and consequently increased the summary frequency.
A threefold decrease of the number of regular cells and simultaneous 550% increase of
the number of pattern cells also points to switching of cells to pattern type of activity.
This fact, the decreased number of irregular cells and increased number of fast cells,
reflects intense pineal secretory processes in rats with tumors in the large intestine.
These results correspond to the data on higher serum melatonin levels in rats
with DMH-induced colon tumors as compared to intact animals (see Sect. 11.4.3.2;
Anisimov et al. 1999).

The pineal secretory activation during tumor processes in the colon may be due
to an activation of the sympathetic system, for example, during stress (Lewczuk and
Przybylska-Gornowicz 1997). Therefore, we suppose a higher electric activity of pinealo-
cytes, which possibly reflects a peptide secretion (Semm 1981), and higher blood
melatonin concentration (Anisimov et al. 1999) to be an adaptive reaction against
tumor formation, because both melatonin and pineal peptides are known to have anti-
neoplastic properties (Anisimov and Reiter 1990; Petrelli 1992; Anisimov et al. 1994).

Thus, the results of our studies have demonstrated an activation of pineal peptide
secretion in rats with colon tumors. This activation can be inhibited by electric olfac-
tory stimulation. The similarity of parameters of electric activity in stress-subjected
and in tumor-bearing rats allows one to suppose that the tumor process in the colon
created stress-like conditions in the organism, and led to an increase of pineal secre-
tory processes even in daytime (Kovalenko et al. 1998).

11.4.3.2 Serum Melatonin in 1,2-Dimethylhydrazine-Iinduced Colon Tumor-Bearing Rats

To study the relationship between pineal functional activity and serum melatonin
levels, serum melatonin was estimated in rats with DMH-induced colon tumors in the
daytime and at night (Anisimov et al. 2000). There is a significant (2.7-fold, P < 0.005)
elevation of the night levels of melatonin as compared to the morning levels in control
rats. In rats with DMH-induced colon tumors, the morning level of melatonin was
increased (P < 0.005) as compared to time-matched controls. However, there was no
significant elevation of night levels of melatonin in comparison to the morning levels
in colon tumor-bearing animals. Our data have shown that in rats with DMH-induced
colon tumors, the morning levels of serum melatonin are increased in comparison to
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the controls. At the same time there is no clear-cut circadian rhythm of melatonin in
colon tumor-bearing animals. These findings coincide with clinical observations
which demonstrated that the serum levels of this indole hormone are increased in
colorectal cancer patients and that there were disturbances of the circadian rhythms of
melatonin excretion in such patients (Kvetnoy and Levin 1987; Bartsch et al. 1997).

11.4.4 Melatonin-Containing Cells in the Intestinal Mucosa of Rats
with 1,2-Dimethylhydrazine-Induced Colon Tumors: Effect of Exogenous Melatonin

Immunohistochemical studies revealed that the number of melatonin-containing cells
(M-cells) was different in various parts of the gastrointestinal tract and was distribut-
ed as stomach > duodenum > colon > ileum. In all tissues of rats with DMH-induced
colon tumors, the number of M-cells was decreased in comparison to corresponding
controls: by 2.0 times in stomach, 1.8 in duodenum, 1.3 in ileum, and 1.8 in colon
(Anisimov et al. 1999). In the ileum and colon of rats treated with DMH + melatonin,
the number of M-cells was similar to control levels, whereas in the stomach and duo-
denum this number was significantly higher than that in rats treated with DMH alone,
but less than in corresponding controls. A calculation of the relative content of melato-
nin in enterochromaffin cells of all parts of the gastrointestinal tract evaluated as optical
density of the cells reveals a tendency towards a decrease in rats exposed to DMH alone
in comparison to controls, and was similar to normal levels in rats treated with DMH +
melatonin. At the same time, a decrease in the number of M-cells was observed in all
parts of the gastrointestinal tract of animals with DMH-induced colon tumors and a
relative decrease of melatonin content was seen in these cells. It is possible to suggest that
increased serum levels of melatonin in DMH-treated rats are a compensatory reaction of
the pineal gland to the DMH-induced decrease in local levels of melatonin in the gastro-
intestinal tract. These data are in accordance with observations on an increased electro-
physiological activity of pinealocytes in colon tumor-bearing rats (Kovalenko et al. 1998;
Sect. 11.4.3.1). It has been shown that the mammalian gastrointestinal tract contains
much more melatonin than the pineal gland and enterochromaffin cells are the main
source of melatonin in the organism (Kvetnoy et al. 1997; Bubenik 1999). In spite of data
demonstrating an active participation of melatonin in adaptive responses, the normal
function of extrapineal melatonin as well as the feedback mechanisms between pineal
and gastrointestinal melatonin production are largely unknown.

It is possible to suggest that the decreased number of M-cells and their functional
activity in the colon of rats exposed to DMH could play an important role in its
carcinogenic effect. Treatment with melatonin prevents the decrease of M-cells in the
gastrointestinal tract of rats exposed to DMH that correlated with inhibitory effects of
the hormone on colon tumor development.

11.4.5 Disturbances in Carbohydrate and Lipid Metabolism During Carcinogenesis
Induced by 1,2-Dimethylhydrazine in Rats

Besides the effect of a single DMH treatment, we have studied also the changes
of glucose and lipid levels during carcinogenesis induced by DMH in rats (Anisimov
et al. 1980). It was shown that weekly administration of DMH for 1, 4, or 6 months
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did not cause changes in the basal blood levels of glucose, however, a decrease in the
tolerance to glucose loading was observed. A tendency to elevated levels of serum
cholesterol and triglycerides was traced in all exposed groups. The levels of insulin in
the serum of rats exposed to DMH for 6 months was observed to be higher than in
the control group being evaluated both after 18-h starvation and 20 min after i.v.
glucose loading (Anisimov et al. 1980). In rats subjected to long-term treatment
with DMH (15 x 15 mg/kg with weekly intervals), triglyceride levels in serum were
decreased by 18% in the 16th and 24th week of the experiment and after 48 weeks,
when the animals had developed colon tumors, they were increased by 33 % (Windle
and Bell 1982).

Thus, significant disturbances of carbohydrate and lipid metabolism developed
during DMH-induced carcinogenesis. These changes are involved in the mechanism of
metabolic immunodepression (Dilman et al. 1977) and are factors promoting tumor
growth and progression (see Anisimov 1987, 1998).

11.4.6 Effect of Melatonin on Carbohydrate and Lipid Metabolism in Rats
with Colon Tumors Induced by 1,2-Dimethylhydrazine

The levels of blood glucose and serum cholesterol in colon tumor-bearing rats were
increased in comparison with intact controls, whereas in rats exposed to long-term
treatment with melatonin starting from the day of the first injection of DMH (experi-
ment 2, see Sect. 11.2), blood glucose levels were not significantly changed as compared
to controls. Melatonin treatment was followed by some decrease in serum cholesterol
and triglyceride levels in colon tumor-bearing rats as compared to animals exposed to
the carcinogen alone (Anisimov et al. 2000). Thus, melatonin exerts some normalizing
influence on glucose and lipid metabolism in rats exposed to DMH.

11.4.7 Possible Effect of Melatonin on the Inmune System in Rats
Exposed to 1,2-Dimethylhydrazine

It was shown that the response of peripheral blood lymphocytes of patients with colon
cancer to phytohemagglutinin (PHA) in vitro is markedly decreased (Pozharisski
et al. 1979). On removal of the tumor, the level of stimulation by PHA was restored.
The cytotoxic effect of immune lymphocytes on cell cultures of DMH-induced colon
carcinoma in rats has been described (Steele and Sjorgen 1974). An antigenic cross-
reaction between colon tumors and fetal intestines, which points to the presence of
fetal organospecific antigens in carcinoma, has been observed (Steele and Sjorgen
1974). The authors suggest that the tumor cells produced neoantigens which were
the products of reexpressed fetal genes. Okulov and Pozharisski (1975) detected an
antigen in perchloric acid extracts of DMH-induced tumors of rats. It appeared to
resemble human carcinoembryonal antigen in some physicochemical and biological
properties.

In our experiments, some features of significant immunodepression were observ-
ed in rats 1 week after exposure to 4 weekly s.c. injections of DMH of 21 mg/kg each
(Dilman et al. 1977). At this time point, only few morphologically detected colon
tumors could be observed. The level of the mitogenic response of peripheral blood
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lymphocytes to PHA was only 4% of that in intact controls and to E. coli lipopoly-
saccharide 18% of the control value. The titer of the antibodies to sheep erythrocytes
in DMH-exposed rats was 62.8% less than that in intact controls. A decrease of phago-
cytic activity of macrophages (by 43.3%) was observed in rats treated with the
carcinogen as compared to intact controls (Dilman et al. 1977).

The morphometric analysis carried out in our experiments has shown that
melatonin significantly increased the size of lymphoid infiltrates in both colon mucosa
located far from a tumor and in ascending colon tumors in rats exposed to DMH
alone. Long-term treatment with melatonin was followed by a decrease in the size of
lymphoid infiltrates in the colon mucosa. This parameter was practically similar be-
tween colon mucosa in intact rats and colon tumors in rats treated with DMH and
melatonin (Anisimov et al. 1999).

It was shown that intestinal tumors induced by DMH very frequently arise in the
area of solitary lymphoid follicles (Bandaletova 1990). Factors responsible for this
effect might be a high susceptibility to the carcinogen due to the rapid renewal of
epithelial cells at this site, and changes in the immunological surveillance in the peri-
lymphatic space (Roos 1982). The increased sensitivity of epithelial cells of this zone to
DMH was attributed to the direct contact of the cells with lymphocytes (Shimamoto
and Vollmer 1987). A decrease in the proliferative activity of enterocytes in T-depen-
dent zones of lymphoid patches during DMH-induced colon carcinogenesis was
observed by Bandaletova (1990). It was shown that melatonin activated the function of
T-cell-mediated immunity (Panzer and Viljoen 1997). Thus, it could be speculated that
the reduction of lymphoid infiltration in the colon of melatonin-treated rats may
reflect the normalizing influence of the hormone on the immunosurveillance in the
target tissue. This effect could be indirect and realized, at least in part, by the stimulat-
ing effect of melatonin on apoptosis in colon tumors. Some recent data on the immuno-
modulatory role of melatonin in relation to its oncostatic effect has been comprehen-
sively reviewed (Yu and Reiter 1993; Panzer and Viljoen 1997).

11.5 Conclusion

An inhibitory effect of melatonin on DMH-induced colon carcinogenesis in rats has
been shown in our experiments. This effect was expressed by a decrease of incidence
and multiplicity of colon tumors, by a decrease in tumor size and invasiveness, and
by an increase in tumor differentiation. All these effects were more expressed when
animals were exposed to 5 weekly injections of the carcinogen than in animals expos-
ed to 15 injections of DMH (see Sect. 11.2). These observations suggest an influence of
melatonin on both early and late stages of DMH-induced colon carcinogenesis. It
seems that effects of melatonin on late stages of carcinogenesis have less significance
for its anticarcinogenic effect than its effect on early stages. Data on the absence of an
inhibitory effect of melatonin on the growth of colon tumors in vivo and in vitro are
in accordance with this suggestion.

In Table 11.4 we have summarized some data on early and late events in DMH-
induced colon carcinogenesis and effects of melatonin on it. The picture is not yet
complete, but it seems clear that practically at any step involved in the process, mela-
tonin exerts effects which counteract carcinogenesis. We believe that future research
will present new evidence supporting this conclusion.
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Table 11.4. Early and late events in 1,2-dimethylhydrazine (DMH)-induced colon carcinogenesis:
effect of melatonin

Parameters Early stages Late stages

DMH Melatonin Colon Melatonin
tumor treatment

Level of P-450 and bsin liver
Formation of active metabolites
DNA alkylation at O° position
Reactive oxygen species

o

Protein peroxidation
Lipid peroxidation
Mutagenic effect
DNA repair

Clonal proliferation of stem cells

o N N

Apoptosis

- =«

Cell-to-cell communication

-

Growth factors
Insulin

Glucose tolerance
Serum cholesterol
T-cell immunity

o~

Pineal melatonin level
Serum melatonin level
Melatonin in colon mucosa

i S e e e T i S A i T T e T S SR
R e T e I el T P Y
==

e T T S e e

— > -

Hypothalamic threshold to steroid
feedback regulation

1, decreases; T, increases; ?, no or scarce data.
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12 Role of Extrapineal Melatonin
and Related APUD Series Peptides in Malignancy

Igor M. Kvetnoy, Tatiana V. Kvetnaia, Vadim V. Yuzhakov

12.1 Introduction

Among many fundamental problems in modern oncobiology, the analysis of systems
that control and integrate adaptation processes associated with tumor growth is of great
interest. One of these systems is the diffuse neuroendocrine system (DNES). Current
morphofunctional views on DNES are based on the APUD concept proposed and de-
veloped in detail by the English histochemist and pathologist A.G.E. Pearse (1968).

In 1968-1969, Pearse suggested that a specialized, highly organized cell system
exists in organisms, whose main feature is the capability of component cells to produce
peptide hormones and biogenic amines. The concept was based on the extensive series
of experiments to distinguish endocrine cells in different organs by a detailed cyto-
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chemical and ultrastructural identification of endocrine cell-generated products.
Different types of cells, widely dispersed throughout the organism, have a common
ability to take up and decarboxylate monoamine precursors to produce biogenic
amines. This ability accounts for the term “APUD;” an acronym for amine precursor
uptake and decarboxylation, used by Pearse to designate these special cell series
(1969). The existence of both biogenic amines and active peptides, i.e., regulatory
peptides, in neurons of the central and peripheral nervous system and in APUD cells
located in different organs gave support to that concept (Polak and Bloom 1986;
Sundler et al. 1989; Hakanson et al. 1990).

To date, the APUD series includes over 60 types of cells localized in gut, pancreas,
urogenital tract, airway epithelium, pineal gland, adenohypophysis and hypothalamus,
thyroid gland, adrenals, carotid body, skin, sympathetic ganglia, thymus, placenta, and
other organs (Kvetnoy 1987; Raikhlin and Kvetnoy 1994). Data on the identification
and localization of monoamines and regulatory peptides in both neural and endocrine
cells of different organs suggest that these elements are incorporated into a common
but diffuse regulating system, namely the DNES. Located in practically all organs and
producing vitally important, biologically active substances, DNES cells fulfill the role
of tissue regulators of homeostasis, controlling a multitude of physiological processes
via neuroendocrine, endocrine, and paracrine mechanisms of messenger molecule
effects on target cells (Larsson 1980; Kvetnoy 1987).

In recent years, special attention has largely focused on a particular DNES hor-
mone, melatonin (MT). Featuring a wide activity spectrum, this hormone plays a key
role in the control of biological rhythms (Reiter 1991), thus essentially affecting the
nervous, endocrine, and immune systems as well as the organism as a whole.

In the late 1950s, the group around the American dermatologist Aaron Lerner of
Yale University first identified MT as the pineal substance responsible for bleaching
of frog skin. Melatonin was found to be the 5-methoxy-N-acetylated derivative of
serotonin (ST) or 5-hydroxytryptamine (Lerner et al. 1958). Two years later, Axelrod
and Weissbach (1960) identified the key enzymes of MT synthesis as N-acetyltrans-
ferase (NAT) and hydroxyindole-O-methyltransferase (HIOMT).

The identification of MT stimulated researchers’ interest in the physiology of the
pineal gland, and a wide spectrum of biological activities of pineal MT was shown.
The most important of these are the following: control of biological rhythms, anti-
gonadotrophic effects, stimulation of immune processes, scavenging of free radicals,
and cytostatic and antiproliferative effects in vitro and in vivo (Banerjee and Margulis
1973; Reiter 1980; Maestroni and Conti 1990; Reiter et al. 1993; Arendt 1994; Blask et al.
1994; Reiter and Robinson 1995).

As soon as highly sensitive techniques of analysis and identification became avail-
able, MT and its precursors as well as the catalytic enzymes NAT and HIOMT began to
be found in extrapineal tissues, primarily those anatomically connected with the visual
system - retina and harderian gland (Bubenik et al. 1976, 1978). Progress concerning
extrapineal sources of MT was based on developing a technique of obtaining highly
specific antibodies to indolealkylamines (Grota and Brown 1974).

Using biological and radioimmunological methods as well as thin-layer chromato-
graphy, important data were obtained at the same time which indicated that after
removal of the pineal gland, MT could still be identified in blood plasma and urine of
laboratory animals (Ozaki and Lynch 1976; Kennaway et al. 1977), indicating signifi-
cant extrapineal synthesis of MT.
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12.2 Extrapineal Melatonin: Cellular Localization, Role, and Significance
Within the Diffuse Neuroendocrine System

Taking into account that gut enterochromaffin (EC) cells are the main ST depot in the
organism (Erspamer and Asero 1952; Barter and Pearse 1955; Vialli 1966), we were the
first to suggest MT production (Raikhlin et al. 1975) and later to identify it in these cells
(Raikhlin and Kvetnoy 1976). The presence of MT and its precursors in EC cells in
human appendix, stomach, and duodenum as well as in stomach and duodenum of
experimental animals (dogs, rabbits, rats, and mice) has been shown immunohisto-
chemically (Raikhlin et al. 1976; Kvetnoy and Yuzhakov 1993). These results were sub-
sequently confirmed by Bubenik (1980), who detected MT in practically all parts of the
rat gastrointestinal tract. The localization of the key MT-synthesizing enzyme HIOMT
in gut confirmed the occurrence of MT synthesis rather than passive accumulation
(Quay and Ma 1976).

Quantitative analysis showed that the total number of EC cells throughout the gut
is significantly larger than the possible number of MT-producing cells of the pineal
gland (Kvetnoy 1987). Recently, Huether (1993) showed that avian and mammalian
gastrointestinal tracts contain at least 400 times more MT than the pineal gland. These
data and the fact that EC cells account for 95% of ST (Verhofstad et al. 1983), the
principal precursor of MT, allow us to consider gut EC cells as the main source of MT
in humans and animals.

To date, the functional morphology of EC cells has been studied in sufficient detail.
Enterochromaffin cells can serve as a classic example of APUD cells in which biogenic
amines (ST and MT) and peptide hormones (substance P, motilin and enkephalins)
coexist (Solcia et al. 1989). In our studies, we also observed colocalization of MT,
endothelin, and calretinin in gastric parietal cells, MT and histamine in mast cells,
MT, somatostatin, and beta-endorphins in the natural killer cells, and MT and prosta-
glandin F, in thymic reticuloepithelial cells (Kvetnoy and Yuzhakov 1993, 1994).

Evidence that MT is related not only to the pineal gland and appears very early in
evolution was supported by the discovery of MT production in a primitive metazoan
(Mechawar and Anctil 1997) and unicellular organisms (Tilden et al. 1997).

It has become increasingly evident that the pineal gland is not the only site of MT
production. The MT content in the organism and its concentration in blood is account-
ed for not only by the pineal gland but also by extrapineal sources of synthesis, changes
in the extracellular fluid volume, hormone binding with blood proteins, and meta-
bolism and excretion rates depending on different external and internal regulatory
factors. Actually, the cells synthesizing MT and ST exist not only in gut but also in
airway epithelium, liver, thyroid, adrenals, paraganglia, gallbladder, kidneys, ovary,
endometrium, placenta, skin, and the inner ear (Kvetnoy et al. 1997).

In recent years, MT was found also in nonendocrine cells, i.e., mast cells, natural
killer cells, eosinophilic leukocytes, pancreatic acinar cells, reticuloepithelial cells in
thymus, some endothelial cells (Kvetnoy and Yuzhakov 1995), and platelets (Champier
et al. 1997). MT and its key enzymes (NAT and HIOMT) are measurable in hamster
skin culture (Slominski et al. 1996) and in rat testis, where they were localized pre-
dominantly in interstitial cells (Tijmes et al. 1996).

The above list of cells storing MT (Table 12.1) indicates that there are considerable
prospects for the future search of potential MT-producing cells. Thus, MT has a unique
position among the hormones of the DNES, being found in practically all organ
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Table 12.1. Extrapineal localization of MT

MT immunopositive endocrine cells MT immunopositive nonendocrine cells
Gut (EC cells) Photoreceptors (retina)

Airway epithelium Cells of ciliary body

Liver Cells of harderian gland
Kidneys Mast cells

Adrenals Natural killer (NK) cells
Thyroid Eosinophilic leukocytes
Paraganglia Platelets

Gallbladder Acinar cells (pancreas)

Ovary Reticuloepithelial cells (thymus)
Endometrium Endothelial cells (blood vessels)
Placenta Interstitial cells (testis)

Inner ear Purkinje’s cells (cerebellum)
Skin Melatoninergic neurons (brain)

systems. Functionally, MT-producing cells are certain to be part and parcel of the
DNES as a universal system of response, control, and organism protection.

In spite of data showing the active participation of MT in adaptive response as well
as in pathophysiology, the functional significance of extrapineal MT-producing cells
remains practically unknown. As a hypothesis, variations in the blood MT level con-
trolled through changes in lighting at the central location of these cells, namely the
pineal gland, affect the peripheral MT-producing cells dispersed throughout different
organs by “catching” to a certain extent the cell secretion rhythm. However, pineal-
ectomy results in no demonstrable effect on the endogenous MT content in gut,and no
daily variations of MT were found in different parts of digestive tract (Bubenik 1980).

During the last 15 years, our team has studied the functional morphology and
behavior of extrapineal MT-producing cells as well as other main APUD cells in differ-
ent pathologies and environmental conditions (e.g., ionizing and nonionizing radia-
tion, tumor growth, cytostatic therapy and radiotherapy for malignant tumors,
autoimmune and gastrointestinal diseases, and pharmacological and toxicological
influence). The data obtained testify to an active participation of extrapineal MT as
well as other APUD hormones in the pathogenesis of various diseases (Kvetnoy and
Yuzhakov 1994; Raikhlin and Kvetnoy 1994; Kvetnoy et al. 1994; Raikhlin et al. 1994;
Kvetnoy et al. 1995).

Hence, taking into account the large number of MT-producing cells in many organs,
the wide spectrum of MT’s biological activities and especially its main property as a
universal regulator of biological rhythms, it seems possible to suppose that extrapineal
MT plays a key role as a paracrine signal molecule for the local coordination of inter-
cellular relationships.

The additional confirmation of this point of view is that many neighboring cells in
different organs where MT was found also have MT membrane receptors (Vanecek
and Vollrath 1990; Krause and Dubocovich 1991; Pang et al. 1993; Barrett et al. 1994;
Reppert et al. 1994; Dubocovich and Masana 1998). It seems that this property is the
main physiological distinction between extrapineal and pineal MT, the latter always
acting as a typical hormone, reaching widely spread target cells through the blood-
stream. In both cases, some nonendocrine cells such as mast cells and eosinophilic
leukocytes may take up MT from the blood or intercellular space for transport to sites
where it acts.
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12.3 Extrapineal MT and APUD Series Peptides: Possible Participation
in Endogenous Mechanisms of Tumor Growth

Analysis of the biological characteristics of many physiologically active substances
produced by DNES cells (MT, ST, gastrin, insulin, glucagon, somatostatin, etc.) suggests
an important role of these cells and hormones in tumor growth (Raikhlin and Kvetnoy
1994). Thus, the study of the role and significance of DNES and, in particular, extra-
pineal MT-producing cells in the pathogenesis of tumor development lends a new
perspective to the interpretation of endogenous mechanisms of tumor-induced re-
sponses in several organ and tissue systems as well as in the organism as a whole.

We have documented the hyperplasia of EC cells producing MT, pancreatic B and D
cells (producing insulin and somatostatin, respectively) as well as adrenal NEP cells
(producing norepinephrine) in initial stages,and a decrease in these cells’ number in late
stages of carcinogenesis in humans (Figs. 12.1, 12.2). Our studies also showed similar
behavior of these cells in Lewis lung carcinoma in mice. In nonmetastasizing tumors,
hypoplasia and decreased functional activity occur for gut ECL cells (histamine), G
cells (gastrin) of the stomach, A cells (glucagon) of the pancreas, and adrenal EP cells
(epinephrine). These cells increased significantly in number during advanced stages of
cancer (Figs. 12.3,12.4).

The data about intensification of the binding of exogenous *H-MT as well as 12I-MT
in many vital organs of tumor animals (gut, airway epithelium, liver, kidneys, adrenals,
and pancreas of male Wistar rats with sarcoma-45) compared to the intact group (Petrova
et al. 1994) can be considered additional confirmation of the activation of extrapineal
MT-producing cells in initial stages of tumor development. Biologically, the organism
may attempt to normalize proliferative processes through MT’s cytostatic properties.

These data show that participation of APUD cells is important in the endogenous
mechanisms of tumor growth, because a number of hormones synthesized by APUD

Fig. 12.1. EC cells of appendix
in patients with stomach
cancer with (mts+) and with-
out (mts-) metastases (83 and
74 patients, respectively). The
control group included 49
patients with nononcological
pathology (myocardial infarc-
tion and cerebral injury). The
samples for immunohisto-
chemical studies were taken
during autopsy not later than
4 h after death. The group
medians + errors of the
medians are given. The differ-
ences between both tumor
groups and controls are
significant (p < 0.05)
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Fig. 12.2. Pancreatic D cells in
patients with stomach cancer
with (mts+) and without
(mts-) metastases (83 and

74 patients, respectively). The
control group included 49
patients with nononcological
pathology (myocardial infarc-
tion and cerebral injury). The
samples for immunohisto-
chemical studies were taken
during autopsy not later than
4 hours after death. The

group medians = errors of
the medians are given. The
differences between both
tumor groups and the controls
are significant (p < 0.05)

Fig. 12.3. Gastric ECL cells in
patients with stomach cancer
with (mts+) and without
(mts-) metastases (83 and

74 patients, respectively). The
control group included 49
patients with non-oncological
pathology (myocardial infarc-
tion and cerebral injury). The
samples for immunohisto-
chemical studies were taken
during autopsy not later than
4 hours after death. The
group medians * errors of
the medians are given. The
differences between both
tumor groups and controls
are significant (p < 0.05)

cells can affect proliferation and differentiation of tumor cells. Generally, the “func-
tional depletion” of APUD cells, which produce antiproliferative hormones, as well as
the increase in the secretion of hormones able to stimulate cell proliferation can
improve conditions for fast tumor growth and formation of metastases.

Today it is well-known that special types of tumors (apudomas) develop from

APUD cells. Most of them are carcinoids, the typical neoplasms originating from EC
cells. At the same time, the hormonal secretion by nonendocrine carcinomas has great
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Fig. 12.4. Gastric G cells in
patients with stomach cancer
with (mts+) and without
(mts-) metastases (83 and

74 patients respectively). The
control group included 49
patients with non-oncological
pathology (myocardial infarc-
tion and cerebral injury).

The samples for immunohisto-
chemical studies were taken
during autopsy not later than
4 hours after death. The
group medians * errors of
the medians are given. The
differences between both
tumor groups and controls
are significant (p < 0.05)

theoretical and practical significance. Abnormalities in protein synthesis, hybridiza-
tion of malignant nonendocrine cells with normal endocrine cells, and expression of
the corresponding genes resulting from malignant growth have been considered as
possible explanations for this phenomenon (Bosman 1984). However, the presence of
endocrine cells is demonstrable in different nonendocrine epithelial malignant
tumors (Bosman 1984; Maluf and Koerner 1994; Bonkhoff et al. 1995).

We studied 182 human carcinomas of different histological types and localizations
(cancer of larynx, lung, breast, stomach, colon, and rectum). We found that 60 tumors
(30% of all nonendocrine carcinomas studied) contained endocrine cells and, among
them, 37 neoplasms (60% of hormone-producing nonendocrine tumors) contained
MT immunopositive cells (Raikhlin and Kvetnoy 1994). The identification of endo-
crine cells in metastases of the carcinomas studied confirms the malignant nature of
these cells. In our investigations, we documented strong correlations between the
histological type of the tumors and the biological properties of the hormones produc-
ed by them, i.e., MT, ST and somatostatin (known as antiproliferative substances).
These substances were more often found within highly differentiated tumors (adeno-
carcinomas and squamous cell carcinomas with keratinization), whereas cate-
cholamines, histamine, STH, insulin, and gastrin (substances known to stimulate cell
growth) were usually observed within poorly differentiated tumors (solid carcinomas,
squamous cell carcinomas without keratinization). These facts allow us to suppose that
the production of MT and related APUD peptides in situ in nonendocrine carcinomas
plays a key role in autocrine mechanisms of tumor homeostasis, promoting or pre-
venting tumor progression and the formation of metastases.

An illustration of this postulate is provided by our data about increases in the
number of MT immunopositive cells in human breast adenocarcinoma without
metastases (Raikhlin and Kvetnoy 1994). In confirmation, Mediavilla et al. (1997)
studied the oncostatic effect of MT on the mammary gland in transgenic mice carry-
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ing the N-ras proto-oncogene and showed that MT reduced the incidence of hyper-
plastic alveolar nodules and the expression of N-ras protein in focal hyperplastic
lesions. MT also completely prevented development of epithelial cell atypia and
mammary adenocarcinomas and reduced hyperplasia of the mammary lymphoid
tissue. Maestroni and Conti (1996) also detected MT production in situ by mammary
epithelial cells sampled from mastectomy or tumorectomy and supposed that MT
might be a good prognostic marker, inasmuch as MT was 3 orders of magnitude more
concentrated in the neoplastic and adipose breast tissue than in sera from healthy
subjects or cancer patients. A significant, inverse correlation between nuclear atypia
and MT concentration as well as a positive association between MT and estrogen
receptors status were documented.

It is known that epithelial and APUD cells develop from common stem cells
(Kvetnoy 1987) and that the presence of APUD cells in non-endocrine tumors depends
only on the level of malignant transformation (Kvetnoy et al. 1994; Raikhlin and
Kvetnoy 1994). Therefore, hormonal secretion in nonendocrine tumors is not an auto-
nomous sign but rather a genetically driven process determined by cell genesis and
differentiation. This process is directly associated with the potential of the cells to
grow, divide, and differentiate. Identification of the chemical type of hormone(s) pro-
duced by tumor cells and the analysis of its biological features may be very important
for tumor prognosis.

Together with Drs. C. and H. Bartsch (University of Tiibingen, Germany), we recent-
ly studied the excretion of 6-sulphatoxymelatonin (aMTé6s) in urine, expression
of proliferating cell nuclear antigen (PCNA), and numbers of apoptotic (APT) and
MT immunopositive cells in 26 primary human gut and lung tumors (cancer of
colon, rectum, stomach, and lung) without metastases (Kvetnoy et al. 1996; Bartsch
et al. 1997). The results showed strong positive correlations between the expression
of PCNA in tumors and aMT6 s excretion in urine as well as between MT immuno-
positive cells and APT cells in tumors. Strong negative correlations were observed be-
tween MT immunoreactivity and proliferative activity of tumor cells. All results were
independent of the age of the patients and histological type and localization of the
tumor.

It is now well-established that the proliferative activity of tumor cells plays a key
role in neoplastic growth, invasiveness, and metastatic formation (Sagar et al. 1993).
Therefore, the measurement of proliferative capacity was proposed as an effective
means of assessing the malignant potential of various carcinomas. From this stand-
point, PCNA is one of the most suitable markers. It is an immunohistochemical marker
of proliferative activity and its determination is possible only in tissue specimens from
tumors obtained during surgery.

Our findings of a strong correlation between the proliferative activity of tumors and
aMT6s excretion in urine, obtained by a combination of immunohistochemical and
radioimmunological methods, offers a new noninvasive method for determining the
degree of tumor proliferation at different stages of malignant disease in daily clinical
practice. ’

In spite of many studies of the inhibiting effect of MT on tumor growth, the mecha-
nism of its role in regulating tumor cells’ proliferative activity remains unclear. In
general, the effects of MT are considered only as a function of pineal MT and do not
take into account the extrapineal synthesis of MT. Considering the wide distribution of
MT in different tissues and its possible influence on target cells via paracrine mecha-
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nisms, the views on active participation of extrapineal MT in the endogenous regula-
tion of tumor growth deserve attention.

There are some ideas on the mechanisms underlying these phenomena. Lemus-
Wilson et al. (1995) suggested that the oncostatic activity of MT on MCF-7 cells is
linked to an antagonism of prolactin’s action, as indicated by the interruption by MT
of prolactin-mediated growth of human breast carcinoma. Cos et al. (1996) examined
whether physiological doses of MT (1 nM) modified DNA synthesis in MCF-7 human
breast cancer cells. Exponentially growing MCF-7 cells were incubated for 24 h with
thymidine (2 mM) to block mitosis and synchronize the cell division cycle. A flow cyto-
metry study indicated that 82.3% of the cells were in phase G,. Synchronized cells were
pulsed for 1 h with *H-deoxythymidine (*H-dThy) or *H-dThy plus MT at 0 h,3 h,6 h,
9 h, 12 h, 15 h, or 24 h after the release of mitotic arrest. Exposing these synchronized
MCF-7 cells to MT for only 1 h significantly inhibited *H-dThy incorporation when
DNA precursor incorporation was the highest and the number of cells in the S phase
was maximal. The authors concluded that MT antiproliferative effects on MCF-7 cells
could be mediated at least in part by a reduction of DNA synthesis.

It is known that gap junctions mediate the communication between adjacent cells
and are closely related to cellular growth. In this connection, the data showing that MT
is able to inhibit the proliferation of rat hepatocytes and induce Cx32 gap junction
protein expression and gap junctional intercellular communication (Kojima et al.
1997) appear to be of interest. The tubulin polymerization process may be one of the
intracellular targets of MT action on tumor cells. Melendez et al. (1996) showed that
physiological concentrations of MT induce an increase of microtubules in neuro-
blastoma NIE-115 cells and that this effect was due to an increase in the polymeriza-
tion state of tubulin. Manev et al. (1996) recently reported that MT protected neuronal
cultures from excitotoxicity mediated via kainate-sensitive glutamate receptors and
from oxidative stress-induced apoptosis.

Taking into account the direct connection between the levels of MT in blood and
aMT6s in urine, the determination of the latter appears to represent a reliable marker
of the degree of MT synthesis in the organism. It is possible to assume that a high
urinary excretion of aMT6s is an evidence of an increase of MT secretion by pinealo-
cytes and extrapineal sources, which in turn leads to a decreased binding of MT in the
tumor. Due to a deficiency of MT in the tumor, the proliferative activity of tumor cells
may increase and the metastatic potential may become stronger. On the other hand, a
decrease in urinary aMTé6s excretion parallels reduced secretion of MT from cellular
sources into the blood, and MT binding to the tumor increases under such conditions
and may suppress tumor cell proliferation via paracrine mechanisms.

Therefore, the quantity of MT produced by APUD tumor cells may have great signifi-
cance for prognosis, since, at least in some studies, a dose-dependent inhibitory effect of
MT on tumor growth was established (Carossino et al. 1996; Hu and Roberts 1997).

12.4 Extrapineal Melatonin and Tumor Radiosensitivity:
New Approaches for Modification of Antitumor Therapy

The study of ways to modify antitumor therapy is one of the central topics in current
oncology. This is accounted for by the fact that the efficiency of radiation therapy and
cytostatic substances is low, due to both the lack of selectivity of their effect and their



268 I.M.Kvetnoy et al.

high toxicity in relation to intact organs. Today, the evaluation of therapeutic signifi-
cance of biological modifiers for the treatment of malignant tumors appears to be a
promising trend in radiobiology and oncology. The biological modification methods
of radiation therapy and chemotherapy are more significant than other approaches
because of the existence of endogenous biologically active substances synthesized in
the living body that show radiomodifying properties and exert stabilizing effects on
metabolic disorders developing during the oncological process.

The application of MT as a potential response modifier is of great interest, espec-
ially because, besides having immunomodulating activity and stimulating cytotoxic
function of natural killer lymphocytes and interferon production, MT has a wide
tissue distribution and spectrum of biological activity, regulates cell differentiation
and division, and in some cases inhibits the growth of experimental tumors. Being
a direct metabolite of ST, which has radioprotective features, MT is able to act in
a similar way after exposure to radiation. Analysis of the biological features of MT
indicates that it possesses radiomodifying properties which, in combination with its
regulatory and proliferative effects, render MT a potentially useful drug in radio-
biology and oncoradiology.

To study such a phenomenon in experimental conditions, Ehrlich ascites carcinoma
(EAC) cells growing intraperitoneally were used. They were maintained by weekly
passages of 0.2 ml of ascitic fluid given intraperitoneally and passaged in male mice
F, X CBA X Cs;BL¢. Intact and irradiated animals (gamma-rays *Co, dose 6 Gy) with 7
days’ EAC were used.

Melatonin was dissolved in 10% dimethylsulfoxide, and 0.2 ml, containing 0.025 mg,
was injected intraperitoneally 15 min, 30 min, 1 h, 2 h, and 4 h before sampling the
tumor ascitic fluid. The cloning of tumor cells was carried out in vivo in diffusion
chambers placed in the abdominal cavity of syngenic mice recipients. Morphological
analysis was performed using staining with H&E, silver nitrate according to
Grimelius, the Sevki reaction, and immunohistochemical techniques with antibodies
to MT (1:150) (CIDtech Res, Mississauga, Canada). The following values served as
criteria for the morphofunctional evaluation:

1. The number of Sevki-positive cells in EAC to evaluate the autocrine secretory func-
tion of the tumor
2. The number of MT-immunopositive eosinophilic leukocytes (EL) in the tumor
The index of mitotic activity of EAC cells
4. The state of the argyrophilic nucleolar organizer (AgNOR) in tumor cells, which
was divided into three different types:
a) Type one, as usually found in highly differentiated cells (e.g., normal cells and
tumor cells in nonmalignant neoplasms)
b) Type two, characteristic of slow growing malignant cells
c) Type three, as found in highly malignant cells with low differentiation at high
growth rate

w

In addition, we also evaluated the survival of EAC cells.

The identification of Sevki-positive cells in EAC is of great interest. We first identi-
fied these cells within the EAC cellular population. Sevki-positive cells within EAC,
stained by violet color, indicate the presence of norepinephrine (NEP). They can be
considered as tumor cells with autocrine NEP secretion. We also obtained MT in the
majority of EL infiltrating EAC. Since NEP has specific radioprotective features and
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MT can be involved in biological processes mediated by the activation or inhibition of
NEP synthesis, Sevki-positive NEP cells in EAC could be taken as those morphological
structures which respond distinctly to radiation and MT action.

A short time after injection (15-30 min), MT alone and in combination with radia-
tion reduces the number of NEP cells (and in turn the NEP content in EAC), which
leads to an increase in tumor radiosensitivity. The number of MT-containing EL in
EAC was also reduced. However, after a certain time the NEP quantity again increased,
thus reducing tumor radiosensitivity. It should be noted that this occurred at about a
1 hr interval.

Taking into account the biochemistry of MT metabolism in living organisms, it
seemed possible that MT was metabolized 60-120 min after injection to 6-hydroxy-
melatonin. Thus, the observed effects could be attributed to both the influence of MT
alone 15-30 min after injection, and of its metabolite - 6-hydroxymelatonin - 60 min
or more after injection. MT also optimized the effect of ionizing radiation, causing
increased survival of EAC cells (Fig. 12.5).

Another interesting observation derived from analysis of the mitotic activity of
EAC cells and the state of AgNOR, each of which corresponded strictly to cell prolifera-
tion and differentiation, was that ionizing radiation reduces the mitotic activity of EAC
cells, showing both the second and the third types of AgNOR, which are characteristic
of highly malignant cells with rapid division and low differentiation. The mitotic
activity of cells was reduced by MT. Cells with an AgNOR of the first type (quiet, highly
differentiated) were identified for up to 1 hr after injection. After relapsing to the initial
level of mitotic activity, the cells with second and third degree AgNOR appeared. In this
case, the combination of MT and radiation sharply reduced the mitotic activity of EAC
cells for up to 2 h of exposure. At that time, the AGNOR type changed again from the

Fig. 12.5. Survival of EAC cells under influence of MT and radiation. The parameter is expressed
as percent of the mean number of cell colonies per 10* tumor cells inoculated. The differences
between all treated groups and control group are significant (p < 0.05)
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first to second type. The third type of AgNOR was not found in these short-term
studies. At 30-60 min, only the first type of AgNOR was found. After 120 min with
maximal mitotic activity, only the second type of AgNOR was revealed, thus confirm-
ing the ability of EAC cells to proliferate for up to 240 min.

Our data agree with the results of Wright et al. (1996) which showed that by
sampling at 8-hr intervals for 24 h after MT treatment (15 pg/day for 12 days) of
premetamorphic Rana pipiens tadpoles, thyroid follicle cell proliferation was not
depressed. In a second experiment conducted under the same conditions but sampling
at 3-hr intervals for 24 h, MT significantly lowered follicle cell proliferation.

Ronco and Halberg (1996) also showed that MT can be an oncostatic or oncostimu-
lating hormone, depending on the time of administration. They postulated that MT
circadian rhythm is altered in cancer patients, possibly as a consequence of certain
therapies.

Melatonin may be useful not only as a factor directly acting on tumor proliferation
but also for improving the general status of cancer patients. Lissoni et al. (1996a)
suggested that MT was effective in the treatment of neoplastic cachexia by decreasing
blood concentrations of tumor necrosis factor (TNF). Neoplastic cachexia shows
metabolic characteristics different from other common causes of malnutrition and is
mainly due to abnormal TNF secretion, the levels of which are often high in patients
with advanced neoplasia. Lissoni et al. (1996b) postulated that MT may enhance
tamoxifen antitumor efficacy and be useful in the palliative treatment of metastatic
neoplasms and in untreatable metastatic solid tumors.

Vijayalaxmi et al. (1996) reported about the protective effect of MT from genetic
damage. Lymphocytes in blood samples collected at 1 and 2 h after a single MT oral
ingestion (300 mg) and exposed in vitro to 150 cGy of '¥’Cs gamma radiation exhibit-
ed a significant decrease in the incidence of chromosome aberrations and micronuclei,
as compared to similarly irradiated lymphocytes from the blood samples collected at
0 h. Frequencies of aberrations observed in the cells sampled at 2 h after the ingestion
of MT were consistently lower than those found at 1 h. As postulated by Panzer (1997),
MT could be of value in combination chemotherapy because it is nontoxic and may
augment the anticancer action and decrease the side effects of many other chemo-
therapeutic drugs. It is feasible that MT as an adjuvant to routine chemotherapy in
osteosarcoma may help improve the prognosis of fatal malignant disease.

It must be noted that a number of factors can be relevant to a more detailed defini-
tion of MT activity. Further experiments are needed to clarify the nature of these
modifying factors (alteration of metabolism of MT under radiation influence, blockage
of catabolic enzymes, inactivation of certain receptors, etc.). Elucidation of these
questions could be very important for improving the effectiveness of radiation therapy
and chemotherapy for malignant tumors.

12.5 General Conclusion and Future Perspectives

During the last decade, attention has centered on MT - one of the hormones of the
DNES which for many years was considered only as a hormone of the pineal gland.
As soon as highly sensitive antibodies to indolealkylamines became available, MT was
identified not only in the pineal gland, but also in extrapineal tissues such as the retina,
harderian gland, gut mucosa, cerebellum, airway epithelium, liver, kidney, adrenals,
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thymus, thyroid, pancreas, ovary, testis, carotid body, placenta, and endometrium as well
as in non-neuroendocrine cells like mast cells, natural Killer cells, eosinophilic leuko-
cytes, platelets, and endothelial cells. The above list of the cells storing MT indicates that
MT has a unique position among the hormones of the DNES, being found in practically
all organ systems. Functionally, MT-producing cells are certain to be part and parcel of
the DNES as a universal system of response, control, and protection of the organism.

Taking into account the large number of MT-producing cells, the wide spectrum of
biological activities of MT, and especially its main property as a universal regulator of
biological rhythms, it should be possible to consider extrapineal melatonin as a key
paracrine signal molecule for the local coordination of intercellular communication.
This warrants future detailed studies of DNES in oncology.

Analysis of the experimental results described herein suggests a direct participa-
tion and active role of extrapineal MT and related APUD hormones in both the patho-
genesis of tumor growth and modification of antitumor therapy. Taking into account
the fact that MT and some hormones synthesized and produced by APUD cells have a
radiomodifying effect and are able to activate or suppress cell proliferation, we con-
sider it important to carry out detailed studies on the development of tumor radio-
sensitivity after changing the functional activity of MT-producing cells and other
APUD cells located within different carcinomas.

For practical reasons, the pharmacological influence on the hormonal functions of
APUD cells located inside and outside the tumors as well as on the activity of non-
endocrine cells involved in hormonal transport and tumor growth promotion may
appear helpful for modification and optimization of chemo- and radiation therapies
used for malignant diseases.

In conclusion, the available data on the structural and functional organization
of the DNES, the role and significance of pineal and extrapineal MT, other biogenic
amines, and peptide hormones in homeostasis regulation suggest an important role
for APUD cells in the endogenous mechanisms of tumor growth and progression. It
could be very important for modern oncology and general pathology to pursue these
studies further.
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13.1 Introduction

A possible relationship between the pineal gland and tumor growth was suggested
more than 60 years ago by Engel (1934, 1935). At that time, a small aggregate of clinical
observations and experimental studies indicated that the pineal gland influenced the
growth of experimental tumors and neoplastic growth in humans. Experimental work
in this area was extended by Bergmann and Engel (1950), Hofstitter (1950), and Engel
and Bergmann (1952). Shortly thereafter, in 1954, Kitay and Altschule published their
landmark book The Pineal Gland, which charted potential courses for future pineal
gland research. Their comprehensive summary suggested that the pineal is involved in
gonadal function, light-pigmentation responses, and possibly in brain/behavioral
modulation. Two decades passed, however, before a potential role in cancer was widely
acknowledged.

In 1972, Hajdu et al. noted the degeneration of the pineal glands of patients with
cancer. Gross and microscopic changes of the pineal glands from 275 cancer patients
were studied. Multiple slit-like cystic cavities, gliosis, and large numbers of Rosenthal
fibers were found in the enlarged pineals of 31 patients, mostly children and adoles-
cents. Shortly thereafter, Lapin (1974) studied the influence of simultaneous pineal-
ectomy and thymectomy on the growth of tumors and the formation of metastases of
the Yoshida sarcoma in rats. Besides growth and metastases, the period of survival
following inoculation of Yoshida sarcoma was studied in adult rats subjected to
pinealectomy, thymectomy, or simultaneous pinealectomy and thymectomy within
24 hours after birth. The period of survival was significantly reduced in pinealectomiz-
ed rats as compared to control animals, and predominantly pancreas metastases were
observed in pinealectomized animals, whereas metastases occurred mainly in the
livers of thymectomized rats; in simultaneously thymectomized and pinealectomized
animals, metastases appeared coincidentally in the pancreas and the liver. Lapin
reviewed the relation of the pineal gland to malignancy in 1976 and concluded from
experimental as well as clinical data that the pineal gland and its compounds may be
involved in the development and growth of neoplasia.

In the following year, the first pineal-cancer workshop was held in Vienna. This
historical meeting culminated with the conclusion that the neuroendocrine function
of the pineal gland should be considered as a factor in relation to oncogenic processes
(Lapin and Ebels 1981). About that time, Tapp (1980a) studied the human pineal gland
in malignancy and observed that patients dying from carcinoma of the breast
and from melanoma have much larger pineals than those dying from sarcoma. In ex-
periments with rats suffering from 9,10-dimethyl-1,2-benzanthracene-induced fibro-
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sarcoma, the weights of the pineal glands did not differ between treated and control
animals. However, the pinealocytes and their nuclei in the pineal glands of tumor-
bearing animals were larger and contained more lipid than those in the pineal glands
of control animals (Tapp 1980b). A number of years later, Logan et al. (1988) showed
that the growth and metastatic spread of renal tumors induced in Syrian hamsters by
diethylstilbestrol were attenuated by light deprivation and that pinealectomy appeared
to counter this effect (see also Logan and Benson 1990).

13.2 The Role of the Pineal Hormone Melatonin

Pineal gland indole synthesis and metabolism have been studied extensively since the
isolation of melatonin from bovine pineal glands by Lerner et al. in 1958. Synthetic
analogs of this indoleamine have been available for extensive experimentation and the
indoleamine has been measured in tissues and body fluids by sensitive methods such
as spectrofluorometry, radioimmunoassay, and mass spectrometry. The status of pineal
gland function has also been studied through measurements of the activities of the
enzymes required for melatonin biosynthesis, e. g., hydroxyindole-O-methyltransferase
or serotonin-N-acetyltransferase.

Blask (1984) made an extensive study of the literature concerning the effects of the
pineal gland and its secretagogues on the proliferation of normal and neoplastic cells
and tumor growth and development in animal models and human malignancy. This
author concluded that the bulk of evidence supported a pineally mediated neuro-
endocrine modulation of tumor growth as exemplified by hormone-dependent
mammary carcinoma. Accordingly, the pineal gland would transmit its oncostatic
message to tumorous tissues through a complex, interacting network of hormonal,
immune, and metabolic signals. Since that time, experimental work on the relation-
ship of the pineal gland to cancer has focused on the effects of the pineal hormone
melatonin in relation to malignant growth, stress, and the immune system in vivo and
in vitro, and only a small number of investigations have been carried out on the effects
of unidentified pineal substances on the growth of malignant cells in culture.

13.2.1 The Effects of Melatonin in Relation to Malignant Growth

A number of important papers on melatonin and the growth of malignant cells in
experimental animals and humans have appeared. A cytostatic effect of melatonin on
human melanoma cells cultured in vitro was observed by Lapin and Vetterlein (cited
as an unpublished observation in Lapin and Ebels 1981). In the same year, Lapin and
Frowein (1981) observed a negative correlation between pineal melatonin content and
the growth of transplanted Yoshida sarcoma. In a survey published that year, Lapin
and Ebels (1981) concluded from their and others’ experiments that, when available,
melatonin may contribute to the restriction of tumor growth.

Stanberry et al. (1983) showed that pinealectomy and melatonin influence the
growth of melanoma in young adult male golden hamsters. These authors concluded
from their experiments that the photoperiod under which the hamsters are kept
dictates the growth rate of the melanoma tumors as well as the effect of pinealectomy
on tumor behavior. Shah et al. (1984) studied the effect of melatonin on mammary



278 1.Ebels, B. Benson

carcinogenesis in intact and pinealectomized rats in varying photoperiods and
concluded that the pineal must be present to obtain an impressive antitumor effect.
These authors concluded that the probable site of melatonin action may be the pineal
gland itself and the hypothalamus.

A relationship was observed between the pineal gland and neoplastic growth not
only in experimental animals but also in humans. In 1981, Bartsch et al. observed a
correlation between melatonin levels and the growth of breast cancer. It was discover-
ed that the 24-hour urinary excretion of radioimmunoassayable melatonin in these
patients was lower than in controls, whereas serum cortisol levels were higher. These
studies suggest that pineal melatonin secretion may be modified both in quantity
as well as in secretory rhythmicity. In another study by the same group, the circadian
rhythms of serum melatonin, prolactin, and growth hormone were compared in
patients with benign and malignant tumors of the prostate and in nontumor-bearing
controls. The results revealed that rhythmicity of melatonin secretion was absent in
elderly men with malignant tumors (Bartsch et al. 1983). These studies were extended
and the authors concluded from their experiments that low melatonin levels at night
were accompanied by endocrine changes, particularly in the rhythmicity of prolactin
and growth hormone secretion, which changed from circadian to ultradian rhythms
(Bartsch and Bartsch 1984). They state that the observed changes in prolactin levels
point to disturbances in hypothalamic dopaminergic neuron function. For details, see
Bartsch and Bartsch (1988a).

Blask and Leadem summarized existing literature on neuroendocrine aspects of
neoplastic growth in 1987. These investigators suggested that several sites exist along
the neuroendocrine-tumor axis where either endogenous neuroendocrine processes
or exogenous neuroendocrine manipulations might influence the course of hormo-
nally responsive tumor growth. One class of the tumors discussed were prolactinomas.
It was observed that stimulation of the pineal by light deprivation caused inhibition of
estrogen-induced prolactinoma growth in rats (Leadem 1986); the effect was also
obtained by the administration of melatonin (Leadem and Burns 1987).

Hill and Blask (1988) first studied the effects of melatonin on the proliferation and
morphological characteristics of MCF-7 human breast cancer cells in culture. The
results of their experiments support the hypothesis that melatonin at physiological
concentrations exerts a direct but reversible anti-proliferative effect on MCF-7 cell
growth in culture. This antiproliferative effect is associated with striking changes
in the ultrastructural features of these cells suggestive of a sublethal cellular injury
(Shellard et al. 1989). Initially, others could not confirm these experiments (Bartsch et
al. 1992b). However, there is evidence that MCF-7 cell stocks are not all identical, may
respond differently to various hormones, and express varying levels of receptors to
estrogen and melatonin (Klotz et al. 1995). Cos et al. (1997) have shown that inhibition
of MCF-7 cell growth is best at physiological concentrations and that the effect
depends on prevailing culture conditions, the presence of hormonal factors in the
culture medium, and the pattern of exposure to melatonin. The inhibition of MCF-7
cell growth by melatonin was also confirmed by Liburdy (1997).

Feuer and Kerenyi (1989) studied the role of the pineal gland in the development of
malignant melanoma. These authors observed that levels of radioimmunoassayable
melatonin in blood increased 4- to 5-fold in patients during the active phase of malig-
nant melanoma. Post mortem histological examinations of isolated pineal glands
showed that several glands contained a pigment called neuromelanin. These authors
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concluded that their data is suggestive of the possibility of pineal action on carcino-
genesis related to endocrine control. In particular, the endocrine environment plays
arole in the development and growth of melanoma, and steroid hormone receptors are
involved in these processes. The data confirm that increased pineal activity exists in
human malignant melanoma and, according to these authors, plasma melatonin levels
may serve as a tumor marker.

Bartsch et al. (1989) extended previous investigations by determining the circadian
rhythms of serum melatonin, prolactin, and thyroid stimulating hormone with respect
to steroid receptor concentrations of the tumors in different clinical groups of breast
cancer patients. From their experiments and the literature, the authors concluded that
the observed changes of serum melatonin in primary breast cancer patients affect the
endocrine and perhaps also the immune systems, favoring malignant growth by a
general dysregulation which includes changes in temporal organization of hormonal
secretion. However, pineal-tumor interaction appears to be a dynamic process with
phases of inhibition and restimulation. These authors believe that this may be a vital
part of the host-tumor interaction and may play a role in the course of malignant
diseases including human breast cancer. Furthermore, it was observed that the reduc-
tion of serum melatonin in patients with primary breast cancer is not due to increased
peripheral metabolism, i.e., a degradation to 6-sulfatoxymelatonin in the liver, but that
it may be caused by reduced pineal gland activity (Bartsch et al. 1991).

In experiments studying the effects of the mammary carcinogen 7,12-dimethyl-
benzanthracene (DMBA) on pineal melatonin biosynthesis, secretion, and peripheral
metabolism, a depression of nocturnal plasma melatonin in DMBA-treated animals
was seen to be due to an enhanced and modified metabolism to 6-sulfatoxymelatonin
and other compounds in the liver (Bartsch et al. 1990a). According to these inves-
tigators, the depression of circulating melatonin constitutes an important part of
the endocrine disturbance due to the carcinogen, rendering mammary tissue more
susceptible to tumor initiation. In this regard, melatonin may act as an endogenous
protective hormone against chemical carcinogens, suggesting an important role of the
central neuroendocrine mechanism in malignancy.

The main objective of another study was to investigate pineal melatonin bio-
synthesis and secretion during induction and growth of mammary cancer in female
rats. A steep increase of pineal melatonin content and plasma concentrations was
observed during the growth of tumors <10 cm?®, indicating a response of pineal
melatonin production and secretion to the growing tumor mass. However, a decline in
both pineal and plasma melatonin was observed in animals with total tumor volume
>10 cm?. According to Bartsch et al. (1990b), a possible biphasic relationship between
melatonin and tumor volume needs further investigation.

Bartsch et al. (1990c) summarized the seasonal variations of endogenous defense
mechanisms against cancer. From their own experiments and the results of others, they
formulated the hypothesis that endogenous defense mechanisms against cancer,
such as known and yet unknown substances in the pineal and human urine as well as
immune factors which undergo circannual rhythms even under relatively constant
environmental conditions, may be at least a partial cause for seasonal variations in the
occurrence of cancer (see also Bartsch et al. 1993). In their article entitled “Diminished
pineal function coincides with disturbed circadian endocrine rhythmicity in untreat-
ed primary cancer patients with prostate and breast cancer,” Bartsch et al. (1994)
postulate that a depression of pineal function in cancer patients could be an essential
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point within a vicious cycle supporting the growth and spread of malignant tumors,
leading ultimately to the destruction of its host. Based on their own experimental work
and the data obtained by other investigators, these authors propose that a substitu-
tional therapy with melatonin may help prevent if not restore central endocrine
imbalances as described in cancer patients with depressed melatonin. Another possible
therapeutic effect of melatonin might involve the stimulation of pineal antitumor
activity, ostensibly present in low molecular weight substances in pineal glands. Such
unidentified substances effectively inhibit the growth of a wide range of experimental
tumor cells in vitro, some of which are unresponsive to melatonin. For details, see
Bartsch et al. (19924, 1994).

Bartsch et al. (1997 a, b) recently extended the experiments on nocturnal 6-sulfat-
oxymelatonin in breast cancer patients and patients with gastrointestinal and lung
cancer. As to breast cancer, the recent results confirm previous findings of decreased
pineal melatonin secretion as well as an inverse relationship with tumor size, excluding
a possible distortion due to age. The results obtained in patients with gastrointestinal
and lung cancer provide support for the concept of pineal gland involvement in malig-
nancy and suggest that 6-sulfatoxymelatonin measurements may be considered as a
noninvasive tool for estimating tumor cell proliferation. Negative correlations found
between urinary 6-sulfatoxymelatonin and melatonin in tumor cells could be inter-
preted as an effort of the pineal gland to secrete melatonin in compensation for the
decrease in number of melatonin-immune positive cells within tumor tissue, where
it may possess important regulatory functions. An interesting observation is that
phenobarbital and 7,12-dimethylbenzanthracene cause a depletion of circulating
melatonin as a result of the microsomal monooxygenases that catalyze the 6-hydroxy-
lation of melatonin (Praast et al. 1995).

More recently, it was shown that melatonin treatment of male Syrian hamsters
maintained in long photoperiods suppressed the growth and metastasis of DES-induc-
ed renal tumors (Benson 1997). According to Schmidt et al. (1997), it appears that
pineal melatonin secretion may be reversibly inhibited by a tumor-derived melatonin
inhibiting factor. If this be the case, the relationship between melatonin and malignant
growth becomes even more complicated.

13.2.2 The Effects of Melatonin in Relation to the Inmune System and Stress

Maestroni and coworkers have studied melatonin, stress, and the immune system
(1989, 1993, 1996, 1997). These authors concluded from their experiments that the
pineal gland participates in regulating immune reactivity through the circadian pro-
duction of melatonin. They propose that melatonin possesses immune-enhancing
and antistress properties. This proposed relationship between melatonin and the
immune system is the subject of another chapter in this volume and will not be dis-
cussed in detail here. It is thought that the melatonin-endogenous-opioid system
connection may be a main efferent arm, as opioid peptides mimic the immune-enhanc-
ing and antistress effect of melatonin. Believing that their findings constitute a signi-
ficant step towards a better understanding of the physiological functions of the
pineal gland, these authors recommend the extensive investigation of melatonin in
all clinical situations where physiologic up-regulation of the immune reactivity is
desirable.
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13.3 Effects of Yet Unknown Pineal Substances on Malignant Cells in Culture

Although most attention has been focused on the relationship between melatonin and
cancer, it cannot be denied that other, unidentified pineal compounds may also play
a role in relation to neoplastic growth (see Bindoni et al. 1976, Dilman et al. 1979,
Anisimov 1988). Unfortunately, these compounds have not been isolated in pure form,
are not easily measurable, and are unavailable in synthetic form for experimental
research. In the following section, experiments will be described and discussed which
point to the fact that low molecular weight substances which differ from melatonin are
present in pineal extracts that affect neoplastic growth (Ebels et al. 1988).

13.3.1 Extracts of Ovine Pineal Glands

Lapin and Ebels (1976) studied the effects of low molecular weight sheep pineal frac-
tions and melatonin on different tumors in rats and mice. These authors observed that
certain of these fractions demonstrated effects on some of the tumor models employ-
ed. However, the experimental models required an excessive amount of partially puri-
fied fractions per animal and consequently were not suitable for use in a guiding test
for the isolation of the active pineal compound(s).

Following the original finding of a cytostatic effect of melatonin on human mela-
noma cells cultured in vitro (unpublished results by Lapin and Vetterlein, cited in
Lapin and Ebels 1981), Bartsch et al. (1986) studied the growth of human melanoma
cells more extensively and observed a differential effect of melatonin on slow- and fast-
growing passages of a human melanoma cell line. In these studies, it was seen that early
passages were inhibited by micromolar concentrations of melatonin, whereas late
passages were affected only by millimolar concentrations. These results indicate
that the melanoma cells lost their sensitivity to melatonin during passaging. This
knowledge was used to test yet unknown pineal substances. In other experiments in
which the effects of crude ovine pineal extracts were tested on human melanoma
cells in culture, it was observed that the growth-inhibiting activity was different from
that of known synthetic indolamines including melatonin, serotonin, and others, and
also of B-carbolines, pteridines, and the synthetic peptide arginine vasotocin. These
identified pineal substances and analogues showed an inhibitory effect only at non-
physiologically high concentrations; however, crude pineal fractions were more
active than the synthetic substances tested. It was concluded that these melatonin-free
pineal fractions contained a compound which may have a tumor-inhibiting potency
comparable to that of methotrexate, but with a different mechanism of action (Bartsch
et al. 1987a).

The active ovine pineal fraction was further purified by Noteborn et al. (1988).
A combination of paper chromatography, ion exchange, and reverse-phase high-
performance liquid chromatography was employed coupled with a post column assay.
This permitted identification of an ovine pineal factor (MW < 500) which inhibited
the growth of human melanoma cells in vitro. The substance was partially purified
1000-fold compared to the IC-100 value of the starting material. The growth inhibition
of human melanoma cells in culture was complete at a dose of 0.1 pg of the purified
pineal factor per ml of culture medium. In another study it was observed that the
activity was not destroyed by treatment with proteolytic enzymes.
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Continuing these studies, Noteborn et al. (1989) investigated the activity of an ovine
pineal polypeptide extract that suppresses the growth of human melanoma cells in
culture. Again, a combination of gel filtration and reverse-phase high-performance
liquid chromatography was coupled to postcolumn antigrowth assay. In this case, as
before, inhibition of the growth of a melatonin-insensitive human melanoma cell
strain was used to guide the purification of the antigrowth activity identified in
aqueous extracts with a M, between 1000 and 10,000 Da. The study yielded preliminary
identification of a pineal factor (M, between 2000 and 6000 Da) that inhibited the
growth of human melanoma cells. Evidence for the peptide nature of the antitumor
factor was also presented.

The results of these combined studies showed that ovine pineal glands contain
substances in addition to melatonin that inhibit the growth of human melanoma cells
in culture. It is not known whether these antitumorigenic compounds act as hormonal
inhibitors of cellular proliferation by modifying the binding sites of growth factors or
antimitotic agents that interfere with mitosis and the cytoskeleton. Moreover, it is also
unclear whether the investigated pineal antitumorigenic compound is the same factor
that was observed to suppress the hypophysiotropic activity of the hypothalamus (see
Ebels et al. 1975, Ebels 1980).

13.3.2 Extracts of Rat Pineals

In 1988, Dwyer et al. reported on a computer-enhanced comparative study of brain
region polypeptides and proteins separated by two-dimensional gel electrophoresis.
Acetic acid protein extractions of pineal gland, retina, hypothalamus, and cerebral
cortex from groups of Sprague-Dawley rats were compared. A reproducible, quantita-
tive strategy for identifying tissue-specific proteins was established. It was observed
that 17 newly identified acidic proteins were unique to the pineal gland. Several others
were common to the retina but not to the other regions examined. Further study of
these and other regionally specific proteins may be of interest under conditions in
which biological mechanisms involving the pineal gland are altered and especially in
situations involving neoplastic growth.

In other studies, the antigrowth activity of ethanolic extracts of rat pineal glands was
examined on the K562 line of human erythroleukemia which were unresponsive to
melatonin (Bartsch et al. 1990c). The results of these experiments indicated that
circannual changes existed in extractable inhibiting activity. Highest amounts of
growth-inhibiting activity were detected in summer and least in winter when stimula-
tory activity was sometimes observed. In another study, the antitumor activity in rat
pineal glands and urine were tested on three transplantable murine tumors. It was
found that an unidentified antitumor activity in the rat pineal gland shows a circannual
rhythmicity similar to that of the tumor-inhibiting activity present in human urine. The
relationship between the pineal gland and cancer and their seasonal aspects were
further discussed by Bartsch et al. (1992¢) and Bartsch and Bartsch (1993, 1997).
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13.3.3 Studies on an Unidentified Bovine Pineal Substance
Which Inhibits MCF-7 Cell Growth in Vitro

We have carried out experiments over several years that demonstrate the presence of a
substance(s) in extracts of bovine pineal glands that inhibits the growth of MCF-7
human breast cancer cells in vitro. In most regards, the results corroborate the
presence of antitumor activity seen in ovine and rat pineals by Bartsch et al. (1987a, b,
1990d, 1992a), Bartsch and Bartsch (1988b, 1988), Ebels et al. (1988) and Noteborn
et al. (1988, 1989).

13.3.3.1 Test for MCF-7 Cell Growth-Inhibiting Activity

A stock of low passage, estrogen receptor-positive MCF-7 cells was provided for these
studies by Dr. David E. Blask, presently in the Research Institute of The Mary Imogene
Bassett Hospital in Cooperstown, New York. After thawing, the cells were maintained
in low glucose, pyruvate-containing Dulbecco’s modified eagles medium (DMEM) and
5.0% fetal bovine serum. The MCF-7 cells were maintained at 37°C in an incubator
under a constant flow of 95% O,and 5% CO,. For plating, the medium was removed
and the cells covered with a sterile phosphobuffered saline solution (PBS) containing
ethylenediamine tetra-acetic acid (EDTA). The PBS/EDTA solution was neutralized
by the addition of fresh medium and the cells transferred to 50 ml conical tubes and
concentrated by low speed centrifugation, with the medium removed, fresh medium
added, and the cell concentrations determined. Medium containing 10% fetal bovine
serum was added in quantities sufficient to bring the concentration of cells to desired
density. After dilution, 2 x 10° cells/3.0 ml of medium were placed routinely in each
well of a Falcon 3814 plate with six 35 mm wells in the morning between 9.00 and
11.00 hours. The cells were allowed to attach to the bottom of the wells before an addi-
tional 1.0 ml of medium containing the dissolved test or control medium was added in
the late afternoon between 16.00 and 20.00 hours. The pH of medium containing test
substances was determined routinely and adjusted when necessary before addition to
the cells in culture.

Twelve wells were established for each control or test substance. Six of these were
harvested at 2 days and the number of cells determined; another six were harvested at
4 days after plating. The culture medium was also collected after concentration of the
cells for counting and the numbers of unattached or suspended cells determined by
hemocytometer counts. Trypan blue exclusion was utilized to determine cell viability
and the number of dead or viable cells recorded. A standard growth curve for MCF-7
cells in culture is shown in Fig. 13.1.

13.3.3.2 Bovine Pineal Extracts

Small batches of fresh frozen bovine pineal glands (15-20 g) were first homogenized in
water and lyophilized. The dry pineal powder was extracted with a variety of aqueous or
lipid solvents at different pH values and temperatures. After centrifugation, the super-
natant portion of each extract was lyophilized and a weighed amount of the residue
added to monolayers of MCF-7 human breast cancer cells in culture as described above.
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More than 2 dozen different extraction methods were explored. It was learned that
the extraction methods yielding residues with maximum inhibition of MCF-7 cell
growth were those that incorporated solutions with high concentrations of ethanol
(>75%) coupled with extractions carried out over several hours at 37 °C. The extrac-
tion and partial purification scheme is shown in Fig. 13.2. After centrifugation, recovery
of the first lyophilizate (residue 1) was ~ 15 mg/g wet weight pineal tissue. The crude
extract (extract (2)) significantly inhibited growth of MCF-7 cells after 2 and 2 days of
culture in doses ranges between 10~ to 107° g/l incubation medium. However, a dose
response relationship was not observed with these crude extracts, with the lowest
concentrations often showing the greatest effects (Fig. 13.3). In these studies, significant
differences between control and treatment groups was determined by ANOVA with
post hoc comparisons made with the Newman-Keuls test.

In a series of experiments, ethanolic extracts of pineal glands were diluted to 50%
(v/v) with either deionized H,O or 1% formic acid and subjected to serial ultrafiltration

Bovine Pineal Glands
1. Homogenized in H,O
l 2. Lyophilization
Dry pineal powder (= 30% of wet weight)
1. Extraction with = 70% ethanol!
2. Stand for 30 minutes at 1° C
3. Centrifuge at 4° C, 30 min. at 17,750 X G

Residue Supernatant fraction
1. Re-extraction with 1. Evaporation in vacuo
270% ethanol 2. Lyophilization

2. Incubate 30 min. with Extract @
shaking at 37° C 1. Sep-Pak C18
3. Centrifugation at 4° C for ’

chromato h
30 min. at 17,750 X G ma .grap v
' 2. Gel-filtration
Extract @ Residue 2 chromatography
1. Evaporation of ethanol in vacuo 3. High performance liquid
2. Lyophilization chromatography
3. Test on MCF-7 cell growth

Further purification

Fig. 13.2. Extraction and purification scheme for bovine pineal gland-derived anti-MCF-7 growth
factors
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Fig. 13.3. Effects of two crude extracts (extracts type 2 in Fig. 13.2) on MCF-7 cell growth. Cells
were harvested after 4 days in culture. Attenuation of growth at the doses indicated was without
apparent cytotoxic effects as determined by vital dye staining and electron microscopy

through Amicon ultrafiltration membranes XM100, YM30, PM10, YM1, and UMO05. A
portion of each ultrafiltration membrane retentate or residue (R) and filtrate (F) was
saved, the solvents removed by rotary evaporation in vacuo, water added, the residue
freeze dried, and the lyophilizates tested for effects on MCF-7 cell growth. It was dis-
covered that the growth-inhibiting factor(s) was localized primarily to the ultrafiltration
residue YM2-R, suggesting a M, in the approximate range of 1000 to 10,000 (Fig. 13.4).
This finding agrees well with those of Noteborn et al. (1988, 1989), who found both
melanoma and MCF-7 cell growth-inhibiting activity in partially purified, low mole-
cular weight fractions (M, ~2000-6000) from peptide extracts of ovine pineal gland
extracts. Some growth-inhibiting activity was seen in the UMO05-R (M, >500-1000).
This was especially true with ultrafiltrates carried out with 1% formic acid.

Fig. 13.4. Effects of ultrafiltrate residues on MCF-7 cell growth. Growth-inhibiting factor(s) was
localized primarily to the YM2-R, which had an approximate M, between 1000 and 10,000
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Lyophilized ultrafiltration residues were further fractionated by gel filtration
on Sephadex G-25 (fine) columns equilibrated and eluted with dilute acid (Fig. 13.5).
The eluate was monitored by UV absorption at 280 nm and fractions pooled according
to observed absorption peaks. Each pooled fraction was freeze dried and the
lyophilizates tested for effects on MCF-7 cell growth. Tests from more than 20
chromatographic runs revealed that the antigrowth factor was consistently localized to
the single absorbance peak, F2a (refer to Fig. 13.6).

A further series of experiments were conducted in which active fractions from
Sephadex G-25, before or after ultrafiltration, were placed on short SepPac C18
columns in aqueous medium. After an aqueous wash, followed by a methanol wash, the
columns were eluted with ethyl acetate. Each recovered fraction was reduced by rotary

Fig. 13.5. Sephadex 25 chromatography of a sample of YM2-R

Fig. 13.6. Effects of Sephadex fractions on MCF-7 cell growth. The antigrowth factor(s) was con-
sistently localized to the absorbance peak F2a
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evaporation in vacuo before water was added and the fractions Iyophilized and tested.
It was seen that neither the aqueous nor methanol washes contained material that
significantly affected the growth of MCF-7 cell growth in vitro. On the other hand, the
ethyl acetate eluate contained antigrowth material (data not shown). This was a con-
sistent result from several experiments in which it was estimated that more than 75%
of inactive material could be removed in this manner. On the other hand, there was
considerable loss of active material in the process and, consequently, this procedure
was excluded as a possible step for larger scale preparations. However, the chromato-
graphic behavior of the substance with antigrowth activity suggests that the structure
of the active component(s) in the partially purified material was that of a peptide.

The growth-inhibiting substance was further purified by high-performance reverse-
phase liquid chromatography. A Spectra-Physics model SP8800-01 was utilized
equipped with ternary gradient pumps and semipreparative heads. Solvents included:
solvent A: 0.01 M trifluoroacetic acid (TFA) in acetonitrile (ACN); solvent B: 0.01 M TFA;
solvent C: 0.01 M TFA in H,O/ACN (1:1, v/v) with programmed mobile phase com-
ponent changes incorporated that increase the concentrations of ACN over a period of
40 minutes at a flow rate of 2.0 ml/min. Column eluents were monitored at 210 nm and
fractions collected and pooled according to absorbance peaks. The pooled fractions
were concentrated by rotary evaporation, lyophilized, and stored at - 80 °C until testing
for growth inhibition in the MCF-7 cell test. Fraction 2, as illustrated in Fig. 13.7,
contained growth-inhibiting activity.

A number of untreated MCEF-7 cells or others treated with several partially purified
bovine pineal fractions in vitro were fixed and examined by electron microscopy.
Compared to either untreated controls or cells treated with fractions that did not

Fig. 13.7. High-performance
reverse-phase liquid chromato-
graphy of a Sephadex fraction
F2a. Anti-MCF-7 cell growth
was localized to the impure
fraction 2
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inhibit growth, the cells treated with fractions that inhibited growth showed charac-
teristic morphological changes which included cytoplasmic withdrawal or “rounding
up” and an apparent reduction in cell size. The observed morphological changes, as
well as viability tests with trypan blue throughout these experiments, suggest that the
growth-inhibiting effect may be antimitotic rather than cytotoxic.

In summary, methods were established for the extraction of a bovine pineal sub-
stance(s) which attenuates the growth of MCF-7 human breast cancer cells in vitro.
Recovery of active material was greatest when solvents containing >75% ethanol
were incorporated and, after extraction, the growth-inhibiting factor(s) was partially
purified by Sephadex G-25 gel filtration chromatography, serial ultrafiltration, and
high-performance chromatography. The chemical structure of the bovine pineal
growth-inhibiting factor was not determined but appears to be a small molecular
weight peptide(s).

13.4 Possible Presence of Kynurenines and Kynurenamines in Pineal Extracts

During the study of bovine pineal extracts, partially purified fractions that inhibited
the growth of MCF-7 human breast cancer cells in vitro were subjected to scanning
spectrometry. It was learned that many of the partially purified inhibitory fractions
demonstrated absorption maxima in the range exhibited by kynurenines and
kynurenamines. Little attention has been paid to the work of several Japanese investi-
gators who studied particularly the formation of these compounds from indoles in
the pineal gland. Hirata et al. (1974) reported on the formation of new metabolites of
melatonin in vitro and in vivo and found that the major metabolite in the rat brain was
N-acetyl-5-methoxykynurenamine. When [14 C]-melatonin was injected intracister-
nally into rats, 35 % of the total radioactivity in the urine was recovered as N-acetyl-5-
methoxykynurenamine (AMK). When administered intravenously, 15% of the total
radioactivity was recovered as AMK, whereas 65% of the radioactivity administered
was recovered in the urine within 24 hours. According to these authors, the results
strongly indicate that melatonin is converted to AMK in the pineal gland and other
brain areas.

The potential presence of kynurenines and kynurenamines in the purified bovine
pineal extracts that inhibit MCF-7 cell growth is of interest, as Kelly et al. (1984) dis-
covered that one of these, AMK, is a potent inhibitor of prostaglandin biosynthesis. It
is therefore not excluded that growth-inhibitory pineal substances of unidentified
structure may contain compounds in this class of chemical structures and that these
may play a more important role in mechanisms of cell growth than is known at the
present time.

13.5 The Possible Significance of a Bovine Pineal Gland-Derived Decapeptide
for the Growth of Malignant Cells in Vivo

The clear demonstration of pinealocyte morphological characteristics consistent with
cells that synthesize a protein secretory product (Pévet et al. 1981, Ariens Kappers
1981, 1983) has been a consistent motivating factor in the search for unique anti-
gonadotropic peptides synthesized and secreted by the pineal gland. The history of
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this endeavor is long and arduous, as a number of individuals and groups have worked
on this problem over many years. In general, their results have yielded more questions
than answers. A long list of neuropeptides of known structure have been identified in
the mammalian pineal gland with various experimental techniques (Benson 1999a),
yet for the most part their individual functions remain enigmatic.

Since the early 1970s we have observed antigonadotropic effects of partially puri-
fied peptide extracts of rat, human, bovine, and ovine glands when tested in rodents.
Surveys of the early work have been presented previously (Benson 1977, Ebels and
Benson 1978, Benson and Ebels 1978). Based on the purification methods derived from
these early studies, a large scale extraction was completed with the aim of determining
the structure of peptides with neurohypophysial hormone-like and/or antigonado-
tropic activity. The structure of an antigonadotropic decapeptide (AGD) without neuro-
hypophysial hormone-like activity was revealed and the presence of the putative anti-
gonadotropic decapeptide arginine vasotocin excluded (Benson et al. 1990, Benson
and Ebels 1994).

Purified AGD and a synthetic analog prepared by solid state methods reduced circu-
lating levels of prolactin and LH after intra-atrial or lateral ventricle injection in male
rats (Benson and Ebels 1994, Benson and Machen 1994, Benson et al. 1996). Lateral
ventricle AGD infusion was recently seen to inhibit pulsatile LH secretion in sheep,
especially in an apparent steroid-independent manner (Lee 1998). Other recent ex-
periments suggest that AGD attenuates stress-related increases in prolactin secretion
potentially via stimulatory effects on hypothalamic dopamine turnover (Benson 1999b).

In preliminary experiments, a variety of AGD concentrations did not inhibit the
growth of MCF-7 breast cancer cells in vitro. However, as this decapeptide demon-
strates an influence on pituitary and blood levels of prolactin and gonadotropins in
vivo, the possibility exists that AGD could influence certain malignant cells which are
either influenced by or dependent on prolactin and/or gonadotropins for their growth.
Since its structure is known and analogs are available for such studies, a novel
approach would be to study the influence of the pineally derived decapeptide on tumor
growth in vivo.

13.6 Summary

A substantial amount of long-standing evidence that the pineal gland affects neo-
plastic growth has culminated in the search for a pineal secretory product capable of
suppressing malignant growth. Measurements of the hormone melatonin in cancer
patients and experimental animal models of cancer suggest a significant role for this
indoleamine. When administered in vivo, melatonin has been shown to suppress the
development of certain types of neoplasia, and the growth of a variety of types of cancer
cells is inhibited by the addition of melatonin in vitro.

Although most attention has focused primarily on the relationship between mela-
tonin and malignant growth, it is clear that other, unidentified pineal compounds
which inhibit cancer cell growth in vitro can be extracted and purified from several
species of mammalian pineals. The physiological significance of these substances is yet
to be determined.

Novel evidence obtained in our laboratory suggests that a small molecular weight
substance, extracted and purified from bovine glands, inhibits the growth of MCF-7
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human breast cancer cells in vitro. Similar to findings in other species, the bovine
pineal gland antigrowth substance(s) appears to have the characteristics of a small
peptide. Future determination of the structure of this antigrowth factor will permit the
synthesis of analogs in quantities sufficient for testing in animal models in vivo as well
as studies on mechanisms of action.
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14 Experimental Studies
of the Pineal Gland Preparation Epithalamin

Vladimir Kh. Khavinson, V.G. Morozov, Vladimir N. Anisimov

14.1 Introduction

During the last decade, a number of reports appeared on the role of the pineal gland
in aging and cancer development (Anisimov 1988; Armstrong and Redman 1991;
Pierpaoli 1991; Trentini et al. 1991). Thus, a modulating effect of the pineal gland on the
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neuroendocrine and the immune system was shown to change during aging (Reiter
1981, 1988; Maestroni et al. 1987, 1989) and tumor development (Blask 1990; Anisimov
and Reiter 1990; Bartsch et al. 1992a, b). Pinealectomized rats showed a reduced
life span (Malm et al. 1959) and increased tumor development (Aubert et al. 1980;
Anisimov and Reiter 1990). The administration of the pineal hormone melatonin to
old mice or the grafting of pineal glands from young donors into thymus of old mice
prolonged the life span of the latter (Pierpaoli et al. 1991). The antitumor effect of
melatonin has been highlighted (Blask 1990; Bartsch et al. 1992a, b). Most investiga-
tors invoked melatonin as a primary mediator of the endocrine capabilities of the
pineal gland. However, some of the effects of the pineal gland obviously might have
resulted from pineal peptide secretion (Blask et al. 1983). Some crude peptide extracts
or purified peptides isolated from pineal glands were shown to have antigonadotropic,
metabolic, and antitumor activity (Lapin and Ebels 1976; Benson 1977; Bartsch and
Bartsch 1988; Bartsch et al. 1992 a, b; Noteborn et al. 1988). In 1955, Parhon reported on
the effect of pineal extracts in prolonging the life span of old rats. No details were given
either on the method of pineal extraction or on the experiment itself. Twenty years
ago, we published the first data describing the results of administrating low mole-
cular weight pineal peptide extracts, the commercial drug form of which was later
named epithalamin. We observed recovery of the estrus cycle in old female rats with
persistent estrous syndrome as well as the lowering of threshold sensitivity of the
hypothalamo-pituitary complex to the feedback inhibition by estrogens in old animals
(Anisimov et al. 1973a). Since that time, the effect of epithalamin on neuroendocrine
and the immune system functions has been continuously studied by us and others
demonstrating its high biological activity. Long-term treatment with the prepara-
tion prolonged the life spans of animals, slowed down aging of the reproductive
system, improved parameters of immunity, and inhibited the development of spon-
taneous, chemically, and radiation-induced or transplanted tumors (Anisimov 1987;
Anisimov et al. 1973b,1982a, b, ¢, 1987, 1988, 1989, 1990, 1992; Morozov and Khavinson
1974; Anisimov and Reiter 1990). This chapter summarizes the results of 20 years of
studies on the biological effects of epithalamin, mainly in experimental and clinical
gerontology.

14.2 Epithalamin — a Low Molecular Weight Peptide Preparation

An officinal preparation - epithalamin - contains a complex of biologically active
peptides isolated from cattle pineal glands. (Morozov and Khavinson 1971, 1974). The
native tissues were kept in acetone at —4°C for 48 hours. The acetone was poured off,
the tissues homogenized, and extraction performed in 3 % acetic acid (1:6 v/v) in the
presence of ZnCl, for 72 hours. Upon final extraction and centrifugation for 20 minutes
at 400 x g, acetone was added to the supernatant at —4°C (1:8 v/v). Following preci-
pitate formation, the acetone was poured off. The precipitate was treated with acetone
and ether in the filter until white powder was formed. The powder was dissolved,
sterilized, and lyophilized. Studying the prepared substances by ion exchange chromato-
graphy, gel filtration, and electrophoresis on cellulose, it was found that the above
substances were complexes of polypeptides. The ratio of three main fractions in the
complete preparation was 74:16:10 (in percent), with molecular weights of 250, 11000,
and 1200, respectively, and isoelectric points of 3.0, 5.0, and 10.5, respectively. The
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biological assay of the activity of epithalamin was designed according to Ostroumova
et al. (1976) using a test with human chorionic gonadotropin (HCG) as follows.
Infantile (7-9 g weight) female mice were treated during 3 consecutive days with
saline, HCG (0.5 IU for 3 days), or HCG plus epithalamin (50, 100, or 500 pug per mouse
per day). The suppressive effect of epithalamin on HCG-induced uterine weight gain
was calculated and evaluated as significant when greater than 25-30% as compared
to mice treated with HCG plus saline. Epithalamin was filtered on Sephadex G-50
and the low and high molecular weight fractions were studied in the test with HCG
(Prokopenko et al. 1989). It was shown that the antigonadotropic effect of the low
molecular weight fraction was higher than that of the high molecular weight fraction.
The officinal drug form of the crude pineal peptide preparation (epithalamin) was
permitted by the Pharmaceutical Committee of the USSR Ministry of Health for
medical use and the results of the experiments with this preparation are reported here.

14.3 Effect of Epithalamin on the Life Span of Mice, Rats,
and Drosophila melanogaster

The effect of epithalamin on the life span of C3H/Sn and SHR female mice was studied
in two sets of experiments (Table 14.1). Chronic treatment of C3H/Sn female mice with
epithalamin in a single dose of 0.5 mg per mouse begun at the age of 3.5 months
significantly prolonged their mean life span (by 40%) and increased their maximum
life span by 3.5 months (Anisimov et al. 1982a, c). The survival curves of the mice
exposed to epithalamin were significantly shifted to the right. The calculation of
parameters of the Gompertz equation showed that the aging rate of mice treated with
epithalamin was significantly decreased. Long-term epithalamin administration to
SHR mice in a single daily dose of 0.1 mg per mouse slightly increased their mean
life span but failed to change their maximum life span (Anisimov et al. 1987). The
exposure to epithalamin was followed by a significant increase in life span of tumor-
free mice of both strains (41% and 26 %, respectively). A comparative effect of long-
term epithalamin treatment on the survival of SHR female mice starting at ages of
3.5 and 12 months was estimated (Anisimov et al. 1989). Epithalamin was shown
to increase mean life span by 14% and 17% in young and middle-aged groups,
respectively, as compared to controls treated with saline. Epithalamin treatment
shifted survival curves of both age groups distinctly to the right, as compared to
corresponding controls. Calculation of the aging rate in young and middle-aged
groups treated with epithalamin revealed a slowing down of aging in the young group
in comparison with the middle-aged group. Administration of epithalamin was follow-
ed by an increased life span of tumor-free young and middle-aged mice by 20% and
36 %, respectively.

Epithalamin was administered also to female outbred rats beginning at the age of
3.5 months for 20 months in daily doses of 0.1 or 0.5 mg per animal (Dilman et al.
1979a). The mean life span of rats exposed to epithalamin in these doses increased by
25% and 45 %, respectively; however, the maximum life span increased by 2 months
only in rats exposed to the highest dose of the preparation (Table 14.1). Analysis of
survival curves of rats treated with epithalamin suggested a reduced rate of aging
under the influence of pineal peptides. It is worth noting that the age-related dynamics
of body weight in controls and treated rats was similar.
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Table 14.1. The effect of epithalamin on the life spans of female mice and rats

Age at start Animal group Number Life span (days)
(months) of animals

Mean Maximum

C3H/Sn mice

3.5 Control 21 487 + 29 776
Epithalamin 22 640 + 33* (£40%) 885

SHR mice

3.5 Control 31 564 + 22 843
Epithalamin 32 627 £ 21* (£14%) 827

12 Control 41 576 + 18 795
Epithalamin 33 612 + 14 (£ 17%) 768

OQutbred LIO rats

3.5 Control 75 618 £ 15 1054
Epithalamin (0.1 mg) 39 749 + 20* (£25%) 936
Epithalamin (0.5 mg) 33 852 * 34* (£ 45%) 1112

15 Control 44 695+ 18 888
Epithalamin 47 738 £ 22 (£ 18%) 972

In another experiment, female rats were injected chronically with epithalamin
(a single dose of 0.5 mg per rat) starting at the age of 15 months (Anisimov and
Khavinson 1991; Anisimov et al. 1992). It was shown that this treatment increased their
life span insignificantly by 6.2% when calculated from birth and by 18 % when calcu-
lated from the onset of the experiment. At the same time, 23 % of the epithalamin-treat-
ed rats lived longer than the longest living control rat. The maximum life span in the
epithalamin-treated group was 3 months longer than in controls. Calculation of the
parameters of the Gompertz equation showed that epithalamin treatment slowed
down the aging rate.

Thus, we observed the capacity of epithalamin to increase the mean and sometimes
the maximum life spans of mice and rats and to slow the aging of the treated popula-
tion. These effects were less pronounced when epithalamin treatment was started after
the ages of 1 year in mice and 15 months in rats.

The antioxidative activity of melatonin and epithalamin was compared in a series
of experiments (Anisimov et al 1995, 1996). Administration of melatonin with tap
water (20 pg/ml) to rats for 5 days during night hours from 06:00 p.M. to 08:00 A.M. or
of epithalamin subcutaneously in the morning between 10:00 o.M. and 11:00 A.M.
(0.5 mg per rat) produced a considerable inhibiting effect on the intensity of peroxide
chemoluminescence. The impact of melatonin and epithalamin on lipid peroxide
oxidation was estimated with respect to the content of diene conjugates and Schiff
bases in serum, while protein peroxide oxidation was estimated by the contents of
carbonyl derivatives of amino acids in serum. Melatonin was observed to decrease the
levels of diene conjugates 3.5-fold and those of Schiff bases by 30.4% and to increase
slightly the contents of CO derivatives in serum, while epithalamin considerably
increased (by 35%, p < 0.01) the general antioxidative activity (AOA) of serum. While
the activity of CuZn superoxide dismutase (SOD) and the serum level of ceruloplasmin
(CP) decreased under the influence of melatonin by 37% and 16 %, respectively, the
same indices increased by 20% and 6 % after epithalamin treatment. SOD and CP levels
were significantly higher in rats exposed to epithalamin as compared to those treated
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by melatonin (by 75% and 27 %, respectively). We studied the capacities of melatonin
and epithalamin with experiments in vitro to suppress the luminol-dependent chemo-
luminescence stimulated by different forms of oxygen (hypochlorite, superoxide radical,
and hydrogen peroxide) as well as by mixtures of various forms of oxygen generated
by neutrophils.

In case of hypochlorite, the greatest suppression was observed due to melatonin (up
to 30%). Epithalamin was less efficient than melatonin (up to 17 %), but more active
than glutathione (up to 12%). In the presence of hydrogen peroxide, melatonin sup-
pressed chemoluminescence up to 45 %, epithalamin up to 33 %, and glutathione up to
20%. The range of capacities to suppress the formation of the superoxide radical with-
in the xanthine oxidase reaction was as follows: melatonin (up to 30 %), epithalamin
(up to 22%), and glutathione (up to 16.5%). Chemoluminescence induced by activated
neutrophils was also reduced up to 20% by melatonin, epithalamin, or glutathione.
However, the effect of these substances was less pronounced in this case than in the
experiments with separate, distinct forms of oxygen.

The results of these experiments manifested a higher activity of melatonin than of
epithalamin and glutathione. These differences could probably be explained by the
structural peculiarities of these compounds, the antioxidative properties of melatonin
being related to the indole ring. Melatonin’s antioxidative properties were stronger, as
compared to epithalamin under in vitro conditions, while in vivo the effect of the latter
was much more pronounced. This could be explained by the ability of epithalamin to
stimulate synthesis and secretion of melatonin in animals (Anisimov et al. 1994) and
to affect enzyme systems of antioxidative defense.

There is every reason to suppose that the properties of melatonin and epithalamin to
increase animal life span, stimulate immune response, and inhibit the development of
neoplasia may be mediated to some extent by their inhibitory influence on free radical
processes in the organism, which play a key role in the molecular mechanisms of aging
and age-related pathologies such as arteriosclerosis, immunodepression, and cancer.

The effect of epithalamin on the life span of D. melanogaster was also studied (Ani-
simov et al 1997). Epithalamin was given during the larval stage of fly life. The expo-
sure to epithalamin failed to change significantly any of the life span parameters in
male flies. However, in females, it significantly increased the mean life span (by 17 %,
p < 0.02), medium (by 26%) and maximum longevity (by 14%), and decreased both
population mortality rate (2.12 times, p < 0.01) and mortality rate doubling time (by
32%),as compared to controls. The survival curve was shifted to the right and the slope
of the Gompertz plot was decreased only in female flies exposed to epithalamin.

We also studied the effect of epithalamin on lipid peroxidation and antioxidative
enzyme activity in Drosophila melanogaster. The tissue levels of conjugated hydro-
peroxides (CHP) and ketodienes (KD) were significantly higher in control males than
in females (40 % and 49 %, respectively), which inversely correlated with the mean life
span in flies. Most significantly, the contents of CHP and KD were decreased in female
flies exposed to epithalamin (2.3 and 3.4 times, respectively, p < 0.001), as compared
to controls. The catalase activity was twice as high in control males than in control
females, whereas the activity of SOD was the same in both sexes. The exposure to epi-
thalamin was followed by a significant elevation of catalase activity in males (by 20%)
and in females (by 7 %) and by an increase of the SOD activity in males (by 41%).

Thus, epithalamin treatment significantly increased the mean and maximum life
span of female D. melanogaster and reduced the aging rate of the population more than
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twofold. These effects are in good agreement with the strong inhibitory effect of epi-
thalamin on lipid peroxidation and its stimulating effect on the activity of antioxida-
tive enzymes.

14.4 The Influence of Epithalamin on the Function of the Nervous, Endocrine,
and Immune Systems of Young and Old Rats

It was shown that the sensitivity threshold of the hypothalamo-pituitary complex to
feedback suppression by estrogens increased with age in female rats (Dilman and
Anisimov 1979). This mechanism was suggested to be crucial for the age-related cessa-
tion of reproductive function in rats. Subcutaneous injections of epithalamin to old
rats increased the sensitivity of the hypothalamo-pituitary complex to estrogen sup-
pression and restored cyclic estrous activity in rats with persistent estrus (Anisimov et
al. 1973 a; Anisimov and Dilman 1975). Injection of epithalamin into the third brain
ventricle was followed by a similar effect. Pinealectomy or exposure to constant light
were followed by an elevated threshold of the hypothalamic feedback sensitivity to
inhibition by estrogen (Dilman and Anisimov 1979).

The study of the estrous function of female rats showed that 38% of the control
animals aged 16-18 months had persistent estrous, anestrous, or repeated pseudo-
pregnancies, whereas only 7% of rats treated with epithalamin from the age of
3.5 months onwards showed estrous cycle disturbances. Of 16 old rats which remained
sterile after mating with adult males, four females became pregnant and gave birth
to 5-9 fetuses per litter after a 2-week course of epithalamin administration (Dilman
et al. 1979a).

Daily cytological studies of vaginal smears in rats treated with epithalamin from the
age of 15 months onwards revealed a slowing down of the age-related switching-off of
estrous function as compared to controls. While at the age of 18 months the number of
rats with disturbances of estrous function (persistent estrus and anestrus) was the
same in both groups, at the age of 27 months these disturbances were observed in 50%
of controls and 30 % of females treated with the pineal preparation (p < 0.05) (Anisimov
and Khavinson, 1991). Thus, we observed a slowing of the age-related reduction in
estrous function in female rats exposed to epithalamin. Epithalamin was also capable
of restoring estrous function, ovulation, and fertility in rats with persistent estrous
disturbance. These effects were suggested to depend on the capacity of the preparation
to prevent an age-related increase in the threshold sensitivity of the hypothalamo-
pituitary complex to feedback regulation by estrogen.

Epithalamin also restored regular estrous cycles in young and old rats with persis-
tent estrous syndrome induced by the exposure to constant illumination (Gadzhieva
and Blinova 1980). A significant decrease in the number of follicular cysts in rats treat-
ed with epithalamin in comparison to untreated controls and a partial luteinization of
the follicular cyst wall and the appearance of corpora lutea in ovaries were observed
under the influence of epithalamin.

A single administration of epithalamin in the morning was followed by decreased
levels of serum luteinizing hormone (LH) and failed to influence serum testosterone
levels in 4-5-month-old male rats, but increased the levels of both hormones in
16-month-old animals 30 min after injection. Daily epithalamin injections in the
morning (between 10.00 A.M. and 11.00 A.M.) for 5 consecutive days failed to influence
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serum LH levels in young and old male rats and were followed by a significant decrease
of serum testosterone levels in young rats at noon and 5:00 p.M. No influence on serum
testosterone was registered in older males at any time of day (Anisimov et al. 1994).
Epithalamin was tested for its effect on pineal androgen receptors and showed a trend
to reduce cytosolic receptors but had no effect on the nuclear 5-alpha-dihydrotestoste-
rone receptor in rat pineal gland (Gupta et al. 1993).

It was shown that the susceptibility of the hypothalamo-pituitary complex to feed-
back inhibition by testosterone is elevated in aged male rats (Riegle and Miller 1978;
Meites 1988). Our data support this observation. Thus, if epithalamin decreases the
threshold sensitivity of the hypothalamo-pituitary complex to the inhibitory effect of
testosterone, it cannot be expected to decrease LH levels in response to elevated testos-
terone levels, but rather to lead to increased LH levels. This phenomenon was in fact
observed in our experiment.

Administration of epithalamin to adult rats during 5 consecutive days was followed
by an increased activity of succinate, alpha-ketoglutarate, and pyruvate dehydrogen-
ases in rat brain and by a 39% increase of learning capacity in labyrinth and other
behavioral tests (Belozertsev et al. 1987). Arushanian et al. (1990) observed an increase
in the amplitude and shifts in the acrophase of circadian locomotor activity towards
late hours in rats exposed to long-term administration of epithalamin. Epithalamin
treatment was also followed by changes in the time course of forced swimming and
by a decrease in the rhythmic index of depression. Intravenous administration of epi-
thalamin revealed a sedative effect in dogs (Slepushkin and Pashinski 1982).

Ten-day-long administration of epithalamin to adult male rats was followed by
significant activation of neurosecretory elements in the hypothalamic nucleus para-
ventricularis,lower activation in the nucleus supraopticus, and an increased content of
neurosecretory substances in the neurohypophysis (Khavinson et al. 1977). Ultra-
microscopic studies showed that a single morning injection of epithalamin into adult
rats induced signs of activated pinealocyte function (Bondarenko et al. 1992).

A 1- or 2-week-long administration of epithalamin failed to change the levels of
dopamine, norepinephrine, serotonin, or 5-hydroxyindole acetic acid (HIAA) in the
hypothalamus of adult male rats (Ostroumova and Anisimov, unpublished data). In
other experiments of ours, the effect of epithalamin on serotonin metabolism in the
pineal gland of young and old male rats was studied (Anisimov et al. 1990, 1991;
Bondarenko and Anisimov 1990, 1992). It appeared that a single injection of epithalamin
in the morning or a 5-day course of epithalamin treatment to 4-5-month-old rats was
followed by an increase in night levels of serotonin, N-acetylserotonin, and melatonin
in the pineal gland. In 18-20-month-old rats, similar treatment caused only a tendency
to increase pineal melatonin level. At the same time, increased serum melatonin
levels in young adult and old rats treated with epithalamin were observed. In young
as well as in old rats, the exposure to epithalamin failed to influence direct O-methyla-
tion reaction of serotonin into 5-methoxytryptamine and the oxidative deamina-
tion with subsequent O-methylation and 5-HIAA and 5 methoxyindole acetic
acid. These data suggest the existence of an ultrashort loop of regulation between
pineal peptides and indoles. Pineal peptides may influence the metabolic reactions of
tryptophan into serotonin and its subsequent transformation into melatonin, which
declines with aging. It is worth noting that epithalamin given at 6:00 p.M. entailed
a decrease in night levels of serotonin, N-acetylserotonin, and melatonin in the rat
pineal gland.
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The effect of epithalamin on the biosynthesis of melatonin was studied in rat pineal
glands in vitro. Pineals were collected from rats killed in the light period (9:00 A.M.)
and incubated for 3 hours with either isoproterenol (1 nM), epithalamin (25 ng/ml)
or isoproterenol and epithalamin in equal concentrations. Additional pineals were
incubated in the absence of these drugs. Epithalamin as well as isoproterenol signifi-
cantly increased melatonin levels in the rat pineal gland, whereas epithalamin did not
potentiate the effect of isoproterenol (R. J. Reiter, personal communication).

We also observed a stimulating effect of a 5-day course of epithalamin treatment
on serum tri-iodothyronine (T3) levels and an inhibitory effect of this treatment on
serum thyroxine (T4) in 4 - 5-month-old male rats. These data suggest that the pineal
preparation influences the metabolism of T3 into T4. Direct measurement of the
activity of 5’-deiodinase in the thyroid gland of rats treated with epithalamin may help
to explain these results. In 16-month-old male rats, the course of epithalamin treat-
ment was followed by a decrease in T3 and T4 levels in serum (Anisimov et al. 1994).

In male CBA/Ca mice, we observed an age-related elevation of the serum levels of
corticosterone and corticoliberin (CRF). In 2-month- and 8-month-old mice, the CRF
levels were 1.62 * 0.45 pg/ml and 12.62 * 4.4 pg/ml, respectively, (p < 0.05), whereas
the levels of corticosterone were 12.38 * 3.44 ug/mland 80.3 + 18.9 ug/ml, respectively,
(p < 0.05). A 5-day course of epithalamin given to younger mice was followed by a
3.2-fold decrease in serum corticosterone in comparison to controls (Labunets 1992;
Anisimov et al. 1994).

Treatment of rabbits with epithalamin was followed by significantly increased
glucose tolerance, but the tolerance to insulin loading was unaffected (Ostroumova and
Vasilyeva 1976). The authors also observed that 3-week-long exposure to epithalamin
led to decreased levels of both serum insulin and triglycerides. Slepushkin and
Pashinski (1982) showed a significant influence of epithalamin on electrolyte and
water metabolism: exposure of dogs or rats to the preparation was followed by an
increase in urine excretion, accompanied by hyposodium-, hyperpotassium-, hyper-
calcium-, and hypermagnesiumuria.

With respect to the action of epithalamin on the immune system it was found that
the pineal preparation increased the number of antibody-forming cells generated in
the spleen as well as the level of serum hemagglutinins in response to immunization
with sheep red blood cells (Belokrylov et al. 1976). Epithalamin treatment increased
survival of CC57Br/Mv mice infected with 1.5 X 10° bacterium Salmonella typhimurium,
survival of skin allografts in mice and rats, stimulated the reaction of hypersensitivity
of delayed type in guinea pigs, and stimulated the phagocytic activity of blood
neutrophils (Slepushkin et al. 1990). Epithalamin was also shown to restore the level of
proliferation of granulocytes and macrophages (CFU-GM) in pinealectomized rats up
to the levels of intact animals (Gupta et al 1993).

The treatment with epithalamin of 2-month-old and 2-year-old mice with an intact
thymus led to increases in the levels of the thymic serum factor (TSF), the compounds
with thymosin-like activity (CTLA), and thymic index and to an increase of spleen
cellularity in old animals (Labunets 1992; Anisimov et al 1994). Epithalamin also in-
duced an increase of TSF and CTLA titers in serum of old mice bearing spontaneous
hepatomas discovered at autopsy, but to a smaller extent than in old tumor-free
animals. Melatonin administration to young mice was also followed by increased levels
of TSE, CTLA, and relative weight and cellularity of the thymus. A stimulating effect of
melatonin on CTLA titer and thymic index and its cellularity, but not on TSF titer, was
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observed in old mice. The CTLA titer of splenocyte supernatants taken from 2-month-
old mice and cultivated in vitro with normal saline was 2.0 + 0.30, but only 1.0 + 0.32
in the culture of splenocytes from 2-year-old mice. Incubation of splenocytes from
young mice with melatonin (5 pg/ml and 20 pg/ml) or epithalamin (0.1 mg/ml and
1.0 mg/ml) was followed by CTLA titer increases of up to 6.7 + 1.06, 6.3 + 0.42,
6.5 + 0.59, and 4.8 + 0.71, respectively (p < 0.05). After in vitro incubation of spleno-
cytes of old mice with melatonin (25 pg/ml), levels of CTLA were significantly higher
than in controls. The titers of CTLA in the supernatant of old splenocytes incubated
with epithalamin in doses of 0.1 mg/ml and 1.0 mg/ml were 1.7 + 0.35 and 6.2 * 1.47,
respectively, demonstrating that epithalamin induced an increase of TSF and CTLA
serum titers which was accompanied by morphological features of thymus and spleen
function stimulation.

Grinevich et al. (1992) observed an activation of the proliferation and maturation of
thymic cortical thymocytes, hyperplasia, and medullar differentiation of epithelial
cells in the thymus and epithelioid cells in the spleen of AKR mice under long-term
epithalamin treatment in comparison to controls. In female C3H/Sn mice exposed to
long-term treatment with epithalamin starting at the age of 3.5 months, we observed a
delay in the age-related decrease in the phytohemagglutinin-induced blast transfor-
mation reaction of T-lymphocytes, in comparison to controls (Anisimov et al. 1982c).

14.5 The Effect of Epithalamin on Spontaneous Tumor Development
in Rats and Mice

In our first experiment, female outbred rats were injected subcutaneously with 0.2 ml
of saline or 0.1 or 0.5 mg of epithalamin 5 times per week for 20 months, starting at the
age of 3.5 months. All animals were autopsied and the tumors discovered were studied
histologically. It was shown that any dose of epithalamin failed to change either over-
all tumor incidence or occurrence of malignancies in female rats, while tumor latency
was significantly increased (Dilman et al. 1979b).

In another experiment, female rats were exposed to long-term subcutaneous injec-
tions with saline or 0.5 mg epithalamin starting at the age of 15 months. In this case,
the overall tumor incidence in the epithalamin-treated group was 1.6 times lower in
comparison to the control group (p < 0.004), while the incidence of malignant tumors
was 2.7 times lower (p < 0.04) (Anisimov and Khavinson 1991).

Female C3H/Sn mice aged 3.5 months were treated subcutaneously with 0.2 ml of
saline (control group) or with 0.5 mg of epithalamin dissolved in 0.2 ml of saline for
5 consecutive days once a month up to their natural death. It was shown that the over-
all tumor incidence in epithalamin-treated C3H/Sn females decreased 2.1 times in
comparison with saline-treated control animals. The antitumor effect of epithalamin
was most pronounced in relation to mammary adenocarcinomas. Their incidence
decreased 2.9 times; the multiplicity of mammary adenocarcinomas (number of
tumors per mouse) also decreased significantly (Anisimov et al. 1982a, c).

Outbred female Swiss-derived SHR mice were treated subcutaneously with saline
or 0.1 mg of epithalamin dissolved in saline for 5 consecutive days every month
beginning from the ages of 3.5 or 12 months. Administration of epithalamin to young
mice was followed by a significant reduction in spontaneous tumor incidence, first
of all due to a 2.6-fold decrease in the incidence of mammary adenocarcinomas
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(p < 0.025). The exposure to epithalamin caused a shift to the right of the curves of
tumor-free survival in young mice whereas, in the middle-aged group, the effect was
similar but less marked (Anisimov et al. 1989).

The incidence of spontaneous thymic lymphomas constitutes 39 % among 12-month-
old intact AKR mice and only 14% among mice given long-term epithalamin treat-
ment. Treated mice revealed increased TSF serum levels in comparison with controls,
accompanied by morphological features giving evidence of activation of thymus and
spleen cellular elements (Grinevich et al. 1992).

Thus, during the last 2 decades, a wide spectrum of biological activities of the low
molecular weight pineal preparation epithalamin was observed. Administration of
epithalamin to old animals led to normalization of some parameters of the endocrine,
reproductive, and immune systems and some other physiological functions, and to the
inhibition of tumor growth and reduced formation of metastases. Long-term treat-
ment with epithalamin was followed by an increased life span in mice and rats,
a slowing of age-related reductions in reproductive and immune functions, and inhibi-
tion of spontaneous as well as chemically or irradiation-induced carcinogenesis. The
mechanisms of the biological effects of epithalamin consist mainly of stimulation of
the night peak of melatonin in the pineal gland and serum, lowering the hypothalamic
threshold sensitivity to homeostatic feedback stimuli, and modulation of some T
and B cell-mediated immune functions. Melatonin was shown to be a very potent and
efficient scavenger of endogenous radicals (Poeggeler et al. 1993). This mechanism
could play a critical role in the geroprotective and antitumor effects of melatonin and
epithalamin.

The documented experimental data support the expediency of epithalamin applica-
tions in clinical practice for prevention and treatment of age-related pathologies,
including cancer. The results of clinical trials of epithalamin were reported elsewhere
(Karpov et al. 1985; Slepushkin et al. 1990; Khavinson and Morozov 1992; Morozov and
Khavinson 1996).
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Section IV
Mechanisms of Action
of Melatonin on Tumor Cells



A. Actions Via the Endocrine System

15 An Overview of the Neuroendocrine Regulation
of Experimental Tumor Growth by Melatonin and Its Analogues
and the Therapeutic Use of Melatonin in Oncology

David E. Blask

15.1 Introduction

The emergence of melatonin as an important neuroendocrine regulator of neoplastic
growth has helped usher in a new era of pineal gland research into basic mechanisms
of melatonin action at the cellular, molecular, and organismal levels. Today, oncology
is one of the few areas of clinical medicine in which melatonin is being used therapeuti-
cally, albeit to a limited extent in clinical trials (Blask 1993). In fact, melatonin found
its first clinical application as a treatment for cancer little more than a decade after its
discovery (Starr 1970). Interestingly, Hamilton (1969) reported the first effects of mela-
tonin on experimental cancer in animals a year earlier. Prior to that time, pineal extracts
and grafts from farm animals were being used in Europe to treat human cancer (Lapin
1976). However, it is not clear whether therapeutic responses were due to melatonin or
other pineal-derived oncostatic substance(s) (Bartsch et al. 1987).
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Over the past 2 decades, we have witnessed an explosion in melatonin research,
particularly as it relates to the binding of melatonin to its cognate receptor and the
intracellular signal transduction pathways that may mediate many of this indole’s
diverse actions (Krause and Dubocovich 1990). As part of this exponential increase
in melatonin research, there has been increased interest in the use of melatonin as a
therapeutic modality in the treatment of cancer (Gonzalez et al. 1991; Lissoni et al.
1994 a). Parallel to this interest in and use of melatonin as a cancer treatment, there has
been a burgeoning number of basic in vivo and in vitro science studies aimed at deter-
mining the mechanisms by which melatonin modulates neoplastic growth (Blask
1993). There are probably few areas of melatonin research in which the link between
basic and clinical studies is closer.

The present chapter will review, at times critically, the effects of melatonin and its
analogues on the growth of various types of neoplasms in order to provide the reader
with a frame of reference for understanding the rationale for the use of melatonin in
clinical trials for the treatment of cancer. A substantial part of the discussion will also
consider data on melatonin receptor binding and potential signal transduction mecha-
nisms in neoplastic tissues that may mediate the action of melatonin on carcino-
genesis. Many of the more current studies summarized in the present overview or
inadvertently overlooked by the author are covered in more detail in other chapters
prepared for this book.

15.2 Effects of Melatonin and Its Analogues on Experimental Cancer Growth

Several types of experimental neoplasms have been studied with respect to the ability
of melatonin and its analogues to influence cancer growth both in vivo and in vitro.
These neoplasms include tumors of the breast, skin, prostate, uterus, cervix, pituitary,
liver, ovary, bladder, neural tissue, colon, connective tissues and lung (Lapin 1976;
Kerenyi 1979; Tapp 1982; Blask 1984; Blask and Hill 1988; Blask 1993b). The in vivo
investigations have almost exclusively used animal models of human tumor growth,
while the in vitro work has focused primarily on human cancer cells themselves,
although a number of transformed and non-transformed animal cell lines have been
employed as well. The nature of the neoplastic growth response to indolamines
depends to a large extent on a variety of experimental factors including dose, timing
and duration of treatment, route of administration, photoperiod, and culture condi-
tions (Blask 1993b). In general,however, melatonin and related molecules are inhibitory
to tumor growth in vivo and in vitro and thus have been referred to by the author as
oncostatic agents (Blask 1984, 1993; Blask and Hill 1988). Nevertheless, there are
instances when melatonin has either no effect on or actually stimulates tumorigenesis
depending on the time of day it is administered suggesting that it can function as a
“chrono-oncostatic or oncomodulatory” neurohormone (Bartsch and Bartsch 1981;
Blask 1993 a, 1994; Blask et al. 1994).
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15.2.1 Melatonin and Breast Cancer
15.2.1.1 Animal Studies

Numerous studies in vivo have demonstrated a marked and consistent inhibitory
effect of melatonin at doses ranging from 25 pg to 1 mg, injected on a daily basis for
7 to 335 days on transplantable (Anisimov et al. 1973; Karamali et al. 1978), spontaneous
(Wrba et al. 1986; Subramanian and Kothari 1991a), or carcinogen-induced (Aubert et
al. 1980; Tamarkin et al. 1981; Shah et al. 1984; Blask et al. 1986, 1991 a) mammary cancer
in either female mice or rats. Clearly, the 7,12-dimethylbenzanthracene (DMBA) and
N-nitroso N-methylurea (NMU) models of chemically-induced mammary carcino-
genesis have provided the most complete picture of the oncostatic effects of melatonin
in vivo (Blask 1993b, 1984; Blask and Hill 1988). While the earliest study of melatonin’s
action on DMBA-induced mammary tumors showed a stimulatory effect of morning
injections of this indole (Hamilton 1969), subsequent investigations in this model
system have demonstrated an inhibitory effect of daily, late afternoon injections of
melatonin (Tamarkin et al. 1981; Shah et al. 1984; Blask et al. 1986), suggesting that
these tumors exhibit a diurnal rhythm of sensitivity to melatonin (Wrba et al. 1986).
We have observed a similar diurnal rhythm of sensitivity of NMU-induced mammary
tumors to melatonin as well (Blask et al. 1990; 1992). The oral administration of mela-
tonin via drinking water is also quite effective in suppressing DMBA-induced mammary
tumor growth (Kothari 1987; Subramanian and Kothari 1991b).

Some studies have shown that variations in environmental factors such as nutritional
intake or photoperiodic exposure significantly influence the tumorigenic response to
melatonin in rats with DMBA-induced mammary cancers. For example, in rats placed
on a modest underfeeding regimen (40 % reduction in food intake per day), melatonin
is much more effective in suppressing tumorigenesis than in animals fed ad libitum
(Blask 1984; Blask et al. 1986). Additionally, the anticarcinogenic effects of melatonin
appear to be somewhat greater in rats maintained on a constant lighting regimen as
compared with their counterparts maintained on a short photoperiod of 10 hours of
light (L) and 14 hours of darkness (D) (Shah et al. 1984; Kothari 1987).

Since melatonin administration in most of the earlier studies in the DMBA model
encompassed both the initiation and promotion phases of carcinogenesis, it was
impossible to determine whether melatonin acted on tumor initiation, promotion, or
both (Blask 1993b). In the initial study of this issue, biweekly, subcutaneous, late after-
noon injections of melatonin (200 pg) over a 2-week period caused a regression in the
number and size of established DMBA mammary tumors (Aubert et al. 1980). Studies
by Subramanian and Kothari (1991b) in the DMBA model examined the influence of
photoperiod and pinealectomy on the ability of melatonin to inhibit tumor initiation
or promotion. In the initiation experiments, vehicle or melatonin (200 pg/day) was
administered via the drinking water for 1 week prior to and 1 week following DMBA
treatment (10 mg at 55 days of age) to female rats maintained on either constant light
or short photoperiod (10L:14D). The promotion phase study was identical to the
initiation study, except that melatonin treatment was delayed until 1 week following
DMBA administration and continued until the end of the experiment 27 weeks later.

In the initiation experiments, melatonin treatment resulted in a 55% to 65% de-
crease in tumor incidence in intact rats on constant light or short photoperiods. How-
ever, in pinealectomized animals, melatonin was ineffective in suppressing tumor
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development in animals on either photoperiod. In the promotion study, melatonin
effectively suppressed tumorigenesis by 55% to 77 %, irrespective of photoperiod or
pinealectomy. No effects of melatonin treatment, photoperiod, pinealectomy, or com-
binations of these treatments were observed on tumor number; however, melatonin
treatment did delay the development of tumors in each of these groups. These results
indicate that, in this model system, an intact pineal gland and presumably its endo-
genous melatonin rhythm are required for exogenous melatonin’s oncostatic effects on
tumor initiation but not promotion (Subramanian and Kothari 1991b). Interestingly,
DMBA itself has been shown to suppress circulating levels of melatonin (Bartsch et al.
1990). Although we previously reported a suppressive effect of melatonin on tumor
promotion in this model system (Blask et al. 1986), we have not observed melatonin
inhibition of tumor initiation (unpublished results).

The initiation versus promotion issue has also been examined in the NMU mammary
tumor model, in which these tumors are more growth-responsive to estrogen than
DMBA-induced tumors, which are more dependent upon prolactin (Welsch 1985).
Contrary to the findings of Kothari and her coworkers, we failed to observe an inhibi-
tory effect of daily, afternoon melatonin injections (500 pg/day) restricted to the initia-
tion phase of NMU-induced mammary carcinogenesis (Blask et al. 1991a). However,
melatonin was effective in inhibiting tumorigenesis when its administration was
restricted to the promotion phase of carcinogenesis. The antipromotion effect of
melatonin in this model system was further confirmed by the ability of melatonin
(20-500 pg/day) to completely block estradiol-induced regrowth of NMU tumors that
had regressed in response to ovariectomy (Blask et al. 1991 a).

Additionally, pinealectomy alters the responsiveness of NMU tumors so that, at
certain doses of melatonin, they are less sensitive to its oncostatic effects (Blask et al.
1992). Furthermore, pinealectomy causes these tumors to become responsive to the
oncostatic effects of morning injections of melatonin which are ineffective in intact
animals. However, late afternoon melatonin is still more effective than late morning
melatonin in suppressing tumorigenesis in pinealectomized animals (Blask et al. 1990;
Blask et al. 1991b).

The reasons why Kothari and her group were able to inhibit the initiation phase of
DMBA-induced carcinogenesis while we failed to affect tumor initiation in either the
DMBA or NMU models could be explained in a number of ways. For example, in the
DMBA system, we administer the carcinogen via the intravenous route and melatonin
by subcutaneous injection, whereas Kothari and associates typically administer DMBA
via the intragastric route and melatonin orally via the drinking water (Kothari 1987;
Subramanian and Kothari 1991Db). Therefore, following the oral administration of
DMBA and melatonin, these compounds would be subjected to first-pass metabolism
by the liver subsequent to their absorption from the gastrointestinal tract (Cardinali
1981). Thus, melatonin might inhibit tumor initiation by limiting the absorption
of DMBA or by decreasing its activation and increasing its detoxification by phase I
(cytochromes b5 and P450) and II (glutathione-S-transferase) xenobiotic metaboliz-
ing enzymes in the liver (Kothari and Subramanian 1992).

Another means by which melatonin has been proposed to prevent tumor initiation
is via the inhibition of adduct formation between carcinogens, such as safrole, and
DNA (Reiter et al. 1994; Tan et al. 1994). This could also be true in the case of DMBA,
since the ultimate carcinogenic epoxide derivative of DMBA forms DNA adducts
(DiGiovanni and Juchau 1980) in mammary epithelial cells.
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However, if such a mechanism were operating, we would expect inhibition of tumor
initiation in both our DMBA and NMU studies as well, since NMU also forms DNA
adducts (Kumar et al. 1990). Perhaps in our studies, any effects of melatonin on liver
metabolism of DMBA were minimized by the parenteral route of administration
of both substances. Unlike DMBA, which is metabolically activated in the liver and
mammary gland to its ultimate carcinogenic form, 3,4-dihydrodiol-1,2-epoxide
(DiGiovanni and Juchau 1980), NMU directly alkylates DNA and activates H-ras and
K-ras oncogenes (Kumar et al. 1990). Since NMU does not require metabolic activa-
tion to cause malignant transformation, melatonin might not be expected under these
circumstances to have an impact on the ability of this nitrosoamine to initiate mammary
carcinogenesis.

Melatonin treatment of female rats or mice results in a decrease in the number
of terminal end and alveolar buds as well as in the amount of mammary gland DNA
synthesis to create a more “differentiated” ductal system which might then render the
mammary epithelium refractory to the effects of a carcinogen such as DMBA (Shah et
al. 1984; Kothari 1988; Subramanian and Kothari 1991a). Studies in vitro suggest that
such an effect of pharmacological doses of melatonin could act directly on mammary
tissue to maintain a differentiated state (Sanchez-Barcelo et al. 1990). Recent findings
by Crespo et al. (1994) also indicate that physiological concentrations of melatonin
may induce a partially differentiated phenotype in MCF-7 breast cancer cells.

Other evidence suggests that melatonin suppression of circulating prolactin,
estradiol, and insulin-like growth factor levels may be responsible for the inhibition of
murine mammary tumorigenesis (Tamarkin et al. 1981; Shah et al. 1984; Subramanian
and Kothari 1991a; Scaglione et al. 1992), since these hormones are endogenous
promoters of mammary cancer development and growth (Freiss et al. 1993). How-
ever, we have never observed a melatonin-induced decrease in prolactin or estradiol
levels in rats with either DMBA- or NMU-induced tumors (Blask et al. 1986,
1991 a). Rather, to us it appears more likely that melatonin may be acting directly at
the level of breast cancer cells to inhibit the mitogenic actions of estradiol, prolactin,
and other growth factors (Hill and Spriggs 1992; Cos and Blask 1994; Lemus-Wilson
et al. 1995).

15.2.1.2 Cell Culture Studies

The demonstration that melatonin inhibits the growth of monolayer cultures of estro-
gen receptor-positive (ER+) human breast cancer cells (MCF-7) supplemented in vitro
with 10% fetal bovine serum (FBS) established for the first time that physiologically
relevant levels of this hormone have direct oncostatic effects on breast cancer cells,
while higher or lower concentrations of this indole exert little or no influence (Hill and
Blask 1988). These findings formed the basis of a model system of human breast cancer
growth for probing the cellular and molecular mechanisms of melatonin’s oncostatic
action.

Melatonin inhibits the proliferation not only of monolayer cultures of MCF-7 cells
but also of cells cultured in an anchorage-independent system (Cos and Blask 1990).
However, the bell-shaped dose-response curve characteristic of melatonin action on
monolayer cultures changes to a linear dose-response relationship in soft agar culture.
Additionally, as the amount of FBS is reduced in the medium, MCF-7 cells lose their
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sensitivity to melatonin until they are totally refractory in serum-free, chemically
defined medium (Blask and Hill 1986 a; Hill 1986; Hill and Blask 1986). In fact, we have
found that the MCF-7 cell response to melatonin can dramatically vary from robust to
little or no response with different batches of FBS obtained from different or even the
same commercial sources; we find the same to be true for tamoxifen as well (un-
published observations). In addition to serum factors, different growth rates of MCF-7
cells, as determined by different initial plating densities, have a profound impact on the
responsiveness of these cells to melatonin. For example, melatonin is more effective in
inhibiting the growth of fast-growing (short doubling time) MCF-7 cells (high initial
plating density) than slower growing cells (long doubling time) initially plated at low
density (Cos and Sanchez-Barcelo 1995). These findings emphasize the importance of
culture conditions, particularly the growth rates as determined by serum components
and plating density, in setting the level of responsiveness of MCE-7 cells to melatonin
inhibition.

In response to continuous exposure to melatonin, MCF-7 cells also exhibit charac-
teristic ultrastructural changes which include reduced numbers of surface microvilli,
cytoplasmic and ribosomal shedding, disruption of mitochondrial cristae, vesicula-
tion of smooth endoplasmic reticulum, and increased numbers of autophagic vacuoles
(Hill and Blask 1988). This morphological profile suggests that these cells undergo
transition into a more differentiated state in the presence of melatonin (Crespo et al.
1994). Melatonin exerts its differentiating antiproliferative effect by delaying the pro-
gression of cells from the Gy/G; to the S phase of the cell cycle (Cos et al. 1991). Other
studies using partially synchronized MCF-7 cells suggest that they are most suscept-
ible to inhibition by melatonin during the S phase (Cos et al. 1996). Furthermore, the
application of melatonin to MCF-7 cells in 12-hour pulses rather than continuously is
also an effective regimen for inhibiting cell growth (Cos and Sanchez-Barcelo 1994).
In fact, this circadian-like presentation of physiological levels of melatonin to MCF-7
cells is more effective in inhibiting cell growth than continuous exposure of the cells to
this indole.

The fact that melatonin inhibits other ER+ human breast cancer cell lines and has
little or no effect on ER—- human breast cancer cells indicates that the estrogen response
pathway is crucial for melatonin’s oncostatic action (Hill et al. 1992). Melatonin’s
ability to block estradiol-stimulated MCF-7 cell growth as well as the estradiol-induced
rescue of tamoxifen-inhibited cells further attests to the importance of the estrogen
response system in melatonin’s oncostatic action in vitro (Cos et al. 1991; Hill et al.
1992). Interestingly, estradiol is also capable of rescuing MCE-7 cells from melatonin-
induced growth arrest (Cos et al. 1991) and essentially reverses the differentiating
effects melatonin has on the morphology of these cells (Crespo et al. 1994).

The hormonal regulation of breast cancer growth involves not only estrogen but
encompasses a complex array of other estrogen-inducible endocrine, autocrine, and
paracrine substances including prolactin, epidermal growth factor (transforming
growth factor ), insulin-like growth factor I (1GF-1) and cathepsin D (Freiss et al.
1993). In serum-free, chemically-defined medium, melatonin inhibits the release of
several proteins synthesized by MCF-7 cells, including an estradiol-inducible 52 kD
glycoprotein corresponding to the autocrine growth stimulator cathepsin-D (Hill
1986; Blask and Hill 1988). Additionally, melatonin increases the levels of inhibitory
growth factor activity (i.e., transforming growth factor 8), in medium conditioned by
MCF-7 cells (Cos and Blask 1994) and the expression of transforming growth factor 8



15 An Overview of the Neuroendocrine Regulation of Experimental Tumor Growth 315

mRNA (Molis et al. 1995). Furthermore, melatonin inhibits the capacity of estradiol-
induced growth factor activity as well as prolactin (Lemus-Wilson et al. 1995) and
epidermal growth factor to stimulate MCF-7 cell growth (Cos and Blask 1994). Taken
together, these results indicate that melatonin exerts its oncostatic effects in vitro by
modulating the secretion and/or action of estradiol-inducible endocrine, paracrine, or
autocrine growth factors.

Another aspect of melatonin’s action on human breast cancer cell growth deserves
a comment, since it has important implications for the treatment of breast cancer.
Although melatonin appears to have important interactions with endogenous factors
germane to the regulation of breast cancer growth, melatonin also modulates the
oncostatic activity of exogenous factors such as cytostatic and cytotoxic chemo-
therapeutic agents in vitro (Blask et al. 1993). For example, the preincubation of MCF-7
cells with a physiological concentration of melatonin followed by exposure of the cells
to the cytostatic antiestrogen, tamoxifen, increases the potency of the subsequent
growth inhibitory effects of this agent (Wilson and Blask 1992). This suggests that
melatonin, through unknown mechanisms, increases the sensitivity of MCF-7 cells to
the inhibitory effects of the most important compound used in the hormonal treat-
ment of ER+ breast cancer (Jordan and Murphy 1991). Moreover, when melatonin and
tamoxifen are used in combination in cells exposed to the growth-stimulating effects
of estradiol, cell growth is inhibited to a greater extent than that achieved with either
agent alone (Cos et al. 1991).

Paradoxically, in the absence of exogenously added estradiol, the combination of
melatonin and tamoxifen is no more effective than either agent alone (Hill et al. 1992).
However, 1 nM melatonin in conjunction with a suboptimal growth-inhibiting dose
of a chemotherapeutic regimen consisting of cyclophosphamide, methotrexate, and
5-fluorouracil (CMF) to treat MCF-7 cells exhibiting decreased sensitivity to melatonin
is much more effective than either melatonin or CMF alone in suppressing cell pro-
liferation (Blask et al. 1993). Interestingly, it was recently reported that 5-fluorouracil
alone attenuates the oncostatic action of physiological melatonin on MCF-7 cell growth
(Furuya et al. 1994).

Melatonin’s direct inhibitory effect on MCF-7 cell growth in culture has been repro-
duced by a number of other independent laboratories (Shellard et al. 1989; de Launoit
et al. 1990; UHermite-Baleriaux et al. 1990; Bartsch et al. 1992; Liburdy et al. 1993; Cos
and Sanchez-Barcelo 1994, 1995; Crespo et al. 1994; Furuya et al. 1994; Blackman et al.
1996; Papazisis et al. 1998). While the majority of these investigators report an inhibi-
tory effect of physiological melatonin, the remaining authors detect a cytotoxic or
cytostatic effect of melatonin only at pharmacological levels (Shellard et al. 1989;
Bartsch et al. 1992; Papazisis et al. 1998). Nevertheless, one of these same groups
(LUHermite-Baleriaux and de Launoit 1992) has questioned the direct oncostatic effects
of physiological concentrations of melatonin on MCF-7 cell growth. In spite of their
two earlier reports (de Launoit et al. 1990; UHermite-Baleriaux et al. 1990), this group
and more recently Panzer et al. (1998) failed to observe an inhibitory effect of mela-
tonin on the growth of MCF-7 cells as well as other ER+ human breast cancer cell lines
(T47D and ZR75-1) over all concentrations tested from 107> M to 10-*M in RPMI 1640
medium supplemented with either charcoal-stripped FBS (CS-FBS) or 10% FBS in the
absence or presence of 0.3 nM estradiol (UHermite-Baleriaux and de Launoit 1992).
However, the culture conditions they used differed in several respects from those
under which we typically see inhibition with melatonin on MCF-7 cell growth (Hill and
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Blask 1988). Not only is our initial plating density 6 times higher than theirs, but the
inhibitory effect of melatonin begins to disappear at lower densities as well (Hill 1986;
Cos and Sanchez-Barcelo 1995). Furthermore, they incubated their cells with mela-
tonin for 12 days, whereas we incubate our cells for only 5 to 7 days, since MCF-7 cells
escape from melatonin inhibition after this time period (Blask, unpublished results).
In our experiments, we typically use Dulbecco’s modified Eagle’s medium (DMEM),
whereas this group used RPMI 1640 medium.

It is not surprising that they also failed to observe melatonin inhibition of MCF-7
cell growth in either 1% FBS or 10% CS-FBS, since we originally reported that mela-
tonin loses its oncostatic activity in either CS-FBS or as the percentage of FBS in the
medium decreases, indicating the serum dependence of this response (Hill 1986;
Hill and Blask 1986; Blask and Hill 1986a). Another confounding factor is that these
workers used MCF-7 cells which were apparently hyper-responsive to estradiol, since
they achieved a 20-fold increase in MCF-7 cell growth with estradiol in CS-FBS and a
twofold increase in the presence of 10% FBS in which cell growth is already maximally
stimulated. This suggests that they may have inadvertently tested a clone which was
already biased towards growth stimulation by endogenous estrogens in the FBS rather
than growth inhibition by melatonin. In this regard, it has been demonstrated that
MCEF-7 cells from different laboratories vary widely in their basal and estradiol-stimu-
lated growth rates, responses to inhibition by the antiestrogen tamoxifen, and their ER
and progesterone receptor content (PgR) (Osborne et al. 1987). There is no reason to
believe that similar variations could not also exist among MCF-7 cells from different
laboratories with respect to their sensitivity to melatonin.

One additional factor that these investigators did not take into account is the inten-
sity of the magnetic fields in their incubator. For example, magnetic fields present in
cell culture incubators can block the ability of MCF-7 cells to respond to the inhibitory
effects of melatonin in vitro (Blask et al. 1993 a, b; Liburdy et al. 1993). Therefore, it is
possible that magnetic fields in their incubator may have been of sufficient intensity to
prevent the oncostatic effects of melatonin.

15.2.1.3 Melatonin Analogs

Neither 6-hydroxymelatonin, serotonin, N-acetylserotonin, 5-methoxytryptophol,
nor 5-methoxytryptamine exhibit any oncostatic activity in the MCF-7 monolayer
culture system (Blask and Hill 1986a). However, the halogenated melatonin analogue,
6-chloromelatonin (1 nM), is just as potent as native melatonin in inhibiting MCF-7
cell growth (Blask and Hill 1986b). Using a soft agar clonogenic growth inhibition
assay, Shellard et al. (1989) evaluated the effectiveness of melatonin, N-acetylserotonin,
5-methoxytryptamine, 6-hydroxymelatonin, tryptamine hydrochloride, and 5,6-di-
hyroxytryptamine on MCF-7 cell growth over a 3-day period. They found that it
required anywhere from 23 ug/ml to 400 pg/ml of these compounds to elicit a 50%
inhibition of cell growth as compared with controls (IGs). Interestingly, in their test
system, melatonin (IGs, = 400 pg/ml) and 6-hydroxymelatonin (IGs; =305 pg/ml)
were the least potent in inhibiting cell growth, whereas 5,6-dihydroxytryptamine was
the most potent (IGsy =23 pg/ml). On the other hand, tryptamine hydrochloride,
5-methoxytryptamine and N-acetylserotonin were all 2 to 4 times more potent than
melatonin in inhibiting MCF-7 cell growth.
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15.2.2 Melatonin and Melanoma
15.2.2.1 Animal Studies

The inhibitory effects of melatonin on melanoma growth were initially examined in
Syrian hamsters with transplantable hormone-responsive hamster melanomas (MM1)
(El-Domieri et al. 1973; Ghosh et al. 1973; El-Domieri et al. 1976). While either 100 pg
or 4 mg of melatonin per day for 2 to 3 weeks had no effect on melanoma growth in
intact animals, melatonin inhibited pinealectomy-induced growth and metastases of
these tumors. Subsequent studies by these same investigators (Stanberry et al. 1983)
showed that either morning or late afternoon injections of melatonin (5-50 pg/day) for
5 weeks had a stimulatory effect on the growth of MM1 melanomas in long-day exposed
hamsters. Interestingly, constant release Silastic implants of melatonin (14-18 pg/day)
stimulated tumor growth in long photoperiods, while they were inhibitory in animals
exposed to short days. In athymic nude mice, melatonin (5 pg/g BW) supplied in the
drinking water suppressed transplantable B16 mouse melanoma growth following
almost 6 weeks of treatment (Narita and Kudo 1985).

15.2.2.2 Cell Culture Studies

One of the earliest studies on the effects of melatonin on cancer cell growth in vitro
demonstrated that millimolar concentrations of melatonin inhibited hamster mela-
noma cell (B7) growth, while micromolar levels actually stimulated growth (Walker et
al. 1978). More recently using a different hamster melanoma cell line, Slominski and
Pruski (1993) found that the growth of AbC1 hamster amelanotic melanoma cells was
completely blocked after only 3 days of exposure to as little as 100 pM of melatonin. In
fact, they observed a bell-shaped dose-response curve of cell growth to the inhibitory
action of melatonin similar to what we reported for MCF-7 human breast cancer cells
(Hill and Blask 1988). They also reported that physiological levels of melatonin (100
pM) inhibited the growth of the mouse melanoma cell line S91 by 50% after only
24 hours of incubation (Slominski and Pruski 1993). In both the hamster AbC1 and
mouse S91 melanoma cell lines, 1.0 nM of melatonin was also quite effective in
suppressing cell growth. These findings were corroborated in murine melanoma cells
(M2R), which were shown to be inhibited by melatonin (10 nM) over a 5-day culture
period (Zisapel and Bubis 1994). Additional dose-response studies revealed that the
inhibitory effects of melatonin on M2R cell growth increased linearly with the dose
(107 M to 10~* M), with maximum growth suppression being achieved with micro-
and millimolar concentrations; however, these oncostatic effects of melatonin are
apparently not cell cycle-specific. Although melatonin also inhibited the constitutive
secretion of proteins from these cells in a dose-response manner, melatonin failed to
affect the growth enhancing action of conditioned medium on melanoma cell growth.
These results suggest that melatonin’s antiproliferative effects may involve an inhibi-
tion of the secretion but not the mitogenic action of autocrine growth regulatory
factors of this cell line (Zisapel and Bubis 1994).

The clonogenic growth of human melanoma cells derived from biopsy specimens is
inhibited by melatonin in a linear dose-response manner (10-> M to 10~ M) in the
majority of tumors, while colony formation is either stimulated or unaffected by mela-
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tonin in the remaining cases (Meyskens and Salmon 1981). Human melanoma cells
in monolayer culture also exhibit interesting biphasic responses to different doses
of melatonin, depending on whether the cells are slow-growing early passage or fast-
growing late passage cells. Millimolar concentrations of melatonin stimulated the
growth of slow-growing human melanoma cells, while micromolar levels inhibit
growth; however, doses in the physiological range are without effect. In contrast to
slow-growing cells, millimolar concentrations of melatonin inhibited fast-growing
human melanoma cells while lower concentrations had no effect (Bartsch et al. 1986).
An interesting study by Hu and Roberts (1997) demonstrated that melatonin, at con-
centrations comparable to the concentration of melatonin in the aqueous humor of
human eyes (100 pM to 100 nM), inhibited the proliferation of human uveal melanoma
cells in vitro.

15.2.2.3 Melatonin Analogues

A variety of indolamines have been compared with melatonin at pharmacological doses
for their ability to inhibit the uptake of [*°H]-thymidine into B16 mouse melanoma cells
following 2 days of incubation (Sze et al. 1993). Melatonin itself weakly inhibited thy-
midine uptake at all concentrations tested, while serotonin and 5-methoxytryptophol
demonstrated modest inhibition of thymidine uptake in a dose-response manner. At all
but the lowest dose, 5-methoxytryptamine exhibited almost 100% inhibition of thy-
midine uptake by these cells. Both 5-methoxytryptamine and 5-methoxytryptophol,
at millimolar concentrations, were half as potent as melatonin in suppressing human
melanoma cell proliferation after 6 days of culture, while neither serotonin nor
N-acetylserotonin had any effect (Bartsch et al. 1987). In another human malignant
melanoma cell line (M6), 6-chloromelatonin was much more potent than melatonin in
suppressing cell growth as evidenced by an ICs, of 5 nM for 6-chloromelatonin and an
ICsy of 30 nM for melatonin. Maximal inhibition of cell proliferation (65% to 85%)
by these compounds was achieved at approximately 10 uM (Ying et al. 1993). In S91
hamster melanoma cells, a pharmacological concentration of 5-methoxytryptamine
(0.1 uM) was effective in totally blocking cell growth after 3 days of culture, whereas
neither physiological nor subphysiological levels of this compound had any effect. In
the case of N-acetylserotonin, neither physiological nor subphysiological concentra-
tions had any effect on cell growth, whereas pharmacological levels actually induced a
fourfold stimulation of growth over controls (Slominski and Pruski 1993).

15.2.3 Melatonin and Sarcoma
15.2.3.1 Animal Studies

Daily melatonin injections (50 pg/day) following the induction of fibrosarcomas in
DBF1 mice with the chemical carcinogen methylcholanthrene (MCA) result in a sup-
pression of tumorigenesis during the early stages (Lapin and Ebels 1976). In the
first investigation to examine a possible circadian stage-dependent response of tumor
growth to melatonin, Bartsch and Bartsch (1981) demonstrated that transplantable
MCA-induced fibrosarcomas in Swiss mice exhibit a diurnal rhythm of sensitivity to
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melatonin (100 pg/day) injected at different times of the day in animals maintained on
photoperiods of either 13L:11D or 12L:12D. Whereas morning intraperitoneal injec-
tions of melatonin stimulated tumorigenesis, afternoon injections were oncostatic,
while subcutaneous injections were ineffective at any time.

These results were corroborated and extended in BALB/c mice bearing transplant-
able Meth-A sarcomas maintained on 12L:12D and treated with either melatonin
(1 mg/kg BW) or interleukin-2 (IL-2) (4800 U) alone or in combination (Sanchez de la
Pena et al. 1992). Either melatonin or IL-2 administered alone 18 hours after lights on
stimulated tumor growth while both compounds inhibited growth when given during
the end of the light phase (10 hours after lights on). Interestingly, when given in com-
bination with IL-2, melatonin severely blunted the oncogenic effect of IL-2 given
during the dark phase, while it potentiated the oncostatic effect of this cytokine given
just before lights off.

Taken together with the results we obtained with NMU-induced mammary cancers
(Blask et al. 1992), these findings suggest that melatonin can be either oncogenic or
oncostatic in vivo, depending on the circadian stage during which it is administered
(Blask 1993 a, 1994).

When BALB/c mice are transplanted with leukemia cells (LSTRA), melatonin
(100 ug/day) injections over a 2-week period are leukemostatic (Buswell 1973). How-
ever, when melatonin (4 mg/kg BW) is injected in the afternoon into C57BL/6
mice with leukemia induced by the intrathymic injection of radiation leukemia virus
(RadLV), the leukemogenic process is accelerated, as evidenced by the decreased
survival time of these animals. This leukemogenic effect of melatonin was blocked by
naltrexone, indicating that it is mediated via the melatonin-induced release of endo-
genous opioids (Conti and Maestroni 1994).

15.2.3.2 Cell Culture Studies

The growth of P388 human leukemia cells cultured in DMEM supplemented with 10%
EBS for 6 days was found to be unresponsive to melatonin (107 M or 10~* M) in vitro
(Leone 1991).

15.2.3.3 Melatonin Analogues

5-Methoxytryptophol was found to be weakly inhibitory to P388 human leukemia cells
at 10* M, while 6-hydroxymelatonin was inactive at any concentration tested. On the
other hand, 6-methoxyharmalan inhibited cell growth by 80% at 10~*M and 54% at
10°M (Leone 1991). In the mouse sarcoma cell line (S180), 5-methoxytryptamine was
the most efficacious of any melatonin analogue tested in causing almost complete-
inhibition of [*H]-thymidine uptake at concentrations ranging from 20 pM to 500 uM
(Sze et al. 1993). At the highest dose, melatonin, 5-methoxytryptophol, 5-methoxy-
indoleacetic acid, and 5-hydroxytryptophol were all effective inhibitors of [*H]-thy-
midine uptake, whereas neither serotonin nor 5-hydroxyindoleacetic acid had an
effect at any concentration tested.
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15.2.4 Melatonin and Other Tumors
15.2.4.1 Animal Studies

Studies on the effects of melatonin on transplantable prostate adenocarcinoma
(Dunning R3327) in male Copenhagen-Fischer rats that are either intact or olfactori-
bulbectomized have revealed that daily, late afternoon injections of melatonin at doses
of 25-200 pg/day decrease the growth of androgen-sensitive and androgen-insensitive
tumors. However, not all androgen-sensitive variants of this tumor respond to melato-
nin, and in some cases melatonin stimulates the growth of some androgen-insensitive
variants (Toma et al. 1987; Buzzell 1988; Buzzell et al. 1988; Philo and Berkowitz 1988).

Pituitary tumors (prolactinomas) induced with diethylstilbestrol (DES) in either
intact or olfactoribulbectomized female Fischer 344 rats are growth-inhibited by either
daily afternoon melatonin injections (50 pg/day) or melatonin (1 mg) continuously
provided by beeswax implants (Leadem and Burns 1987). In another transplantable
pituitary tumor model (mT/F4), tumors demonstrated a diurnal rhythm of sensitivity
to daily melatonin injections (50 pg/day), with morning injections having no effect
while afternoon injections inhibited tumor growth (Chaterjee and Banerji 1989).

Conflicting results have been obtained with respect to melatonin’s influence on the
growth of a transplantable Lewis lung carcinoma in mice. For example, in one study
daily melatonin injections (3.5 mg/kg BW) actually stimulated tumor growth, as
evidenced by a decrease in survival time (Lapin and Ebels 1976) while, in another
study, melatonin (1.25 mg/kg BW) administered in the drinking water decreased the
size of the primary tumor, metastases to the lungs, and the number of animals with
tumors (Perissin et al. 1994). In this tumor model, perhaps the route of melatonin
administration was critical in determining the outcome of experiments.

Recently, Anisimov et al. (1997) demonstrated that melatonin administered in
the drinking water (20 mg/L) inhibited colon carcinogenesis induced by 1,2-dimethyl-
hydrazine (DMH) in female rats as manifested by a decrease in the incidence, multi-
plicity, invasiveness, and size of colon adenocarcinomas and by an increase in their
degree of differentiation. These investiga