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Editorial

Dear readers:

After a four-year break, in the

second issue – running number 16 –

of its publication series ‘EDITION

WISSENSCHAFT’, the

Forschungsgemeinschaft Funk e.V.

addresses the melatonin hypothesis.

A short version of the following

exposé has already been published

in the NEWSLETTER #1, 2002.

In his introduction to the topic, the

author, Prof. Dr. Alexander Lerchl,

deals with the significance of

melatonin at the endocrine and at

the physiological level, under special

consideration of effects caused

by magnetic, electric, and electro-

magnetic fields. A comprehensive

reference appendix is added to this

article. Through this issue of

EDITION WISSENSCHAFT, the FGF

is convinced to provide a good

overview of the current state of the

scientific debate on the topic

‘melatonin’.

Best regards,

Gerd FriedrichGerd FriedrichGerd FriedrichGerd FriedrichGerd Friedrich
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Introduction

Prof. Dr.rer.nat. Alexander Lerchl

The Melatonin Hypothesis:
An Introduction.

Figure 1: Structural formula of melatonin (N-acetyl-5-methoxytryptamine)Figure 1: Structural formula of melatonin (N-acetyl-5-methoxytryptamine)Figure 1: Structural formula of melatonin (N-acetyl-5-methoxytryptamine)Figure 1: Structural formula of melatonin (N-acetyl-5-methoxytryptamine)Figure 1: Structural formula of melatonin (N-acetyl-5-methoxytryptamine)

1. Introduction

1.1. Preface

The pineal gland (epiphysis cerebri)1

produces the hormone melatonin,

generally dependent on the

light-dark cycle of the environment

(photoperiod). The main task of the

pineal gland is to transform the

physical parameters of daytime and

season into an endocrine signal

which can be interpreted as a ‘time

cue’ by the organism. Thus a

sensible coordination of daytime

(diurnal) as well as seasonal

physiological processes with the

external world is ensured. As

melatonin nearly exclusively is

produced during the night it is often

called ‘hormone of darkness’ [1].

The ecological background of

seasonal adjustment, for example, is

that the survival of offspring often

would only be ensured, if they were

born during a certain season

(seasonal reproduction). In contrast,

diurnal synchronisation is important

for a whole range of physiological

adjustment mechanisms (circulation,

digestion, sleep, etc).

There are other processes potentially

affected to a certain extent by the

pineal gland and melatonin,

respectively. It is speculated that the

hormone slows down or even

inhibits aging processes and cancer

development. In the following paper

a survey is presented on melatonin

synthesis, the hormone’s effects,

and non-photoperiodic influence

factors which may affect melatonin

production. In particular, the

potential effects of weak electric,

magnetic, and electromagnetic fields

will be addressed. Due to the ever-

increasing single data available on

the topic this overview does not

claim to be exhaustive or complete.

For example, the database MedLine®

alone contains more than 16,000

original studies. On the other side, it

is necessary to know about most

aspects outlined in the following to

better understand the current

debate on the ‘melatonin

hypothesis’ as a possible explanation

of epidemiological data.

CH3O
CH2 CH2

CH3

N C

H
O

H

N
1 The pineal gland of vertebrates (epiphysis
cerebri) ontogenetically originates from a part
of the brain (cerebrum; therefore cerebri) and
is anatomically located above it (therefore
epiphysis). Its shape - reminiscent of a pine
cone – explains the term pinealis.
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Figure 2: The pineal gland – as seen and depicted by René Descartes (1596-1650) – is theFigure 2: The pineal gland – as seen and depicted by René Descartes (1596-1650) – is theFigure 2: The pineal gland – as seen and depicted by René Descartes (1596-1650) – is theFigure 2: The pineal gland – as seen and depicted by René Descartes (1596-1650) – is theFigure 2: The pineal gland – as seen and depicted by René Descartes (1596-1650) – is the

‘seat of the rational soul’ thus connecting soul and body. This schematic shows the pine‘seat of the rational soul’ thus connecting soul and body. This schematic shows the pine‘seat of the rational soul’ thus connecting soul and body. This schematic shows the pine‘seat of the rational soul’ thus connecting soul and body. This schematic shows the pine‘seat of the rational soul’ thus connecting soul and body. This schematic shows the pine

cone shape of the pineal gland as well as a link between the chiasma opticum (crossing ofcone shape of the pineal gland as well as a link between the chiasma opticum (crossing ofcone shape of the pineal gland as well as a link between the chiasma opticum (crossing ofcone shape of the pineal gland as well as a link between the chiasma opticum (crossing ofcone shape of the pineal gland as well as a link between the chiasma opticum (crossing of

optical nerves) and the hormonal gland – an amazing anticipation of to-date knowledge.optical nerves) and the hormonal gland – an amazing anticipation of to-date knowledge.optical nerves) and the hormonal gland – an amazing anticipation of to-date knowledge.optical nerves) and the hormonal gland – an amazing anticipation of to-date knowledge.optical nerves) and the hormonal gland – an amazing anticipation of to-date knowledge.

²It is pure coincidence that the adjacent
article in the same magazine reports effects
of rapidly changing magnetic fields on visual
perception (magnetophosphenes).

1.2. Historical
overview

The special anatomy of the pineal

gland has been subject of obser-

vations and speculation long

before modern age. The Greek

philosopher Herophilos of

Alexandria is claimed to have done

the first reliable anatomical map of

the different brain regions as early

as around 330 BC. For religious

reasons, for a long time brain

sectioning was banned. So Galen

(131-205) was the first to provide

an exact description of the pineal

gland. For René Descartes the

pineal gland was the ‘seat of the

rational soul’ where soul and body

are interlinked (fig. 2). We will not

delve into the philosophical debate

of that time ultimately being

responsible for this view.

However, it must have been

important that the pineal gland

is one of the few unpaired (and

thus quite conspicuous) brain

compartments.

A first big step towards elucidation

of the pineal gland’s functions was

made in 1917 when McCord and

Allen fed cattle pineal glands to

tadpoles. Thereafter they observed a

dramatic blanching of the animals

due to a contraction of mela-

nophores within the skin [2]².

Althoug this study is also standing

out because of its carefully made

schematics and its brilliant writing, it

did not receive due attention.

In 1954 modern pineal gland

physiology only really began when

Kitay and Altschule published a book

called ‘The Pineal Gland’ presenting

and discussing most studies (about

1,800) having dealt with the pineal

gland since 1880. The pineal organ

gradually was shown to possibly be

involved in

• gonadal functions

• pigmentation and

• brain functions (behavior).

All three hypotheses are known to

be more or less true for many animal

species. But initially, clinical findings

in children with pineal gland tumors

led to the assumption that the

disease could result either in delayed

or precocious puberty (pubertas

tarda / pubertas praecox). Though

our perspective on this findings has

changed, at that time plausible

conclusions were drawn. Subsequent

experimental findings in rats

confirmed these theoretical findings

(survey in [3]). Then, in the early

fifties of the last century, Aaron

B. Lerner became interested in the

substance behind the effects of

cattle pineal glands on tadpoles

observed by McCord and Allen in

1917. From 1955, Lerner and
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Y. Takahashi first developed a so-

called bioassay for melatonin deter-

mination based on a quantification

of frog skin blanching. In 1956, J.D.

Case joined the group.

In a huge effort, until 1957 about

250,000 cattle pineal organs were

processed, however, without

reaching breakthrough results

though they pointed to an

uncharged indol derivate. One week

before the final deadline, Lerner

suddenly had the idea that the

searched-for substance would be a

methoxyderivate of serotonin (the

term ‘melatonin’ derives from its

effects on melanophores and refers

to the fact that it is a serotonin

derivate). Within a very short time,

melation was synthesised and its

chemical structure was confirmed.

Melatonin was shown to be up to

100,000-fold stronger in its impact

on melanophores as adrenaline and

acetylcholine (survey in [3]).

After elucidation of the enzymatic

cascade leading to melatonin

synthesis, in 1965 Hoffman and

Reiter proved that the decrease of

gonad weights in hamsters induced

by short photoperiods (daily light

duration) is blocked by the removal

of the pineal organ [4]. However,

prior to that Czyba et al. already

demonstrated that there is an

antagonism between seasonality

and pineal function [5]. For

unknown reasons – but probably

related to the fact that Czyba’s

article was written in French – this

paper is rarely referred to.

Finally, Wurtman and Axelrod

presented two concepts which were

an important impulse for pineal

research. On the one side, the pineal

organ would be a ‘neuroendocrine

transducer’, that is an organ with

neuronal input and an endocrine

(hormonal) output. Secondly,

melatonin should be seen as a

hormone mediating photoperiod

effects via the blood.

Since these pioneering papers, very

much knowledge has been gained

about the effects of melatonin as a

hormone which will be dealt with in

this survey. An unexpected

development began in the eighties

and in the early nineties of the last

century when it was shown that

• melatonin is an ‘old invention’

of evolution

• melation not only occurs in

animals, but also in plants and

single-cell organisms

• melatonin is a potential scavenger

of highly reactive and destructive

oxygen radicals.

The increasing knowledge of this

substance also is reflected by the

growing number of publications on

the topic (fig. 4).

Figure 3: The human pineal gland (P) inside an anatomical preparation (see also theFigure 3: The human pineal gland (P) inside an anatomical preparation (see also theFigure 3: The human pineal gland (P) inside an anatomical preparation (see also theFigure 3: The human pineal gland (P) inside an anatomical preparation (see also theFigure 3: The human pineal gland (P) inside an anatomical preparation (see also the

schematic on the title page).schematic on the title page).schematic on the title page).schematic on the title page).schematic on the title page).

Figure 4: Increase in the number of publications on the terms ‘melatonin’ and/or ‘pineal’Figure 4: Increase in the number of publications on the terms ‘melatonin’ and/or ‘pineal’Figure 4: Increase in the number of publications on the terms ‘melatonin’ and/or ‘pineal’Figure 4: Increase in the number of publications on the terms ‘melatonin’ and/or ‘pineal’Figure 4: Increase in the number of publications on the terms ‘melatonin’ and/or ‘pineal’

from 1963 to 2001. Data taken from the database MedLinefrom 1963 to 2001. Data taken from the database MedLinefrom 1963 to 2001. Data taken from the database MedLinefrom 1963 to 2001. Data taken from the database MedLinefrom 1963 to 2001. Data taken from the database MedLine®®®®®.....
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Figure 5: Biosynthesis of melatonin. Based on the active absorption of the amino-acid-Figure 5: Biosynthesis of melatonin. Based on the active absorption of the amino-acid-Figure 5: Biosynthesis of melatonin. Based on the active absorption of the amino-acid-Figure 5: Biosynthesis of melatonin. Based on the active absorption of the amino-acid-Figure 5: Biosynthesis of melatonin. Based on the active absorption of the amino-acid-

tryptophane from the blood at first 5-hydroxy-tryptophane is formed through tryptophane-tryptophane from the blood at first 5-hydroxy-tryptophane is formed through tryptophane-tryptophane from the blood at first 5-hydroxy-tryptophane is formed through tryptophane-tryptophane from the blood at first 5-hydroxy-tryptophane is formed through tryptophane-tryptophane from the blood at first 5-hydroxy-tryptophane is formed through tryptophane-

hydroxylase (TH). Subsequently, the transformation into 5-hydroxy-tryptamine (serotonin)hydroxylase (TH). Subsequently, the transformation into 5-hydroxy-tryptamine (serotonin)hydroxylase (TH). Subsequently, the transformation into 5-hydroxy-tryptamine (serotonin)hydroxylase (TH). Subsequently, the transformation into 5-hydroxy-tryptamine (serotonin)hydroxylase (TH). Subsequently, the transformation into 5-hydroxy-tryptamine (serotonin)

takes place by the enzyme aromatic-amino-acid-decarboxylase (AAMD). The next step is thetakes place by the enzyme aromatic-amino-acid-decarboxylase (AAMD). The next step is thetakes place by the enzyme aromatic-amino-acid-decarboxylase (AAMD). The next step is thetakes place by the enzyme aromatic-amino-acid-decarboxylase (AAMD). The next step is thetakes place by the enzyme aromatic-amino-acid-decarboxylase (AAMD). The next step is the

transformation of serotonin into N-acetylserotonin through N-acetyl-transferase (NAT) astransformation of serotonin into N-acetylserotonin through N-acetyl-transferase (NAT) astransformation of serotonin into N-acetylserotonin through N-acetyl-transferase (NAT) astransformation of serotonin into N-acetylserotonin through N-acetyl-transferase (NAT) astransformation of serotonin into N-acetylserotonin through N-acetyl-transferase (NAT) as

the limitating step for melatonin synthesis. Finally, the synthesis of melatonin (N-acetyl-5-the limitating step for melatonin synthesis. Finally, the synthesis of melatonin (N-acetyl-5-the limitating step for melatonin synthesis. Finally, the synthesis of melatonin (N-acetyl-5-the limitating step for melatonin synthesis. Finally, the synthesis of melatonin (N-acetyl-5-the limitating step for melatonin synthesis. Finally, the synthesis of melatonin (N-acetyl-5-

methoxy-tryiptamine) through the enzmye hydroxyindole-O-methyltransferase (HIOMT) takesmethoxy-tryiptamine) through the enzmye hydroxyindole-O-methyltransferase (HIOMT) takesmethoxy-tryiptamine) through the enzmye hydroxyindole-O-methyltransferase (HIOMT) takesmethoxy-tryiptamine) through the enzmye hydroxyindole-O-methyltransferase (HIOMT) takesmethoxy-tryiptamine) through the enzmye hydroxyindole-O-methyltransferase (HIOMT) takes

place. Apart from this pathway, serotonin can be transformed by monoaminoxidase (MAO)place. Apart from this pathway, serotonin can be transformed by monoaminoxidase (MAO)place. Apart from this pathway, serotonin can be transformed by monoaminoxidase (MAO)place. Apart from this pathway, serotonin can be transformed by monoaminoxidase (MAO)place. Apart from this pathway, serotonin can be transformed by monoaminoxidase (MAO)

into 5-hydroxyindole-acetaldehyd and further into 5-hydroxyindole-acedic-acid (5HIAA) byinto 5-hydroxyindole-acetaldehyd and further into 5-hydroxyindole-acedic-acid (5HIAA) byinto 5-hydroxyindole-acetaldehyd and further into 5-hydroxyindole-acedic-acid (5HIAA) byinto 5-hydroxyindole-acetaldehyd and further into 5-hydroxyindole-acedic-acid (5HIAA) byinto 5-hydroxyindole-acetaldehyd and further into 5-hydroxyindole-acedic-acid (5HIAA) by

aldehyd-dehydrogenase.aldehyd-dehydrogenase.aldehyd-dehydrogenase.aldehyd-dehydrogenase.aldehyd-dehydrogenase.

1.3. Biochemistry of
melatonin synthesis

The synthesis of melatonin takes

place in the pinealocytes, the cellular

units of the pineal gland. Generally,

the synthesis of the hormone is

controlled by external light

inhibiting its formation. However,

two basic differences within

vertebrates are relevant: whereas the

pineal organ itself is not light

sensitive in mammals, in birds and

especially in reptiles as well as

amphibians there is a direct effect

on melatonin synthesis caused by

external light. In these animals we

also can find photoreceptors similar

to those of the retina [6]. As the

unpaired pineal organ in reptiles

sometimes is very well visible and

only covered by a transparent skin

layer, it is also called the ‘third eye’

[7].

Connected to this, there is another

relevant difference: Whereas

isolated pineal organs of mammals

are not capable to produce

melatonin by themselves,

melatonin synthesis in isolated

pineal organs of birds occurs

without the help of external

stimuli if the synthesis is not

suppressed by light. Therefore, bird

pineal organs can be held in culture

over several days where they

rhythmically produce melatonin

under conditions of permanent

darkness (free-running rhythms of

about 24 hrs period length). In

contrast, isolated pineal organs of

mammals always need a

pharmaceutical stimulus for

melatonin production. For practical

reasons, in the following we will

concentrate on mammalian pineal

organs.

tryptophanetryptophanetryptophanetryptophanetryptophane

5-hydroxy-tryptophane5-hydroxy-tryptophane5-hydroxy-tryptophane5-hydroxy-tryptophane5-hydroxy-tryptophane

serotoninserotoninserotoninserotoninserotonin

melatoninmelatoninmelatoninmelatoninmelatonin

5-hydroxyindole-5-hydroxyindole-5-hydroxyindole-5-hydroxyindole-5-hydroxyindole-

acetaldehydacetaldehydacetaldehydacetaldehydacetaldehyd

N-acetyl-serotoninN-acetyl-serotoninN-acetyl-serotoninN-acetyl-serotoninN-acetyl-serotonin

5-5-5-5-5-

hydroxyindole-hydroxyindole-hydroxyindole-hydroxyindole-hydroxyindole-

acetic-acidacetic-acidacetic-acidacetic-acidacetic-acid



8 Edition Wissenschaft June 2002

Introduction

Figure 6 (left): Regulation of melatonin synthesis (schematic) in the pineal organ of mammals. Without irradiation of the retina byFigure 6 (left): Regulation of melatonin synthesis (schematic) in the pineal organ of mammals. Without irradiation of the retina byFigure 6 (left): Regulation of melatonin synthesis (schematic) in the pineal organ of mammals. Without irradiation of the retina byFigure 6 (left): Regulation of melatonin synthesis (schematic) in the pineal organ of mammals. Without irradiation of the retina byFigure 6 (left): Regulation of melatonin synthesis (schematic) in the pineal organ of mammals. Without irradiation of the retina by

surrounding light (that is, under natural conditions during the night) there is a secretion of noradrenaline from the synapses of post ganglionsurrounding light (that is, under natural conditions during the night) there is a secretion of noradrenaline from the synapses of post ganglionsurrounding light (that is, under natural conditions during the night) there is a secretion of noradrenaline from the synapses of post ganglionsurrounding light (that is, under natural conditions during the night) there is a secretion of noradrenaline from the synapses of post ganglionsurrounding light (that is, under natural conditions during the night) there is a secretion of noradrenaline from the synapses of post ganglion

nerves. Hereby, two types of adrenal receptors are activated. Activation of a-adrenergic receptors leads to an activation of stimulating G-nerves. Hereby, two types of adrenal receptors are activated. Activation of a-adrenergic receptors leads to an activation of stimulating G-nerves. Hereby, two types of adrenal receptors are activated. Activation of a-adrenergic receptors leads to an activation of stimulating G-nerves. Hereby, two types of adrenal receptors are activated. Activation of a-adrenergic receptors leads to an activation of stimulating G-nerves. Hereby, two types of adrenal receptors are activated. Activation of a-adrenergic receptors leads to an activation of stimulating G-

proteins (Gs) which in turn activate adenylate cyclase (AC). Under the influence of this membrane-bound enzyme cyclic adenosine-proteins (Gs) which in turn activate adenylate cyclase (AC). Under the influence of this membrane-bound enzyme cyclic adenosine-proteins (Gs) which in turn activate adenylate cyclase (AC). Under the influence of this membrane-bound enzyme cyclic adenosine-proteins (Gs) which in turn activate adenylate cyclase (AC). Under the influence of this membrane-bound enzyme cyclic adenosine-proteins (Gs) which in turn activate adenylate cyclase (AC). Under the influence of this membrane-bound enzyme cyclic adenosine-

monophosphate (cAMP) is formed – the classical ‘second messenger’ of cellular signal cascades. Hereby, the de-novo RNA synthesis formonophosphate (cAMP) is formed – the classical ‘second messenger’ of cellular signal cascades. Hereby, the de-novo RNA synthesis formonophosphate (cAMP) is formed – the classical ‘second messenger’ of cellular signal cascades. Hereby, the de-novo RNA synthesis formonophosphate (cAMP) is formed – the classical ‘second messenger’ of cellular signal cascades. Hereby, the de-novo RNA synthesis formonophosphate (cAMP) is formed – the classical ‘second messenger’ of cellular signal cascades. Hereby, the de-novo RNA synthesis for

N-acetyltransferase is initiated; this enzyme is the limitating factor for melatonin synthesis. Another process mediated by noradrenaline is theN-acetyltransferase is initiated; this enzyme is the limitating factor for melatonin synthesis. Another process mediated by noradrenaline is theN-acetyltransferase is initiated; this enzyme is the limitating factor for melatonin synthesis. Another process mediated by noradrenaline is theN-acetyltransferase is initiated; this enzyme is the limitating factor for melatonin synthesis. Another process mediated by noradrenaline is theN-acetyltransferase is initiated; this enzyme is the limitating factor for melatonin synthesis. Another process mediated by noradrenaline is the

stimulation of a-adrenal receptors. These receptors in turn, on the one side, open membrane-bound Castimulation of a-adrenal receptors. These receptors in turn, on the one side, open membrane-bound Castimulation of a-adrenal receptors. These receptors in turn, on the one side, open membrane-bound Castimulation of a-adrenal receptors. These receptors in turn, on the one side, open membrane-bound Castimulation of a-adrenal receptors. These receptors in turn, on the one side, open membrane-bound Ca2+-2+-2+-2+-2+- channels, while, on the other side, channels, while, on the other side, channels, while, on the other side, channels, while, on the other side, channels, while, on the other side,

protein lipase C (PLC) is activated. This enzyme leads to the development of inositoltriphosphate in turn leading to a release of Ca²protein lipase C (PLC) is activated. This enzyme leads to the development of inositoltriphosphate in turn leading to a release of Ca²protein lipase C (PLC) is activated. This enzyme leads to the development of inositoltriphosphate in turn leading to a release of Ca²protein lipase C (PLC) is activated. This enzyme leads to the development of inositoltriphosphate in turn leading to a release of Ca²protein lipase C (PLC) is activated. This enzyme leads to the development of inositoltriphosphate in turn leading to a release of Ca²+++++ from from from from from

intracellular Caintracellular Caintracellular Caintracellular Caintracellular Ca2+-2+-2+-2+-2+- reservoirs. Further, activation of the a-adrenal receptors results in a synergistic effect on the ß-adrenal receptors via protein reservoirs. Further, activation of the a-adrenal receptors results in a synergistic effect on the ß-adrenal receptors via protein reservoirs. Further, activation of the a-adrenal receptors results in a synergistic effect on the ß-adrenal receptors via protein reservoirs. Further, activation of the a-adrenal receptors results in a synergistic effect on the ß-adrenal receptors via protein reservoirs. Further, activation of the a-adrenal receptors results in a synergistic effect on the ß-adrenal receptors via protein

kinase C. For other abbreviations see fig. 5. Taken from [8].kinase C. For other abbreviations see fig. 5. Taken from [8].kinase C. For other abbreviations see fig. 5. Taken from [8].kinase C. For other abbreviations see fig. 5. Taken from [8].kinase C. For other abbreviations see fig. 5. Taken from [8].

Figure 7 (right): Under the influence of light no melatonin is synthesized in the pineal socytes since the development of the key enzyme N-Figure 7 (right): Under the influence of light no melatonin is synthesized in the pineal socytes since the development of the key enzyme N-Figure 7 (right): Under the influence of light no melatonin is synthesized in the pineal socytes since the development of the key enzyme N-Figure 7 (right): Under the influence of light no melatonin is synthesized in the pineal socytes since the development of the key enzyme N-Figure 7 (right): Under the influence of light no melatonin is synthesized in the pineal socytes since the development of the key enzyme N-

acetyltransferase (NAT) is completely suppressed. Abbreviations like in fig. 5 and 6.acetyltransferase (NAT) is completely suppressed. Abbreviations like in fig. 5 and 6.acetyltransferase (NAT) is completely suppressed. Abbreviations like in fig. 5 and 6.acetyltransferase (NAT) is completely suppressed. Abbreviations like in fig. 5 and 6.acetyltransferase (NAT) is completely suppressed. Abbreviations like in fig. 5 and 6.
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1.4. Rhythms of the
melatonin synthesis
As already mentioned, melatonin

synthesis is suppressed by light.

Thus, there is a high level of

melatonin synthesis during the night

in contrast to scarcely measurable

daytime values. These differences are

responsible for the diurnal

physiological parameters being

controlled by melatonin.

However, as daily light duration is

dependent on the season (except in

equatorial regions), melatonin

synthesis duration alters correspond-

ingly (fig. 8). This general principle

is crucial for the seasonally different

physiological processes [9-15]. A

dependency of melatonin synthesis

on the season was also observed in

humans [16].

On the other side, one must not

assume that melatonin synthesis in

the absence of light over longer time

periods always occurs at peak

values. Instead, there is a pro-

nounced endogenous rhythm of

melatonin development (‘biological

clock’). In fig. 9, this process is

depicted.

1.5. Light during
darkness

Under natural conditions, there

scarcely will be a considerable light

exposure during normal night (the

only exception may be lightning).

The reactions to artificial light pulses

during the night result in a

suppression of melatonin synthesis.

However, light intensities required

for this differ widely for the different

animal species. So the mostly night-

active rodents are most sensitive

(about 1 lux [17; 18]), but sensitivity

of day-active goats with about 3 lux
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Figure 8: Dependency of melatonin synthesis duration on the daily light cycle (photoperiod).Figure 8: Dependency of melatonin synthesis duration on the daily light cycle (photoperiod).Figure 8: Dependency of melatonin synthesis duration on the daily light cycle (photoperiod).Figure 8: Dependency of melatonin synthesis duration on the daily light cycle (photoperiod).Figure 8: Dependency of melatonin synthesis duration on the daily light cycle (photoperiod).

During long photoperiods (summer) there is a short nocturnal synthesis of the hormone,During long photoperiods (summer) there is a short nocturnal synthesis of the hormone,During long photoperiods (summer) there is a short nocturnal synthesis of the hormone,During long photoperiods (summer) there is a short nocturnal synthesis of the hormone,During long photoperiods (summer) there is a short nocturnal synthesis of the hormone,

whereas melatonin synthesis during short photoperiods is clearly prolonged. Further, there iswhereas melatonin synthesis during short photoperiods is clearly prolonged. Further, there iswhereas melatonin synthesis during short photoperiods is clearly prolonged. Further, there iswhereas melatonin synthesis during short photoperiods is clearly prolonged. Further, there iswhereas melatonin synthesis during short photoperiods is clearly prolonged. Further, there is

evidence that also melatonin synthesis amplitude is increased during short photoperiods. Theevidence that also melatonin synthesis amplitude is increased during short photoperiods. Theevidence that also melatonin synthesis amplitude is increased during short photoperiods. Theevidence that also melatonin synthesis amplitude is increased during short photoperiods. Theevidence that also melatonin synthesis amplitude is increased during short photoperiods. The

black bars symbolise dark periods.black bars symbolise dark periods.black bars symbolise dark periods.black bars symbolise dark periods.black bars symbolise dark periods.

Figure 9: Under normal conditions melatonin synthesis is coupled with the 24-hs rhythm ofFigure 9: Under normal conditions melatonin synthesis is coupled with the 24-hs rhythm ofFigure 9: Under normal conditions melatonin synthesis is coupled with the 24-hs rhythm ofFigure 9: Under normal conditions melatonin synthesis is coupled with the 24-hs rhythm ofFigure 9: Under normal conditions melatonin synthesis is coupled with the 24-hs rhythm of

environmental light (in the shown example for the first 72 hours). Whereas the melatoninenvironmental light (in the shown example for the first 72 hours). Whereas the melatoninenvironmental light (in the shown example for the first 72 hours). Whereas the melatoninenvironmental light (in the shown example for the first 72 hours). Whereas the melatoninenvironmental light (in the shown example for the first 72 hours). Whereas the melatonin

synthesis pattern during the subsequent ‘permanent dark’ (upper part of image) continues tosynthesis pattern during the subsequent ‘permanent dark’ (upper part of image) continues tosynthesis pattern during the subsequent ‘permanent dark’ (upper part of image) continues tosynthesis pattern during the subsequent ‘permanent dark’ (upper part of image) continues tosynthesis pattern during the subsequent ‘permanent dark’ (upper part of image) continues to

be observed – with a period length of about 24 hrs –, permanent light (bottom part ofbe observed – with a period length of about 24 hrs –, permanent light (bottom part ofbe observed – with a period length of about 24 hrs –, permanent light (bottom part ofbe observed – with a period length of about 24 hrs –, permanent light (bottom part ofbe observed – with a period length of about 24 hrs –, permanent light (bottom part of

image) strongly suppresses its synthesis.image) strongly suppresses its synthesis.image) strongly suppresses its synthesis.image) strongly suppresses its synthesis.image) strongly suppresses its synthesis.

‘short day’‘short day’‘short day’‘short day’‘short day’

also is rather high. In humans,

considerably higher light strenghts

are necessary (depending on the

individual study 200 to about

2000 lux; survey in [19]).

Interestingly, in to-date examined

animals moonlight was not sufficient

to significantly affect melatonin

synthesis [20; 21].

As an example of effects of

nocturnal light exposure a study in

humans is shown (fig. 10). Different

Figure 10: Suppression of melatonin syn-Figure 10: Suppression of melatonin syn-Figure 10: Suppression of melatonin syn-Figure 10: Suppression of melatonin syn-Figure 10: Suppression of melatonin syn-

thesis in humans caused by different lightthesis in humans caused by different lightthesis in humans caused by different lightthesis in humans caused by different lightthesis in humans caused by different light

intensities during the night. The clear areasintensities during the night. The clear areasintensities during the night. The clear areasintensities during the night. The clear areasintensities during the night. The clear areas

show the time when light sources wereshow the time when light sources wereshow the time when light sources wereshow the time when light sources wereshow the time when light sources were

switched on. Individual tests were separatedswitched on. Individual tests were separatedswitched on. Individual tests were separatedswitched on. Individual tests were separatedswitched on. Individual tests were separated

by 2 weeks each. A: 3000 lux; B: 1000 lux;by 2 weeks each. A: 3000 lux; B: 1000 lux;by 2 weeks each. A: 3000 lux; B: 1000 lux;by 2 weeks each. A: 3000 lux; B: 1000 lux;by 2 weeks each. A: 3000 lux; B: 1000 lux;

C: 500 lux; D: 350 lux; E: 200 lux. Already atC: 500 lux; D: 350 lux; E: 200 lux. Already atC: 500 lux; D: 350 lux; E: 200 lux. Already atC: 500 lux; D: 350 lux; E: 200 lux. Already atC: 500 lux; D: 350 lux; E: 200 lux. Already at

350 lux there is a significant decrease of350 lux there is a significant decrease of350 lux there is a significant decrease of350 lux there is a significant decrease of350 lux there is a significant decrease of

melatonin development. According to [22].melatonin development. According to [22].melatonin development. According to [22].melatonin development. According to [22].melatonin development. According to [22].

light intensities lead to different

degrees of melatonin synthesis

suppression.

A peculiarity of nocturnal light

exposure has been observed in

Djungarian hamsters: when exposed

to a 1-min light pulse during the

night, the animals respond by a

collapse of melatonin synthesis as

already known from other studies.

However, when they were exposed

to the same light pulse and

sacrificed in the following night

(with no light), there was an almost

identical curve: melatonin synthesis

collapsed at the same time (fig. 11;

[23]).

This result leads to the important

insight that the melatonin-

generating system obviously has a

‘memory’, a fact that is of relevance

for further discussion since also

magnetic fields can possibly have

long-time effects.
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Figure 11: Effects of 1-min light exposure on melatonin synthesis inFigure 11: Effects of 1-min light exposure on melatonin synthesis inFigure 11: Effects of 1-min light exposure on melatonin synthesis inFigure 11: Effects of 1-min light exposure on melatonin synthesis inFigure 11: Effects of 1-min light exposure on melatonin synthesis in

Djungarian hamsters. Whereas the control group shows the normalDjungarian hamsters. Whereas the control group shows the normalDjungarian hamsters. Whereas the control group shows the normalDjungarian hamsters. Whereas the control group shows the normalDjungarian hamsters. Whereas the control group shows the normal

course of nocturnal increase, hamsters having been exposed to thecourse of nocturnal increase, hamsters having been exposed to thecourse of nocturnal increase, hamsters having been exposed to thecourse of nocturnal increase, hamsters having been exposed to thecourse of nocturnal increase, hamsters having been exposed to the

light pulse respond by a collapse of the synthesis of the hormone.light pulse respond by a collapse of the synthesis of the hormone.light pulse respond by a collapse of the synthesis of the hormone.light pulse respond by a collapse of the synthesis of the hormone.light pulse respond by a collapse of the synthesis of the hormone.

The third group, having been exposed to the same light pulse theThe third group, having been exposed to the same light pulse theThe third group, having been exposed to the same light pulse theThe third group, having been exposed to the same light pulse theThe third group, having been exposed to the same light pulse the

night before, showed an even stronger reaction than acutelynight before, showed an even stronger reaction than acutelynight before, showed an even stronger reaction than acutelynight before, showed an even stronger reaction than acutelynight before, showed an even stronger reaction than acutely

exposed animals. This result allows us to conclude that theexposed animals. This result allows us to conclude that theexposed animals. This result allows us to conclude that theexposed animals. This result allows us to conclude that theexposed animals. This result allows us to conclude that the

melatonin-generating system has a certain memory function.melatonin-generating system has a certain memory function.melatonin-generating system has a certain memory function.melatonin-generating system has a certain memory function.melatonin-generating system has a certain memory function.

Taken from [23].Taken from [23].Taken from [23].Taken from [23].Taken from [23].

Figure 12: Specific and highly concentrated binding sites for melatonin in the pars tuberalisFigure 12: Specific and highly concentrated binding sites for melatonin in the pars tuberalisFigure 12: Specific and highly concentrated binding sites for melatonin in the pars tuberalisFigure 12: Specific and highly concentrated binding sites for melatonin in the pars tuberalisFigure 12: Specific and highly concentrated binding sites for melatonin in the pars tuberalis

(PT) of the pituitary (sheep). The left panel of the schematic shows a histological staining,(PT) of the pituitary (sheep). The left panel of the schematic shows a histological staining,(PT) of the pituitary (sheep). The left panel of the schematic shows a histological staining,(PT) of the pituitary (sheep). The left panel of the schematic shows a histological staining,(PT) of the pituitary (sheep). The left panel of the schematic shows a histological staining,

whereas the right panel shows the autoradiography of the same region (to this end twowhereas the right panel shows the autoradiography of the same region (to this end twowhereas the right panel shows the autoradiography of the same region (to this end twowhereas the right panel shows the autoradiography of the same region (to this end twowhereas the right panel shows the autoradiography of the same region (to this end two

adjacent section preparations were used; for the autoradiography, the section was incubatedadjacent section preparations were used; for the autoradiography, the section was incubatedadjacent section preparations were used; for the autoradiography, the section was incubatedadjacent section preparations were used; for the autoradiography, the section was incubatedadjacent section preparations were used; for the autoradiography, the section was incubated

with radioactively marked melatonin resulting in an accumulation at existing binding sites).with radioactively marked melatonin resulting in an accumulation at existing binding sites).with radioactively marked melatonin resulting in an accumulation at existing binding sites).with radioactively marked melatonin resulting in an accumulation at existing binding sites).with radioactively marked melatonin resulting in an accumulation at existing binding sites).

It is easy to see that the pars tuberalis is clearly marked, while the rest of the regions showIt is easy to see that the pars tuberalis is clearly marked, while the rest of the regions showIt is easy to see that the pars tuberalis is clearly marked, while the rest of the regions showIt is easy to see that the pars tuberalis is clearly marked, while the rest of the regions showIt is easy to see that the pars tuberalis is clearly marked, while the rest of the regions show

only weak binding. PD = pars distalis. Taken from [23].only weak binding. PD = pars distalis. Taken from [23].only weak binding. PD = pars distalis. Taken from [23].only weak binding. PD = pars distalis. Taken from [23].only weak binding. PD = pars distalis. Taken from [23].
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2. Endocrine
significance
of melatonin

As already depicted above,

melatonin as the ‘hormone of

darkness’ is the endocrine correlate

of photoperiod. This signal is used

by many animals to adjust

physiological and other endocrine

systems to daytime and/or season.

The necessity for seasonal

synchronization particularly makes

sense with respect to the survival of

young animals in temperate and

extreme climatic regions. Here, it is

indispensable that the offspring are

born during a season offering

optimal survival chances. Mostly,

this is about the availability of food.

Consequently, the most favorable

seasons for birth and upbringing are

spring or early summer.

A consequence of the fact that

different animal species have

different gestation lengths (a few

weeks to about a year) is the crucial

importance of the time of mating.

Interpretation of the photoperiod

and/or the melatonin signal leads to

a synchronisation of reproduction

and the ‘right’ season.

It is easily explained why

photoperiod often is preferred over

other ‘time cues’ (for example

temperature variations, light

strength or precipitation). Compared

to all other climatic variations

photoperiod variations are highly

precise (and thus reliable) and, apart

from that, have remained

unchanged over millions of years.
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2.1. Pro- and
antigonadotrophic
effects

When looking at photoperiodic

effects we must distinguish two

types of seasonal reproduction: in

one case, animals react to a

shortening of the photoperiod by

increased readiness for mating (so-

called ‘short-day breeder’), whereas

in the other case a lengthening leads

to the same effect (‘long-day

breeder’). Nonetheless, these

diametral effects both are caused by

melatonin synthesis alterations.

Known examples of ‘long-day

breeders’ are different hamster

species, hares, hedgehogs, as well as

some mice species. Typical ‘short-

day breeders’ are: sheep, foxes,

some primates and deer species. For

many other species however, either

none or only weak seasonal

fluctuations of reproduction are

known, f.e. for cats, pigs, guinea

pigs, and some laboratory rodents.

A survey is found in [24].

It is proven that humans have

seasonal reproduction cycles, too,

even though these are relatively

indistinct (about 10-20% around

annual average) compared to the

often drastic differences in animals.

In a large-scale global study,

Roenneberg and Aschoff could show

that such trends exist, depending on

the latitude, and that often a secular

phase shift of these rhythms is

observed [25]. Some papers describe

a corresponding phase shift for

Germany [26].

But what is behind these seasonal

variations and whether they can be

explained by different melatonin

2.3. Melatonin
and hormone levels
in adults

There is some evidence for

melatonin affecting synthesis or

functions of other hormones in

humans. To these belong

• steroids (e.g., estrogens,

testosterone, progesterone)

• prolactin

• gonadotropines (LH and FSH)

• growth hormone (GH)

(according to different authors [36-

54]). In particular, there seems to

exist a phase relation between

melatonin and the synthesis of

prolactin and growth hormone. For

the time being, we still cannot say

to what extent this relation is

endocrinologically relevant.

It has been repeatedly discussed to

use melatonin as an oral

contraceptive in combination with

gestagenes (‘pill’) [55-58]. But due

to melatonin’s side effects

(especially sleep induction, etc) this

possibility now is seen rather

skeptically.

profiles, remains unclear. However,

it has been suggested that phase

shifts are evidence for formerly

biological rhythms which have been

superseded by a social component.

We must bear in mind that different

melatonin profiles also in humans

are a function of season [16].

2.2. Melatonin and
human puberty

The precise mechanisms controlling

the onset of puberty are not fully

known yet. The maturing of ovaries

and/or testes is triggered by the

secretion of the hormones FSH

(follicle stimulating hormone) and/or

LH (luteinising hormone) from the

pituitary. In turn, this pituitary

function is dependent on GnRH

(gonadotropin releasing hormone

secretion from the hypothalamus, a

central control unit of the brain.

But, ultimately, we do not know

what triggers the function of the

hypothalamus with regard to

puberty. A possible candidate is

melatonin, since there is a strong

decline of nocturnal concentrations

of the hormone particularly before

and during puberty. Thus it is

hypothesized that high-level

melatonin inhibits hypothalamus

function in humans.

Evidence for this assumption is that

very low melatonin values are found

in children with precocious puberty

(pubertas praecox), very high values,

however, in children with delayed

puberty (pubertas tarda). But there

is controversial discussion about its

general significance for puberty

onset in normal children [27-35].

3 Normally, for low-frequency experiments so-
called Helmholtz coils are used producing
sufficiently homogenous magnetic fields.



12 Edition Wissenschaft June 2002

Physiological significance

Figure 13: Synchronisation of free-running activity of rats byFigure 13: Synchronisation of free-running activity of rats byFigure 13: Synchronisation of free-running activity of rats byFigure 13: Synchronisation of free-running activity of rats byFigure 13: Synchronisation of free-running activity of rats by

melatonin. Over the time period A (60 days) there was nomelatonin. Over the time period A (60 days) there was nomelatonin. Over the time period A (60 days) there was nomelatonin. Over the time period A (60 days) there was nomelatonin. Over the time period A (60 days) there was no

treatment, whereas the animal #17 in section B8 over severaltreatment, whereas the animal #17 in section B8 over severaltreatment, whereas the animal #17 in section B8 over severaltreatment, whereas the animal #17 in section B8 over severaltreatment, whereas the animal #17 in section B8 over several

weeks received daily melatonin injections at the same time; theweeks received daily melatonin injections at the same time; theweeks received daily melatonin injections at the same time; theweeks received daily melatonin injections at the same time; theweeks received daily melatonin injections at the same time; the

animal #18 served as a placebo-treated control. Section C showsanimal #18 served as a placebo-treated control. Section C showsanimal #18 served as a placebo-treated control. Section C showsanimal #18 served as a placebo-treated control. Section C showsanimal #18 served as a placebo-treated control. Section C shows

again free-running rhythms after finishing injections. Taken fromagain free-running rhythms after finishing injections. Taken fromagain free-running rhythms after finishing injections. Taken fromagain free-running rhythms after finishing injections. Taken fromagain free-running rhythms after finishing injections. Taken from

[81].[81].[81].[81].[81].

3. Physiological
significance
of melatonin

3.1. Temperature
regulation

The role melatonin plays in

thermoregulation is known for quite

some time [59-62]. Seasonal

physiological adjustment to the food

supply is mostly assumed to be

mediated via seasonal variations of

melatonin synthesis. Part of this

process is the descrease of the own

energy turnover to anticipate

shortage of nutritional energy.

Here, a special role is played by the

brown adipose tissue which in some

rodent species appears to have one

task only: to support heat

production. Normally, fat serves as

an energy depot which, if necessary,

is supplied to digestion like regular

nutrition. Brown adipose tissue,

however, directly produces heat

through certain biochemical

peculiarities; the blood flowing

through is heated like in a

continuous-flow water-heater.

Melatonin has a stimulating effect

on this brown adipose tissue [63-66;

59; 60; 67-69]. The main advantage

of this type of heat generation is the

direct transformation of stored

metabolism energy into heat (‘non-

shivering thermogenesis’). In

contrast, heat gain through

shivering (‘shivering thermogenesis’)

is an indirect and thus energy-

wasting type of heat production.

With the exception of infants, brown

adipose tissue in humans plays a

subordinate role. In spite of that,

melatonin has a distinct effect on

body temperature. This is true for

both the natural conditions under

which melatonin is inversely

correlated with the temperature

course, as well as for exogenously

administered melatonin: here, a

significant and reproducible

decrease of body temperature is

achieved [70-74].

3.2. Diurnal and
circadian rhythms

‘Diurnal’ rhythms are cyclic

alterations showing 24-hr period

length at a stable periodicity of the

“zeitgeber” (time cue), that is, for

example, the sleep-wake rhythm

during the normal 24-hr day. We

speak of ‘circadian’ rhythms if there

is no detectable zeitgeber, that is,

for example, under constant

conditions. Then ‘free-running’

rhythms develop showing

approximate (therefore circa) 24-hr

period length. Very famous are the

experiments of Aschoff and Wever

where volunteers spent longer time

periods in bunkers shielded from all

external time cues (for reviews see

[75; 76]. Under such test conditions,

most people develop circadian

rhythms of about 25 hours; here,

not only activity rhythms but also

those of body temperature and of

melatonin secretion show a
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circadian rhythm [77]. These

experiments have considerably

extended our understanding of the

structure of endogenous rhythms in

humans showing that they have to

be synchronised with external

conditions.

The strong involvement of melatonin

in the development of diurnal

rhythms is made particularly clear by

the example of blind people. If

blindness is complete, that is, if even

the light-dark rhythm cannot be

detected, these people develop a

free-running rhythm seriously

interfering with their well-being,

since their own rhythm in regular

intervals is phase shifted to external

conditions. In practice, this means

that these people often suffer from

sleep disorders and/or often are

extremely overtired when they

should be fully awake. Long-term

examinations have proven that also

melatonin rhythms of such persons

are free-running thus potentially

being the cause of the disorders.

Background of this assumption are

tests having demonstrated that

melatonin is capable to

resynchronise free-running rhythms

of rats (fig. 13; [78-80]). This finding

is explained by the theory that

melatonin may affect the rhythm of

its own synthesis: as shown in fig. 6,

the synthesis of the hormone

normally is controlled by external

light. Without such a time cue,

circadian rhythms evolve (fig. 9). The

spontaneous rhythms are caused by

the activity of the nucleus

suprachiasmaticus (SCN), an

accumulation of certain nerve cells

and the seat of the biological clock

(fig. 6). These nerve cells have

specific binding sites for melatonin

(fig. 14) and thus can be affected by

melatonin in their rhythm.

3.3. Jet lag

Travellers who have flown across

several time zones know the

difficulties of adjusting to the new

local time. Frequent symptoms

summed up by the term ‘jet lag’ are

sleep disorders, digestive troubles,

headaches, lack of appetite and

fatigue. After several days in the

new time zone as a rule these

symptoms disappear. Another thing

is the situation of people who fly

regularly, often staying on another

continent only for a few days

followed by a new change of time

zones. Here, jet lag is much more

serious, since also the capacity for

work is impaired.

In the meantime, carefully controlled

studies have shown that exogenous

melatonin is capable to significantly

reduce the effects of jet lag (fig. 15)

[83; 84; 73; 85-90]. The hypothesis

Figure 14: Binding sites (black areas) for melatonin in the SyrianFigure 14: Binding sites (black areas) for melatonin in the SyrianFigure 14: Binding sites (black areas) for melatonin in the SyrianFigure 14: Binding sites (black areas) for melatonin in the SyrianFigure 14: Binding sites (black areas) for melatonin in the Syrian

(Golden) Hamster (left) and in the Djungarian hamster (right).(Golden) Hamster (left) and in the Djungarian hamster (right).(Golden) Hamster (left) and in the Djungarian hamster (right).(Golden) Hamster (left) and in the Djungarian hamster (right).(Golden) Hamster (left) and in the Djungarian hamster (right).

Crucial for synchronisation of diurnal rhythms with the photoperiodiCrucial for synchronisation of diurnal rhythms with the photoperiodiCrucial for synchronisation of diurnal rhythms with the photoperiodiCrucial for synchronisation of diurnal rhythms with the photoperiodiCrucial for synchronisation of diurnal rhythms with the photoperiodi

is the nucleus suprachiasmaticus (SCN). Taken from [82].is the nucleus suprachiasmaticus (SCN). Taken from [82].is the nucleus suprachiasmaticus (SCN). Taken from [82].is the nucleus suprachiasmaticus (SCN). Taken from [82].is the nucleus suprachiasmaticus (SCN). Taken from [82].

Figure 15: Subjectively perceived improvements (positive values) and/Figure 15: Subjectively perceived improvements (positive values) and/Figure 15: Subjectively perceived improvements (positive values) and/Figure 15: Subjectively perceived improvements (positive values) and/Figure 15: Subjectively perceived improvements (positive values) and/

or worsening (negative values) of jet lag by taking melatonin duringor worsening (negative values) of jet lag by taking melatonin duringor worsening (negative values) of jet lag by taking melatonin duringor worsening (negative values) of jet lag by taking melatonin duringor worsening (negative values) of jet lag by taking melatonin during

a double-blind experiment. Passengers either flew from the USA toa double-blind experiment. Passengers either flew from the USA toa double-blind experiment. Passengers either flew from the USA toa double-blind experiment. Passengers either flew from the USA toa double-blind experiment. Passengers either flew from the USA to

Australia (eastwards) or the reverse route westwards. In both cases,Australia (eastwards) or the reverse route westwards. In both cases,Australia (eastwards) or the reverse route westwards. In both cases,Australia (eastwards) or the reverse route westwards. In both cases,Australia (eastwards) or the reverse route westwards. In both cases,

the improvements caused by melatonin are highly significant. Takenthe improvements caused by melatonin are highly significant. Takenthe improvements caused by melatonin are highly significant. Takenthe improvements caused by melatonin are highly significant. Takenthe improvements caused by melatonin are highly significant. Taken

from [81].from [81].from [81].from [81].from [81].

melatonin taken on westward flight

melatonin taken on eastward flight
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Figure 16: Growth inhibition of MCF7 cells affected by melatonin.Figure 16: Growth inhibition of MCF7 cells affected by melatonin.Figure 16: Growth inhibition of MCF7 cells affected by melatonin.Figure 16: Growth inhibition of MCF7 cells affected by melatonin.Figure 16: Growth inhibition of MCF7 cells affected by melatonin.

This cell type is a model often used for lung cancer research. TakenThis cell type is a model often used for lung cancer research. TakenThis cell type is a model often used for lung cancer research. TakenThis cell type is a model often used for lung cancer research. TakenThis cell type is a model often used for lung cancer research. Taken

from [97].from [97].from [97].from [97].from [97].

Figure 17: Formation of the especially aggressive hydroxyl-radicalFigure 17: Formation of the especially aggressive hydroxyl-radicalFigure 17: Formation of the especially aggressive hydroxyl-radicalFigure 17: Formation of the especially aggressive hydroxyl-radicalFigure 17: Formation of the especially aggressive hydroxyl-radical

(HO(HO(HO(HO(HO·····) from oxygen. These molecules are extremely reactive thus) from oxygen. These molecules are extremely reactive thus) from oxygen. These molecules are extremely reactive thus) from oxygen. These molecules are extremely reactive thus) from oxygen. These molecules are extremely reactive thus

possibly causing particular damages to the DNA. Taken from [102].possibly causing particular damages to the DNA. Taken from [102].possibly causing particular damages to the DNA. Taken from [102].possibly causing particular damages to the DNA. Taken from [102].possibly causing particular damages to the DNA. Taken from [102].

Physiological significance
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is that by taking melatonin the

biological clock in the nucleus

suprachiasmaticus is ‘reset’ and thus

more quickly adjusted to the new

‘right’ time [91].

3.4. Melatonin as an
oncostatic agent

It is well known that the pineal

organ in vivo may have an inhibitory

effect on the growth of malignant

tumors, that is, an oncostatic effect

(surveys in [92; 939]). Apart from

the often examined breast cancer

and the melanoma, this concerns a

number of other cancer types,

among others colon cancer [94],

lung cancer [93], and leukemia [95].

For a long time, the cause behind

these findings has been unknown.

However, now it is assumed that

melatonin characteristics as a

potential scavenger of free radicals

are of crucial significance (see

below). But also peptides from the

pineal organ are discussed as a

cause [95].

These effects not only occur in vivo

but also when cancer cells are

treated with melatonin in vitro (fig.

16; [97]). Effects on tumor growth

with up to 80% growth inhibition

are very pronounced.

Interestingly, melatonin here is often

found to have effects only within a

concentration window of about the

same order of magnitude as the

concentration of the hormone in the

blood during the night (about 5 x

10-10 M). Further, there is evidence

for a continuous presence of

melatonin being less effective than

one imitating physiological

variations [98].

The field of oncostatic effects of the

pineal hormone is one of the

currently most interesting areas of

melatonin research and is promoted

correspondingly. In this context, we

should mention that already quite a

number of melatonin analogues

have been developed to intensify

melatonin effects [99]. However, for

the time being we do not know to

which extent the hormone can be of

help in the struggle against

malignant diseases.

3.5. Melatonin as a
scavenger of radicals

The insight that melatonin is a

natural and potent scavenger of

oxygen-derived radicals came as a

surprise [100; 101]. Radicals are

highly reactive molecules due to

unpaired electrons, and they easily

bind to other molecules. This may

result in genetic alterations in turn

leading to malignant tissue growth.

Fig. 17 shows the formation of the

particularly damaging hydroxyl-

radical (HO·).

Melatonin is capable to neutralize

these radicals. The concentrations of

the hormone required for this are

substantially smaller than those of

known antioxidants like f.e.

glutathione. Apart from artificial

administration of relatively high

doses of melatonin, it could be



15Edition Wissenschaft June 2002

Effects

shown that also physiological

concentrations of melatonin are

capable to considerably diminish the

harmful effects of certain HO·-

forming substances [103-106; 101].

It is of substantial relevance for the

antioxidative effects of melatonin

that the hormone as an extremely

lipophile substance easily passes the

blood brain barrier and accumulates

in nerve cells. All this considered,

melatonin is assumed to be of

relevance for protecting the nervous

system [102].

Surprising at first, too, was the

finding that melatonin not only is

produced in the pineal organ of

vertebrates, but obviously is an ‘old

invention’ of evolution. Melatonin

and connected enzymes were found

among others in the retina [107], in

the intestines [108], in insect heads

and hemolymphs [109], in insect

eyes [110], and even in plants [111;

112].

Of particular interest is that

melatonin also is produced in single-

cell organisms as first has been

reported in 1991 [113]. However, in

the examined dinoflagellates

gonyaulax polyedra not only

melatonin was found, but also a

distinct day course with high values

during the night was identified.

From these findings it has been

concluded that melatonin possibly

was ‘invented’ at a very early stage

of evolution. Here, possibly the

antioxidative characteristics of the

molecule were a crucial selective

advantage.

4. Effects of fields
on the pineal gland

4.1. Magnetic fields

The first report on effects of weak

magnetic fields was presented by

Semm and colleagues [114].

Neurophysiological tests in pineal

glands of guinea pigs had shown

that activity (fire rate) decreased

when an artificial static magnetic

field was switched on. The applied

flux density had the size of the

geomagnetic field (about 35 µT).

It was hypothesised that this impact

could be part of the biological

compass whose existence is well-

confirmed. However, evidence for

the biophysical explanation is

lacking. As the pineal organ is

important for the temporal

organization of an organism – so

the hypothesis went on –,  effects of

magnetic fields could point to a

spatial/temporal orientation.

Unfortunately, exposure conditions

of this test, like those of many

others, were badly characterized

and/or insufficiently described. In

particular, none of the studies

mentioned to which extent

induction effects were prevented. In

this context, one must bear in mind

that air-coils3 in part show high

induction values and that these

inductions can lead to unwarranted

effects. So, an uncontrolled

switching-off of a coil as a rule leads

to rapid alterations of the magnetic

field only being prevented by a

diode free-wheeling. Insofar, we

cannot exclude that not the

magnetic field as such but induction

currents caused by fast magnetic

field alterations were responsible for

the observed effects.

But let us return to the follow-up

tests:

Stimulated by the study of Semm,

many experiments were performed

dealing with the effects of weak

magnetic fields on the function of

the pineal organ, particularly in view

of melatonin synthesis [115-129]. To

the main part, decreases of

melatonin synthesis and diminished

activity of N-acetyltransferase were

found. Noticeable single results are

that field effects obviously take place

at the level of the cell membrane

(suppression of cAMP values; [126]),

and that melatonin suppression

caused by magnetic fields seemingly

is coupled to the existence [121]

and/or a certain illumination of the

retina [123].

A study of Khoory [130] showed

that local compensation of the

geomagnetic fields has no effect on

melatonin synthesis at all. This

finding is of crucial importance since

an existing biological ‘pineal

compass system’ should also register

such an alteration and should react

correspondingly meaning that not

the magnetic field as such but its

temporal variations are responsible

for the published findings.

This suspicion was confirmed by

own studies during which mice and

rats were exposed to rapidly

changing magnetic fields [131;

132]. Only rapid changes led to a

decrease of melatonin synthesis,

whereas slow alterations showed no

effect at all. Surveys on this topic are

found in [133-136].

More recent own studies have dealt

with the possibility that magnetic

fields have a direct effect on

melatonin synthesis in isolated

3 Generally so-called Helmholtz coils are used
in low-frequency experiments to produce
satisfactorily homogenous magnetic fields.
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pineal organs. To this end, pineal

organs of Djungarian hamsters were

brought into special chambers

perfused with buffer solution (fig.

18).

To-date results give evidence for

weak magnetic fields (162/3 and/or

50 Hz, 86 µT) having an inhibitory

effect on melatonin synthesis [137].

However, it became clear that

significant results were obtained

only when single results were

combined (4 experiments each per

frequency). This result is relevant for

the still discussed general

significance of variances between

experiments.

Another test series dealt with the

question to which extent a longer-

duration exposure to magnetic fields

(50 Hz) leads to an alteration of the

development of Djungarian hamsters

not being fully grown at the time of

test start. As a control parameter

body weight was used, whereas at

the end of exposure cell composition

in the testes was analysed by flow

cytometric methods and melatonin

values were detected. It was shown

that despite a relatively high flux

density (450 µT) exposure to a

sinusoidal magnetic field practically

had no effect at all. Quite a different

situation evolved at exposure to

rectangular fields of the same

frequency and comparable flux

density: Here, a significant slowing

of body weight gain as well as

distinct stimulation effects on testis

cells were observed. In both

experiments, melatonin values in the

pineal organs remained unaltered,

whereas melatonin concentrations in

the serum at rectangular exposure

significantly increased [138]. This

surprising finding might be seen as

evidence for the hamsters

responding to a longer-duration

exposure by an increase of

melatonin synthesis (in the sense of

a compensatory reaction).

Results concerning the effects of

low-frequency magnetic fields are

very heterogeneous: the studies on

magnetic fields (mostly 60 Hz) at the

working place (‘occupational

exposure’) showed both decreased

melatonin values [139-142] as well

as no effects at all [143]. Tests of

Pflüger [144] demonstrated that the

release of 6-hydroxy-melatonin-

sulfate in drivers of electric

locomotives were significantly

reduced. Of great interest for the

American scientific community were

studies on possible effects on

melatonin of electric blankets. The

main part of the studies performed

on this issue showed negative effects

[145; 146]. Neither a recently

published study in many participants

on possible effects of residential

exposure presented evidence for a

decrease of melatonin synthesis

[147].

Likewise, tests under defined

laboratory conditions in the low-

frequency range did not result in

painting a clear picture, as both

decreased as well as unaltered

melatonin values were found [148-

158].

4.2. Electric fields

For some time now, possible effects

on pineal organs caused by electric

fields are the subject of scientific

studies, too [159-162; 135; 163-

171]. Like as for possible effects of

magnetic field exposure, there is a

lack of plausible explanations of

observed effects for electric fields,

too. But at least we know that many

organisms have a quite high

sensititivity towards electric fields in

the magnitude of about 10-7 V/m,

above all serving as a means of

localisation of other living organisms

(search for mates or prey). Insofar,

biological effects of far bigger fields

strengths principally do not surprise,

though this, of course, is not

sufficient as a basis for risk

assessment.

4.3. Electromagnetic
fields

To date, relatively few published

studies on effects of electromagnetic

fields4 on melatonin synthesis are
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available. This is mainly due to

technical reasons, since defined and

controlled exposure to high-

frequency fields requires

considerable effort both in view of

the equipment used and, above all,

theoretical electrical engineering.

Field distributions and absorbed

energy values only can be

determined by sophisticated

calculations almost excluding

autonomous work on the topic done

by an individual laboratory. Here,

interdisciplinary cooperation is

indispensable. In any case, to-date

pulished studies have not given

evidence for melatonin synthesis

suppression [172-175].

However, in view of widespread

fears in general population on the

one side, and of available

epidemiological data on the other,

(f.e. [176]), thorough studies on this

topic are urgently required.

5. The Melatonin
hypothesis

The term ‘melatonin hypothesis’

derives from a study of Stevens

[177]. There he assumes that weak

magnetic fields at first lead to a

decrease of melatonin synthesis

which in turn results in an increased

production of estrogens in the

ovaries and/or of prolactin in the

pituitary. This again causes an

increased cell division rate of certain

cells in breast tissue and to altered

responses of these cells to

carcinogens. Ultimately, these

processes lead to an increased risk

of breast cancer (survey in [178]).

In the meantime, this theory has

been refined and revised,

respectively. It was shown that not

only estrogen-dependent tumors are

affected by magnetic fields (surveys

in [179; 180; 178; 181; 165; 182;

183]). A book on the topic

published in 1997 presents an in-

depth analysis of this issue [184].

Other surveys are found in [185;

186]).

5.1. Epidemiological
data

A number of studies dealt with

possible health effects of articifial

fields (f.e. [187-190; 177; 191; 182;

183; 176; 192; 136]). Mostly, low-

frequency fields (50 or 60 Hz) were

examined. A good overview of Erren

sums up to date available data on

breast cancer risk concluding that

there is an overall significantly,

albeit slightly increased risk both for

women and for men [193].

A long-standing difficulty of

retrospective epidemiological studies

is the fact that determination of

field exposure can be done only

indirectly, f.e. by means of

comparable measurements,

examination of cable arrangements

in households or in the environment

(‘wiring code’), or by affiliation to a

certain occupational group. Further,

sociologically (f.e. income, housing)

and medically relevant factors (f.e.

smoking, alcohol consumption)

often are coupled to exposure

(‘confounding factors’) and are

difficult to separate from each other.

Therefore, prospective studies could

be of use measuring acute exposure

values. Appropriate devices, at least

allowing to draw conclusions on

actual exposure in the low-frequency

range, already are on the market.

However, for drawing conclusions

on potential health dangers case

numbers are too small.

5.2. Melatonin as
an explanation?

The melatonin hypothesis can be

tested in experiments. In the past

years, the working group around

Löscher dealt with the question

whether magnetic fields (50 Hz, 1-

100 µT) lead to an increased

incidence and/or faster spreading of

DMBA (7,12-dimethylbenz(a)-

anthracene)-induced breast cancer

in rats [194; 180; 195; 178; 196-

198]. In this model, female rats were

treated with a temporally distributed

dose of DMBA inducing tumors in

mammary gland tissue in about 50%

of the animals. In addition, the

animals were exposed or sham-

exposed to the field. During

exposure, palpation of the animals

was done; after 3 months they were

sacrificed. An exact pathological

4 Electromagnetic fields are high-frequency
fields where the magnetic and the electric
component cannot be separated  from each
other (about > 30 kHz).
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examination of the animals

followed. As the animals were

sacrificed during the night,

melatonin could be detected in the

pineal organs and in the serum.

To-date results show a flux density

dependent suppression of melatonin

synthesis as well as a linear relation

between flux density and increased

tumor incidence [199]. These

findings are seen as initial concrete

evidence for a possibly increased

incidence of induced breast cancer

in an adequate animal model caused

by weak magnetic fields [195; 178;

200; 201]. These studies were

repeated – at high costs – in the

United States, however leading to

different results [202]. One of the

reasons for these discrepancies

could be the differences between

the examined animals themselves

(different breeding lines), between

their nutrition and between tumor

initiation rates. Moreover, recent

studies show that replication

experiments on effects on melatonin

generally lead to overall highly

different results [137; 200; 203].

6. Summary and
prospects

This short survey was aimed to show

that the hormone melatonin is

involved in a number of

physiological functions and possibly

may prevent damages caused by

oxygen-derived radicals. On the

other side, it was demonstrated that

magnetic and/or electric fields can

suppress melatonin synthesis.

Finally, a whole range of

epidemiological data points to the

fact that exposure to magnetic,

electric and electromagnetic fields

may lead to health damages, though

absolute effects still are under

discussion.

The melatonin hypothesis may

present a cause-effect relation

between these three aspects.

Though this theory to date is not

proven, obviously it is sufficiently

confirmed to serve as a basis for

different research projects.

One of the biggest difficulties in this

context is the to-date lacking

biological explanation of weak field

effects. For thermodynamical

reasons, transmitted energy

amounts are far too small to cause a

significant alteration of the per se

existing thermal noise. Therefore,

increasingly non-linear systems are

used as a basis for possible

explanations [204-206].

Energies transmitted by mobile

phones in part (up to 50 %, partially

above) are absorbed by surrounding

biological tissue. In particular, the

head and the hand holding the

device unintentionally act as

absorbers. Transmitted energies can

be sufficient to cause a measurable

effect (heating) of the exposed

tissue. However, this heating is

slight and is hugely dependent on

antenna type and direction as well

as on the construction type of the

mobile phone. But nowadays,

devices are on the market which

cause only slight radiation of the

head.

Based upon the here depicted facts

it is conceivable that the pineal

organ which is located in the center

of the brain may be impaired in its

functioning by electromagnetic

fields from mobile phones. This

theoretical possibility could lead to

new uncertainties in real and

potential users. For this reason, it is

necessary to do preventative

research in order to discover or to

exclude possible effects of high-

frequency fields on melatonin

synthesis. By doing this research, we

could ensure that this relatively new

and highly attractive technology may

be used unimpaired by unfounded

fears, or that the mobile phone

industry early on may be warned

against real dangers.
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Abstract

This article focuses on the effects of

melatonin – a substance secreted by

the pineal gland –, its physiological

functions, its ability to act as a

scavenger of oxygen-derived

radicals, and in particular on the role

this substance has in possible

adverse effects of electric, magnetic

and electromagnetic fields. Results

of studies using epidemiological

methods have shown that these

anthropogenic fields do have

potential adverse health effects, but

effects on the general population

still are discussed controversially.

The so-called melatonin hypothesis

is meant to determine a cause-effect

relation between these different

aspects. Though it is not yet proven,

it has been used as a rationale by

numerous investigations.

One of the major difficulties in this

context is the still prevailing lack of

commonly accepted mechanisms

through which weak fields may

interact with biological systems since

transmitted energy amounts in

comparison with thermal noise

obviously are too small for this.

Therefore, non-linear mechanisms

are discussed as a possible

alternative explanation.

The energy released by mobile

phones in part (approx. 50%)  is

absorbed by the surrounding tissue,

especially in the head and in the

hand of the user. These fields, unlike

those emitted by base stations, may

cause an increase of tissue

temperature. However, increases of

absolute temperature values largely

depend on tissue type, antenna

configuration, and on user habits.

Nowadays, there are mobile phones

designed to prevent such

temperature increases.

In view of the aforementioned facts

and results it seems possible that

melatonin synthesis is affected by

electromagnetic fields emitted by

mobile phones. Therefore, further

research into this issue is needed

which may help to prove or to

disprove this hypothesis. The results

of such research should be useful

both to users as well as to mobile

phone manufacturers concerning

existing doubts and fears towards

electromagnetic field effects as well

as safety regulations.



20 Edition Wissenschaft June 2002

7. References

1. REITER RJ. Melatonin: the chemical
expression of darkness. Mol Cell Endocrinol
1991; 79:C153-158.
2. MCCORD CP, ALLEN FP. Evidences
associating pineal function with alterations in
pigmentation. J Exp Zool 1917; 23:207-243.
3. BRAINARD GC. Pineal research: the decade
of transformation. J Neural Transm Suppl
1978:3-10.
4. HOFFMAN RA, REITER RJ. Influence of
compensatory mechanisms and the pineal
gland on dark-induced gonadal atrophy in
male hamsters. Nature 1965; 207:658-659.
5. CZYBA JC, GIROD C, DURAND N. Sur
l’antagonisme epiphyso-hypophysoire et les
variations saissoniers de la spermatogenes chez
la hamster dore (Mesocricetus auratus). C R
Soc Biol (Paris) 1964; 158:742-744.
6. OKSCHE A. [Extraretinal photoreceptors
in the pineal body of birds]. Arch Anat Histol
Embryol 1968; 51:495-507.
7. BOOTH FM. The human pineal gland:
a review of the „third eye“ and the effect
of light. Aust N Z J Ophthalmol 1987;
15:329-336.
8. REITER RJ. Pineal melatonin: cell biology
of its synthesis and of its physiological
interactions. Endocr Rev 1991; 12:151-180.
9. BARTNESS TJ, GOLDMAN BD. Peak duration
of serum melatonin and short-day responses in
adult Siberian hamsters. Am J Physiol 1988;
255:R812-822.
10. BITTMAN EL, KARSCH FJ. Nightly duration
of pineal melatonin secretion determines the
reproductive response to inhibitory day length
in the ewe. Biol Reprod 1984; 30:585-593.
11. CARTER DS, GOLDMAN BD. Antigonadal
effects of timed melatonin infusion in
pinealectomized male Djungarian hamsters
(Phodopus sungorus sungorus): duration is the
critical parameter. Endocrinology 1983;
113:1261-1267.
12. DOWELL SF, LYNCH GR. Duration of the
melatonin pulse in the hypothalamus controls
testicular function in pinealectomized mice
(Peromyscus leucopus). Biol Reprod 1987;
36:1095-1101.
13. MCCONNELL SJ, TYNDALE-BISCOE CH,
HINDS LA. Change in duration of elevated
concentrations of melatonin is the major factor
in photoperiod response of the tammar,
Macropus eugenii. J Reprod Fertil 1986;
77:623-632.
14. PICAZO RA, LINCOLN GA. Light control of
the duration of the daily melatonin signal
under long and short days in the Soay ram.
Role of inhibition and entrainment. J Biol
Rhythms 1995; 10:55-63.
15. REITER RJ. The melatonin message:
duration versus coincidence hypotheses.
Life Sci 1987; 40:2119-2131.
16. ILLNEROVA H, ZVOLSKY P, VANECEK J.
The circadian rhythm in plasma melatonin
concentration of the urbanized man: the effect
of summer and winter time. Brain Res 1985;
328:186-189.
17. BRAINARD GC, RICHARDSON BA,
PETTERBORG LJ, et al. The effect of different
light intensities on pineal melatonin content.
Brain Res 1982; 233:75-81.
18. MCCORMACK CE. Illuminance threshold
for maintenance of testes in Syrian hamsters
(Mesocricetus auratus) is higher in continuous
light than in long photoperiods. J Biol Rhythms
1990; 5:107-118.

19. TRINDER J, ARMSTRONG SM, O’BRIEN C,
et al. Inhibition of melatonin secretion onset
by low levels of illumination. J Sleep Res 1996;
5:77-82.
20. BRAINARD GC, RICHARDSON BA,
HURLBUT EC, et al. The influence of various
irradiances of artificial light, twilight, and
moonlight on the suppression of pineal
melatonin content in the Syrian hamster.
J Pineal Res 1984; 1:105-119.
21. NURNBERGER F, JOSHI BN, HEINZELLER T,
et al. Responsiveness of pineal N-acetyltrans-
ferase and melatonin in the cotton rat exposed
to either artificial or natural light at night. J
Pineal Res 1985; 2:375-386.
22. MCINTYRE IM, NORMAN TR, BURROWS
GD, et al. Human melatonin suppression by
light is intensity dependent. J Pineal Res 1989;
6:149-156.
23. LERCHL A. Sustained response of pineal
melatonin synthesis to a single one-minute
light pulse during night in Djungarian hamsters
(Phodopus sungorus). Neurosci Lett 1995;
198:65-67.
24. GOLDMAN BD, NELSON RJ. (1993).
Melatonin and seasonality in mammals. In
Melatonin: Biosynthesis, Physiological Effects
and Clinical Applications (Yu, H. S. & Reiter,
R. J., eds.), pp. 226-252. CRC, Boca Raton.
25. ROENNEBERG T, ASCHOFF J. Annual
rhythm of human reproduction: I. Biology,
sociology, or both? J Biol Rhythms 1990;
5:195-216.
26. LERCHL A, SIMONI M, NIESCHLAG E.
Changes in seasonality of birth rates in
Germany from 1951 to 1990.
Naturwissenschaften 1993; 80:516-518.
27. ARENDT J, LABIB MH, BOJKOWSKI C, et al.
Rapid decrease in melatonin production during
successful treatment of delayed puberty.
Lancet 1989; 1:1326.
28. CAVALLO A. Melatonin and human
puberty: current perspectives. J Pineal Res
1993; 15:115-121.
29. COMMENTZ JC, HELMKE K. Precocious
puberty and decreased melatonin secretion due
to a hypothalamic hamartoma. Horm Res
1995; 44:271-275.
30. EHRENKRANZ JR, TAMARKIN L, COMITE F,
et al. Daily rhythm of plasma melatonin in
normal and precocious puberty. J Clin
Endocrinol Metab 1982; 55:307-310.
31. WALDHAUSER F, BOEPPLE PA, SCHEMPER
M, et al. Serum melatonin in central
precocious puberty is lower than in age-
matched prepubertal children. J Clin
Endocrinol Metab 1991; 73:793-796.
32. WALDHAUSER F, DIETZEL M. Daily and
annual rhythms in human melatonin secretion:
role in puberty control. Ann N Y Acad Sci
1985; 453:205-214.
33. WALDHAUSER F, EHRHART B, FORSTER E.
Clinical aspects of the melatonin action: impact
of development, aging, and puberty,
involvement of melatonin in psychiatric disease
and importance of neuroimmunoendocrine
interactions. Experientia 1993; 49:671-681.
34. WALDHAUSER F, STEGER H. Changes in
melatonin secretion with age and pubescence.
J Neural Transm Suppl 1986; 21:183-197.
35. WALDHAUSER F, WEISZENBACHER G,
FRISCH H, et al. Fall in nocturnal serum
melatonin during prepuberty and pubescence.
Lancet 1984; 1:362-365.
36. BRUN J, CLAUSTRAT B, DAVID M. Urinary
melatonin, LH, oestradiol, progesterone
excretion during the menstrual cycle or in
women taking oral contraceptives. Acta
Endocrinol (Copenh) 1987; 116:145-149.

37. GUPTA D. The pineal gland in relation to
growth and development in children. J Neural
Transm Suppl 1986; 21:217-232.
38. KAUPPILA A, KIVELA A, PAKARINEN A,
et al. Inverse seasonal relationship between
melatonin and ovarian activity in humans in a
region with a strong seasonal contrast in
luminosity. J Clin Endocrinol Metab 1987;
65:823-828.
39. KIVELA A, KAUPPILA A, YLOSTALO P,
et al. Seasonal, menstrual and circadian
secretions of melatonin, gonadotropins and
prolactin in women. Acta Physiol Scand 1988;
132:321-327.
40. LERCHL A, PARTSCH CJ, NIESCHLAG E.
Circadian and ultradian variations of pituitary
and pineal hormones in normal men: evidence
for a link between melatonin, gonadotropin,
and prolactin secretion. J Pineal Res 1995;
18:41-48.
41. MALLO C, ZAIDAN R, FAURE A, et al.
Effects of a four-day nocturnal melatonin
treatment on the 24 h plasma melatonin,
cortisol and prolactin profiles in humans. Acta
Endocrinol (Copenh) 1988; 119:474-480.
42. MCINTYRE IM, NORMAN TR, BURROWS
GD, et al. Melatonin, cortisol and prolactin
response to acute nocturnal light exposure in
healthy volunteers. Psychoneuroendocrinology
1992; 17:243-248.
43. OKATANI Y, SAGARA Y. Amplification of
nocturnal melatonin secretion in women with
functional secondary amenorrhoea: relation to
endogenous oestrogen concentration. Clin
Endocrinol (Oxf) 1994; 41:763-770.
44. OZATA M, BULUR M, BINGOL N, et al.
Daytime plasma melatonin levels in male
hypogonadism. J Clin Endocrinol Metab 1996;
81:1877-1881.
45. PENNY R, GOEBELSMANN U. Effect of
estradiol on plasma melatonin levels. J
Endocrinol Invest 1984; 7:55-57.
46. PETTERBORG LJ, THALEN BE, KJELLMAN BF,
et al. Effect of melatonin replacement on
serum hormone rhythms in a patient lacking
endogenous melatonin. Brain Res Bull 1991;
27:181-185.
47. RAO ML, MAGER T. Influence of the pineal
gland on pituitary function in humans.
Psychoneuroendocrinology 1987; 12:141-147.
48. RONNBERG L, KAUPPILA A, LEPPALUOTO J,
et al. Circadian and seasonal variation in
human preovulatory follicular fluid melatonin
concentration. J Clin Endocrinol Metab 1990;
71:492-496.
49. SCHULZ P, CHARDON F, DEGLI AGOSTI R,
et al. Parallel nocturnal secretion of melatonin
and testosterone in the plasma of normal men.
J Pineal Res 1995; 19:16-22.
50. TOUITOU Y, BENOIT O, FORET J, et al.
Effects of a two-hour early awakening and of
bright light exposure on plasma patterns of
cortisol, melatonin, prolactin and testosterone
in man. Acta Endocrinol (Copenh) 1992;
126:201-205.
51. VALCAVI R, ZINI M, MAESTRONI GJ,
et al. Melatonin stimulates growth hormone
secretion through pathways other than the
growth hormone-releasing hormone. Clin
Endocrinol (Oxf) 1993; 39:193-199.
52. WEBLEY GE, LUCK MR. Melatonin directly
stimulates the secretion of progesterone by
human and bovine granulosa cells in vitro.
J Reprod Fertil 1986; 78:711-717.
53. WEBLEY GE, LUCK MR, HEARN JP.
Stimulation of progesterone secretion by
cultured human granulosa cells with melatonin
and catecholamines. J Reprod Fertil 1988;
84:669-677.

References



21Edition Wissenschaft June 2002

54. YIE SM, BROWN GM, LIU GY, et al.
Melatonin and steroids in human pre-
ovulatory follicular fluid: seasonal variations
and granulosa cell steroid production. Hum
Reprod 1995; 10:50-55.
55. COHEN M, SMALL RA, BRZEZINSKI A.
Hypotheses: melatonin/steroid combination
contraceptives will prevent breast cancer.
Breast Cancer Res Treat 1995; 33:257-264.
56. GARCIA-PATTERSON A, PUIG-DOMINGO
M, WEBB SM. Thirty years of human pineal
research: do we know its clinical relevance?
J Pineal Res 1996; 20:1-6.
57. SILMAN RE. Melatonin: a contraceptive for
the nineties. Eur J Obstet Gynecol Reprod Biol
1993; 49:3-9.
58. VOORDOUW BC, EUSER R, VERDONK RE,
et al. Melatonin and melatonin-progestin
combinations alter pituitary-ovarian function
in women and can inhibit ovulation. J Clin
Endocrinol Metab 1992; 74:108-117.
59. HELDMAIER G, HOFFMANN K. Melatonin
stimulates growth of brown adipose tissue.
Nature 1974; 247:224-225.
60. HELDMAIER G, STEINLECHNER S, RAFAEL J,
et al. Photoperiodic control and effects of
melatonin on nonshivering thermogenesis
and brown adipose tissue. Science 1981;
212:917-919.
61. SAARELA S, HELDMAIER G. Effect of
photoperiod and melatonin on cold resistance,
thermoregulation and shivering/nonshivering
thermogenesis in Japanese quail. J Comp
Physiol [B] 1987; 157:625-633.
62. STEINLECHNER S, HELDMAIER G. Role of
photoperiod and melatonin in seasonal
acclimatization of the Djungarian hamster,
Phodopus sungorus. Int J Biometeorol 1982;
26:329-337.
63. ANDREWS RV, BELKNAP RW. Metabolic
and thermoregulatory effects of photoperiod
and melatonin on Peromyscus maniculatus
acclimatization. Comp Biochem Physiol A
1985; 82:725-729.
64. BARTNESS TJ, WADE GN. Body weight,
food intake and energy regulation in exercising
and melatonin-treated Siberian hamsters.
Physiol Behav 1985; 35:805-808.
65. BARTNESS TJ, WADE GN. Photoperiodic
control of seasonal body weight cycles in
hamsters. Neurosci Biobehav Rev 1985;
9:599-612.
66. GUERRERO JM, SANTANA C, REITER RJ.
Type II thyroxine 5'-deiodinase activity in the
rat brown adipose tissue, pineal gland,
Harderian gland, and cerebral cortex: effect of
acute cold exposure and lack of relationship to
pineal melatonin synthesis. J Pineal Res 1990;
9:159-166.
67. PUIG-DOMINGO M, GUERRERO JM,
MENENDEZ-PELAEZ A, et al. Melatonin
specifically stimulates type-II thyroxine 5'-
deiodination in brown adipose tissue of Syrian
hamsters. J Endocrinol 1989; 122:553-556.
68. SINNAMON WB, PIVORUN EB. Melatonin
induces hypertrophy of brown adipose tissue in
Spermophilus tridecemlineatus. Cryobiology
1981; 18:603-607.
69. VISWANATHAN M, HISSA R, GEORGE JC.
Effects of short photoperiod and melatonin
treatment on thermogenesis in the Syrian
hamster. J Pineal Res 1986; 3:311-321.
70. CAGNACCI A, SOLDANI R, ROMAGNOLO
C, et al. Melatonin-induced decrease of body
temperature in women: a threshold event.
Neuroendocrinology 1994; 60:549-552.
71. CAGNACCI A, SOLDANI R, YEN SS.
Hypothermic effect of melatonin and nocturnal
core body temperature decline are reduced in

aged women. J Appl Physiol 1995; 78:314-
317.
72. DEACON S, ARENDT J. Melatonin-induced
temperature suppression and its acute
phase-shifting effects correlate in a dose-
dependent manner in humans. Brain Res 1995;
688:77-85.
73. DEACON S, ENGLISH J, ARENDT J. Acute
phase-shifting effects of melatonin associated
with suppression of core body temperature in
humans. Neurosci Lett 1994; 178:32-34.
74. LAAKSO ML, PORKKA-HEISKANEN T, ALILA
A, et al. Twenty-four-hour rhythms in relation
to the natural photoperiod: a field study in
humans. J Biol Rhythms 1994; 9:283-293.
75. WEVER RA. Characteristics of circadian
rhythms in human functions. J Neural Transm
Suppl 1986; 21:323-373.
76. WEVER RA. Light effects on human
circadian rhythms: a review of recent Andechs
experiments. J Biol Rhythms 1989; 4:161-185.
77. MIDDLETON B, ARENDT J, STONE BM.
Human circadian rhythms in constant dim light
(8 lux) with knowledge of clock time. J Sleep
Res 1996; 5:69-76.
78. ARMSTRONG SM, CASSONE VM,
CHESWORTH MJ, et al. Synchronization of
mammalian circadian rhythms by melatonin.
J Neural Transm Suppl 1986; 21:375-394.
79. ARMSTRONG SM, REDMAN J. Melatonin
administration: effects on rodent circadian
rhythms. Ciba Found Symp 1985; 117:188-
207.
80. REDMAN J, ARMSTRONG S, NG KT. Free-
running activity rhythms in the rat:
entrainment by melatonin. Science 1983;
219:1089-1091.
81. ARMSTRONG S, REDMAN J. (1993).
Melatonin and circadian rhythmicity. In
Melatonin: Biosynthesis, Physiological Effects
and Clinical Applications (Yu, H. S. & Reiter,
R. J., eds.), pp. 187-224. CRC, Boca Rato.
82. WEAVER DR, RIVKEES SA, REPPERT SM.
Localization and characterization of melatonin
receptors in rodent brain by in vitro
autoradiography. J Neurosci 1989; 9:2581-
2590.
83. COMPERATORE CA, KRUEGER GP.
Circadian rhythm desynchronosis, jet lag, shift
lag, and coping strategies. Occup Med 1990;
5:323-341.
84. COMPERATORE CA, LIEBERMAN HR, KIRBY
AW, et al. Melatonin efficacy in aviation
missions requiring rapid deployment and night
operations. Aviat Space Environ Med 1996;
67:520-524.
85. PAULSON E. Travel statement on jet lag.
Cmaj 1996; 155:61-66.
86. PETRIE K, DAWSON AG, THOMPSON L, et
al. A double-blind trial of melatonin as a
treatment for jet lag in international cabin
crew. Biol Psychiatry 1993; 33:526-530.
87. REDFERN P, MINORS D, WATERHOUSE J.
Circadian rhythms, jet lag, and chronobiotics:
an overview. Chronobiol Int 1994; 11:253-
265.
88. REDFERN PH. Can pharmacological agents
be used effectively in the alleviation of jet-lag?
Drugs 1992; 43:146-153.
89. SKENE DJ, DEACON S, ARENDT J. Use of
melatonin in circadian rhythm disorders and
following phase shifts. Acta Neurobiol Exp
(Warsz) 1996; 56:359-362.
90. TUROW V. Melatonin for insomnia and jet
lag. Pediatrics 1996; 97:439.
91. LEWY AJ, SACK RL, BLOOD ML, et al.
Melatonin marks circadian phase position and
resets the endogenous circadian pacemaker in
humans. Ciba Found Symp 1995; 183:303-

317; discussion 317-321.
92. BLASK DE. (1993). Melatonin in oncology.
In Melatonin: Biosynthesis, Physiological
Effects and Clinical Applications (Yu, H. S. &
Reiter, R. J., eds.), pp. 447-475. CRC, Boca
Raton.
93. CONTI A, MAESTRONI GJ. The clinical
neuroimmunotherapeutic role of melatonin in
oncology. J Pineal Res 1995; 19:103-110.
94. BARNI S, LISSONI P, CAZZANIGA M, et al.
A randomized study of low-dose subcutaneous
interleukin-2 plus melatonin versus supportive
care alone in metastatic colorectal cancer
patients progressing under 5-fluorouracil and
folates. Oncology 1995; 52:243-245.
95. DILMAN VM, ANISIMOV VN,
OSTROUMOVA MN, et al. Study of the
anti-tumor effect of polypeptide pineal extract.
Oncology 1979; 36:274-280.
96. BARTSCH H, BARTSCH C, SIMON WE, et al.
Antitumor activity of the pineal gland: effect of
unidentified substances versus the effect of
melatonin. Oncology 1992; 49:27-30.
97. HILL SM, BLASK DE. Effects of the pineal
hormone melatonin on the proliferation and
morphological characteristics of human breast
cancer cells (MCF-7) in culture. Cancer Res
1988; 48:6121-6126.
98. COS S, SANCHEZ-BARCELO EJ. Differences
between pulsatile or continuous exposure to
melatonin on MCF-7 human breast cancer cell
proliferation. Cancer Lett 1994; 85:105-109.
99. YING SW, RUSAK B, DELAGRANGE P, et al.
Melatonin analogues as agonists and
antagonists in the circadian system and other
brain areas. Eur J Pharmacol 1996; 296:33-42.
100. POEGGELER B, REITER RJ, TAN DX, et al.
Melatonin, hydroxyl radical-mediated oxidative
damage, and aging: a hypothesis. J Pineal Res
1993; 14:151-168.
101. TAN DX, POEGGELER B, REITER RJ, et al.
The pineal hormone melatonin inhibits DNA-
adduct formation induced by the chemical
carcinogen safrole in vivo. Cancer Lett 1993;
70:65-71.
102. REITER RJ. (1997). Melatonin
biosynthesis, regulation, and effects. In The
Melatonin Hypothesis: Breast Cancer and Use
of Electric Power (Stevens, R. G., Wilson, B. W.
& Anderson, L. E., eds.), pp. 25-48. Batelle,
Columbus.
103. REITER RJ. Functional pleiotropy of the
neurohormone melatonin: antioxidant
protection and neuroendocrine regulation.
Front Neuroendocrinol 1995; 16:383-415.
104. REITER RJ. The role of the neurohormone
melatonin as a buffer against macromolecular
oxidative damage. Neurochem Int 1995;
27:453-460.
105. REITER RJ, MELCHIORRI D, SEWERYNEK E,
et al. A review of the evidence supporting
melatonin’s role as an antioxidant. J Pineal Res
1995; 18:1-11.
106. TAN D, REITER RJ, CHEN LD, et al. Both
physiological and pharmacological levels of
melatonin reduce DNA adduct formation
induced by the carcinogen safrole.
Carcinogenesis 1994; 15:215-218.
107. ZAWILSKA JB. Melatonin in vertebrate
retina: biosynthesis, receptors and functions.
Pol J Pharmacol Pharm 1992; 44:627-654.
108. BUBENIK GA. Localization of melatonin in
the digestive tract of the rat. Effect of
maturation, diurnal variation, melatonin
treatment and pinealectomy. Horm Res 1980;
12:313-323.
109. ITOH MT, HATTORI A, NOMURA T, et al.
Melatonin and arylalkylamine N-
acetyltransferase activity in the silkworm,

References



22 Edition Wissenschaft June 2002

Bombyx mori. Mol Cell Endocrinol 1995;
115:59-64.
110. VIVIEN-ROELS B, PEVET P, BECK O, et al.
Identification of melatonin in the compound
eyes of an insect, the locust (Locusta
migratoria), by radioimmunoassay and gas
chromatography-mass spectrometry. Neurosci
Lett 1984; 49:153-157.
111. DUBBELS R, REITER RJ, KLENKE E, et al.
Melatonin in edible plants identified by
radioimmunoassay and by high performance
liquid chromatography-mass spectrometry. J
Pineal Res 1995; 18:28-31.
112. HATTORI A, MIGITAKA H, IIGO M, et al.
Identification of melatonin in plants and its
effects on plasma melatonin levels and binding
to melatonin receptors in vertebrates. Biochem
Mol Biol Int 1995; 35:627-634.
113. POEGGELER B, BALZER I, HARDELAND R,
et al. Pineal hormone melatonin oscillates also
in a unicellular, the dinoflagellate Gonyaulax
polyedra. Naturwissenschaften 1991; 78:268-
269.
114. SEMM P, SCHNEIDER T, VOLLRATH L.
Effects of an earth-strength magnetic field on
electrical activity of pineal cells. Nature 1980;
288:607-608.
115. BARDASANO JL, BUJAN J. Pineal cells
with multipolar spindles in chicken embryos
exposed to magnetic fields. II. Quantitative
study. Z Mikrosk Anat Forsch 1986; 100:545-
551.
116. BARDASANO JL, MEYER AJ, PICAZO L.
Pineal cells with multipolar spindles in chicken
embryos exposed to magnetic fields—first
trials. Z Mikrosk Anat Forsch 1986; 100:85-92.
117. CREMER-BARTELS G, KRAUSE K, KUCHLE
HJ. Influence of low magnetic-field-strength
variations on the retina and pineal gland of
quail and humans. Graefes Arch Clin Exp
Ophthalmol 1983; 220:248-252.
118. DEMAINE C, SEMM P. The avian pineal
gland as an independent magnetic sensor.
Neurosci Lett 1985; 62:119-122.
119. OLCESE J, REUSS S. Magnetic field effects
on pineal gland melatonin synthesis:
comparative studies on albino and pigmented
rodents. Brain Res 1986; 369:365-368.
120. OLCESE J, REUSS S, STEHLE J, et al.
Responses of the mammalian retina to
experimental alteration of the ambient
magnetic field. Brain Res 1988; 448:325-330.
121. OLCESE J, REUSS S, VOLLRATH L.
Evidence for the involvement of the visual
system in mediating magnetic field effects on
pineal melatonin synthesis in the rat. Brain Res
1985; 333:382-384.
122. OSSENKOPP KP, KAVALIERS M, PRATO FS,
et al. Exposure to nuclear magnetic resonance
imaging procedure attenuates morphine-
induced analgesia in mice. Life Sci 1985;
37:1507-1514.
123. REUSS S, OLCESE J. Magnetic field
effects on the rat pineal gland: role of retinal
activation by light. Neurosci Lett 1986;
64:97-101.
124. REUSS S, SEMM P. Effects of an earth-
strength magnetic field on pineal melatonin
synthesis in pigeons. Naturwissenschaften
1987; 74:38-39.
125. REUSS S, SEMM P, VOLLRATH L. Different
types of magnetically sensitive cells in the rat
pineal gland. Neurosci Lett 1983; 40:23-26.
126. RUDOLPH K, WIRZ-JUSTICE A, KRAUCHI
K, et al. Static magnetic fields decrease
nocturnal pineal cAMP in the rat. Brain Res
1988; 446:159-160.
127. SEMM P. The magnetic detection system
of the pigeon: involvement of pineal and

retinal photoreceptors and the vestibular
system. Prog Clin Biol Res 1988; 257:47-61.
128. STEHLE J, REUSS S, SCHRODER H, et al.
Magnetic field effects on pineal N-
acetyltransferase activity and melatonin
content in the gerbil-role of pigmentation and
sex. Physiol Behav 1988; 44:91-94.
129. WELKER HA, SEMM P, WILLIG RP, et al.
Effects of an artificial magnetic field on
serotonin N-acetyltransferase activity and
melatonin content of the rat pineal gland. Exp
Brain Res 1983; 50:426-432.
130. KHOORY R. Compensation of the natural
magnetic field does not alter N-
acetyltransferase activity and melatonin
content of rat pineal gland. Neurosci Lett
1987; 76:215-220.
131. LERCHL A, NONAKA KO, REITER RJ. Pineal
gland „magnetosensitivity“ to static magnetic
fields is a consequence of induced electric
currents (eddy currents). J Pineal Res 1991;
10:109-116.
132. LERCHL A, NONAKA KO, STOKKAN KA, et
al. Marked rapid alterations in nocturnal pineal
serotonin metabolism in mice and rats exposed
to weak intermittent magnetic fields. Biochem
Biophys Res Commun 1990; 169:102-108.
133. REITER RJ, LERCHL A. (1993). Regulation
of mammalian pineal melatonin production by
the electromagnetic spectrum. In Melatonin:
Biosynthesis, Physiological Effects and Clinical
Applications (Yu, H. S. & Reiter, R. J., eds.), pp.
107-127. CRC, Boca Raton.
134. REITER RJ, RICHARDSON BA. Magnetic
field effects on pineal indoleamine metabolism
and possible biological consequences. Faseb J
1992; 6:2283-2287.
135. RICHARDSON BA, YAGA K, REITER RJ, et
al. Pulsed static magnetic field effects on in-
vitro pineal indoleamine metabolism. Biochim
Biophys Acta 1992; 1137:59-64.
136. WOOD AW. Possible health effects of 50/
60Hz electric and magnetic fields: review of
proposed mechanisms. Australas Phys Eng Sci
Med 1993; 16:1-21.
137. BRENDEL H, NIEHAUS M, LERCHL A.
Direct suppressive effects of weak magnetic
fields (50 Hz and 16 2/3 Hz) on melatonin
synthesis in the pineal gland of Djungarian
hamsters (Phodopus sungorus). J Pineal Res
2000; 29:228-233.
138. NIEHAUS M, BRUGGEMEYER H, BEHRE
HM, et al. Growth retardation, testicular
stimulation, and increased melatonin synthesis
by weak magnetic fields (50 Hz) in Djungarian
hamsters, Phodopus sungorus. Biochem
Biophys Res Commun 1997; 234:707-711.
139. BURCH JB, REIF JS, NOONAN CW, et al.
Melatonin metabolite levels in workers exposed
to 60-Hz magnetic fields: work in substations
and with 3-phase conductors. J Occup Environ
Med 2000; 42:136-142.
140. BURCH JB, REIF JS, YOST MG, et al.
Nocturnal excretion of a urinary melatonin
metabolite among electric utility workers.
Scand J Work Environ Health 1998; 24:183-
189.
141. BURCH JB, REIF JS, YOST MG, et al.
Reduced excretion of a melatonin metabolite in
workers exposed to 60 Hz magnetic fields. Am
J Epidemiol 1999; 150:27-36.
142. JUUTILAINEN J, STEVENS RG, ANDERSON
LE, et al. Nocturnal 6-hydroxymelatonin sulfate
excretion in female workers exposed to
magnetic fields. J Pineal Res 2000; 28:97-104.
143. SELMAOUI B, LAMBROZO J, TOUITOU Y.
Magnetic fields and pineal function in humans:
evaluation of nocturnal acute exposure to
extremely low frequency magnetic fields on

serum melatonin and urinary 6-sulfatoxy-
melatonin circadian rhythms. Life Sci 1996;
58:1539-1549.
144. PFLUGER DH, MINDER CE. Effects of
exposure to 16.7 Hz magnetic fields on urinary
6-hydroxymelatonin sulfate excretion of Swiss
railway workers. J Pineal Res 1996; 21:91-100.
145. HONG SC, KUROKAWA Y, KABUTO M, et
al. Chronic exposure to ELF magnetic fields
during night sleep with electric sheet: effects
on diurnal melatonin rhythms in men.
Bioelectromagnetics 2001; 22:138-143.
146. MCELROY JA, NEWCOMB PA,
REMINGTON PL, et al. Electric blanket or
mattress cover use and breast cancer incidence
in women 50-79 years of age. Epidemiology
2001; 12:613-617.
147. DAVIS S, MIRICK DK, STEVENS RG.
Residential magnetic fields and the risk of
breast cancer. Am J Epidemiol 2002; 155:446-
454.
148. DE BRUYN L, DE JAGER L, KUYL JM. The
influence of long-term exposure of mice to
randomly varied power frequency magnetic
fields on their nocturnal melatonin secretion
patterns. Environ Res 2001; 85:115-121.
149. GRAHAM C, COOK MR, GERKOVICH MM,
et al. Examination of the melatonin hypothesis
in women exposed at night to EMF or bright
light. Environ Health Perspect 2001; 109:501-
507.
150. GRAHAM C, COOK MR, SASTRE A, et al.
Multi-night exposure to 60 Hz magnetic fields:
effects on melatonin and its enzymatic
metabolite. J Pineal Res 2000; 28:1-8.
151. GRAHAM C, SASTRE A, COOK MR, et al.
All-night exposure to EMF does not alter
urinary melatonin, 6-OHMS or immune
measures in older men and women. J Pineal
Res 2001; 31:109-113.
152. HAUGSDAL B, TYNES T, ROTNES JS, et al.
A single nocturnal exposure to 2-7 millitesla
static magnetic fields does not inhibit the
excretion of 6-sulfatoxymelatonin in healthy
young men. Bioelectromagnetics 2001; 22:1-6.
153. KARASEK M, CZERNICKI J, WOLDANSKA-
OKONSKA M, et al. Chronic exposure to 25-80-
microT, 200-Hz magnetic field does not
influence serum melatonin concentrations in
patients with low back pain. J Pineal Res 2000;
29:81-85.
154. KARASEK M, WOLDANSKA-OKONSKA M,
CZERNICKI J, et al. Chronic exposure to 2.9 mT,
40 Hz magnetic field reduces melatonin
concentrations in humans. J Pineal Res 1998;
25:240-244.
155. LERCHL A, ZACHMANN A, ALI MA, et al.
The effects of pulsing magnetic fields on pineal
melatonin synthesis in a teleost fish (brook
trout, Salvelinus fontinalis). Neurosci Lett
1998; 256:171-173.
156. LEVALLOIS P, DUMONT M, TOUITOU Y, et
al. Effects of electric and magnetic fields from
high-power lines on female urinary excretion
of 6-sulfatoxymelatonin. Am J Epidemiol 2001;
154:601-609.
157. ROSEN LA, BARBER I, LYLE DB. A 0.5 G,
60 Hz magnetic field suppresses melatonin
production in pinealocytes.
Bioelectromagnetics 1998; 19:123-127.
158. WOOD AW, ARMSTRONG SM, SAIT ML,
et al. Changes in human plasma melatonin
profiles in response to 50 Hz magnetic field
exposure. J Pineal Res 1998; 25:116-127.
159. GROTA LJ, REITER RJ, KENG P, et al.
Electric field exposure alters serum melatonin
but not pineal melatonin synthesis in male
rats. Bioelectromagnetics 1994; 15:427-437.
160. LEE JM, JR., STORMSHAK F, THOMPSON

References



23Edition Wissenschaft June 2002

JM, et al. Melatonin and puberty in female
lambs exposed to EMF: a replicate study.
Bioelectromagnetics 1995; 16:119-123.
161. REITER RJ. Static and extremely low
frequency electromagnetic field exposure:
reported effects on the circadian production of
melatonin. J Cell Biochem 1993; 51:394-403.
162. REITER RJ. Reported biological
consequences related to the suppression of
melatonin by electric and magnetic field
exposure. Integr Physiol Behav Sci 1995;
30:314-330.
163. ROGERS WR, REITER RJ, BARLOW-
WALDEN L, et al. Regularly scheduled, day-
time, slow-onset 60 Hz electric and magnetic
field exposure does not depress serum
melatonin concentration in nonhuman
primates. Bioelectromagnetics 1995; Suppl
3:111-118.
164. ROGERS WR, REITER RJ, SMITH HD, et al.
Rapid-onset/offset, variably scheduled 60 Hz
electric and magnetic field exposure reduces
nocturnal serum melatonin concentration in
nonhuman primates. Bioelectromagnetics
1995; Suppl 3:119-122.
165. SALVATORE JR, WEITBERG AB, MEHTA S.
Nonionizing electromagnetic fields and cancer:
a review. Oncology (Huntingt) 1996; 10:563-
570; discussion 573-564, 577-568.
166. WILSON BW. Chronic exposure to ELF
fields may induce depression.
Bioelectromagnetics 1988; 9:195-205.
167. WILSON BW, ANDERSON LE, HILTON DI,
et al. Chronic exposure to 60-Hz electric fields:
effects on pineal function in the rat.
Bioelectromagnetics 1981; 2:371-380.
168. WILSON BW, CHESS EK, ANDERSON LE.
60-Hz electric-field effects on pineal melatonin
rhythms: time course for onset and recovery.
Bioelectromagnetics 1986; 7:239-242.
169. WILSON BW, STEVENS RG, ANDERSON
LE. Neuroendocrine mediated effects of
electromagnetic-field exposure: possible role of
the pineal gland. Life Sci 1989; 45:1319-1332.
170. WILSON BW, WRIGHT CW, MORRIS JE, et
al. Evidence for an effect of ELF
electromagnetic fields on human pineal gland
function. J Pineal Res 1990; 9:259-269.
171. ZATZ M, WEINSTOCK M. Electric field
stimulation releases norepinephrine and cyclic
GMP from the rat pineal gland. Life Sci 1978;
22:767-772.
172. DE SEZE R, AYOUB J, PERAY P, et al.
Evaluation in humans of the effects of
radiocellular telephones on the circadian
patterns of melatonin secretion, a chrono-
biological rhythm marker. J Pineal Res 1999;
27:237-242.
173. IMAIDA K, TAKI M, WATANABE S, et al.
The 1.5 GHz electromagnetic near-field used
for cellular phones does not promote rat liver
carcinogenesis in a medium-term liver
bioassay. Jpn J Cancer Res 1998; 89:995-1002.
174. MANN K, WAGNER P, BRUNN G, et al.
Effects of pulsed high-frequency electro-
magnetic fields on the neuroendocrine system.
Neuroendocrinology 1998; 67:139-144.
175. RADON K, PARERA D, ROSE DM, et al. No
effects of pulsed radio frequency electro-
magnetic fields on melatonin, cortisol, and
selected markers of the immune system in
man. Bioelectromagnetics 2001; 22:280-287.
176. TYNES T, HANNEVIK M, ANDERSEN A, et
al. Incidence of breast cancer in Norwegian
female radio and telegraph operators. Cancer
Causes Control 1996; 7:197-204.
177. STEVENS RG. Electric power use and
breast cancer: a hypothesis. Am J Epidemiol
1987; 125:556-561.

178. LOSCHER W, MEVISSEN M. (1997).
Magnetic fields and breast cancer:
experimental studies on the melatonin
hypothesis. In The Melatonin Hypothesis:
Breast Cancer and Use of Electric Power
(Stevens, R. G., Wilson, B. W. & Anderson, L.
E., eds.), pp. 555-584. Batelle, Columbus.
179. HOLMBERG B. Magnetic fields and
cancer: animal and cellular evidence – an
overview. Environ Health Perspect 1995; 103
Suppl 2:63-67.
180. LIBURDY RP, LOSCHER W. (1997).
Laboratory studies on extremely low frequency
(50 / 60 Hz) magnetic fields and
carcinogenesis. In The Melatonin Hypothesis:
Breast Cancer and Use of Electric Power
(Stevens, R. G., Wilson, B. W. & Anderson, L.
E., eds.), pp. 585-667. Batelle, Columbus.
181. RONCO AL, HALBERG F. The pineal gland
and cancer. Anticancer Res 1996; 16:2033-
2039.
182. STEVENS RG, DAVIS S. The melatonin
hypothesis: electric power and breast cancer.
Environ Health Perspect 1996; 104 Suppl
1:135-140.
183. TYNES T. Electromagnetic fields and male
breast cancer. Biomed Pharmacother 1993;
47:425-427.
184. STEVENS RG, WILSON BW, ANDERSON
LE, Eds. (1997). The Melatonin Hypothesis:
Breast Cancer and Use of Electric Power.
Columbus: Batelle.
185. BRAINARD GC, KAVET R, KHEIFETS LI. The
relationship between electromagnetic field and
light exposures to melatonin and breast cancer
risk: a review of the relevant literature. J Pineal
Res 1999; 26:65-100.
186. CAPLAN LS, SCHOENFELD ER, O’LEARY
ES, et al. Breast cancer and electromagnetic
fields – a review. Ann Epidemiol 2000; 10:31-
44.
187. HATCH M. The epidemiology of electric
and magnetic field exposures in the power
frequency range and reproductive outcomes.
Paediatr Perinat Epidemiol 1992; 6:198-214.
188. LOOMIS DP, SAVITZ DA, ANANTH CV.
Breast cancer mortality among female electrical
workers in the United States. J Natl Cancer Inst
1994; 86:921-925.
189. MILLER RW. Nakahara memorial lecture.
Rare events and cancer epidemiology. Princess
Takamatsu Symp 1987; 18:3-12.
190. SAVITZ DA, PEARCE N, POOLE C. Update
on methodological issues in the epidemiology
of electromagnetic fields and cancer.
Epidemiol Rev 1993; 15:558-566.
191. STEVENS RG. Biologically based
epidemiological studies of electric power and
cancer. Environ Health Perspect 1993; 101
Suppl 4:93-100.
192. VENA JE, GRAHAM S, HELLMANN R,
et al. Use of electric blankets and risk of
postmenopausal breast cancer. Am J Epidemiol
1991; 134:180-185.
193. ERREN TC. (1997). Epidemiological
studies of EMF and breast cancer risk: a
biologically based overview. In The Melatonin
Hypothesis: Breast Cancer and Use of Electric
Power (Stevens, R. G., Wilson, B. W. &
Anderson, L. E., eds.), pp. 701-735. Batelle,
Columbus.
194. BAUM A, MEVISSEN M, KAMINO K, et al.
A histopathological study on alterations in
DMBA-induced mammary carcinogenesis in
rats with 50 Hz, 100 muT magnetic field
exposure. Carcinogenesis 1995; 16:119-125.
195. LOSCHER W, MEVISSEN M. Animal
studies on the role of 50/60-Hertz magnetic
fields in carcinogenesis. Life Sci 1994;

54:1531-1543.
196. LOSCHER W, WAHNSCHAFFE U,
MEVISSEN M, et al. Effects of weak alternating
magnetic fields on nocturnal melatonin
production and mammary carcinogenesis in
rats. Oncology 1994; 51:288-295.
197. MEVISSEN M, LERCHL A, LOSCHER W.
Study on pineal function and DMBA-induced
breast cancer formation in rats during
exposure to a 100-mG, 50 Hz magnetic field. J
Toxicol Environ Health 1996; 48:169-185.
198. MEVISSEN M, LERCHL A, SZAMEL M, et
al. Exposure of DMBA-treated female rats in a
50-Hz, 50 microTesla magnetic field: effects on
mammary tumor growth, melatonin levels, and
T lymphocyte activation. Carcinogenesis 1996;
17:903-910.
199. LOSCHER W, MEVISSEN M. Linear
relationship between flux density and tumor
co-promoting effect of prolonged magnetic
field exposure in a breast cancer model. Cancer
Lett 1995; 96:175-180.
200. LOSCHER W, MEVISSEN M, LERCHL A.
Exposure of female rats to a 100-microT 50 Hz
magnetic field does not induce consistent
changes in nocturnal levels of melatonin.
Radiat Res 1998; 150:557-567.
201. THUN-BATTERSBY S, MEVISSEN M,
LOSCHER W. Exposure of Sprague-Dawley rats
to a 50-Hertz, 100-microTesla magnetic field
for 27 weeks facilitates mammary
tumorigenesis in the 7,12-dimethylbenz[a]-
anthracene model of breast cancer. Cancer Res
1999; 59:3627-3633.
202. ANDERSON LE, MORRIS JE, SASSER LB, et
al. Effects of 50- or 60-hertz, 100 microT
magnetic field exposure in the DMBA
mammary cancer model in Sprague-Dawley
rats: possible explanations for different results
from two laboratories. Environ Health Perspect
2000; 108:797-802.
203. REITER RJ, TAN DX, POEGGELER B, et al.
Inconsistent suppression of nocturnal pineal
melatonin synthesis and serum melatonin
levels in rats exposed to pulsed DC magnetic
fields. Bioelectromagnetics 1998; 19:318-329.
204. EICHWALD C, KAISER F. Model for
receptor-controlled cytosolic calcium
oscillations and for external influences on the
signal pathway. Biophys J 1993; 65:2047-
2058.
205. EICHWALD C, KAISER F. Model for
external influences on cellular signal
transduction pathways including cytosolic
calcium oscillations. Bioelectromagnetics 1995;
16:75-85.
206. GRUNDLER W, KAISER F, KEILMANN F, et
al. Mechanisms of electromagnetic interaction
with cellular systems. Naturwissenschaften
1992; 79:551-559.

References

Dr. Alexander Lerchl,

Professor of Biology

International University Bremen

School of Engineering and Science

Campus Ring 1

D-28759 Bremen

Tel.: ++(49) 421 / 200 3241

Fax: ++(49) 421 / 200 49 3241

E-Mail: a.lerchl@iu-bremen.de

http://www.iu-bremen.de



24 Edition Wissenschaft June 2002

The Melatonin Hypothesis –
An Introduction

Summary

This article focuses on the effects

of melatonin, a substance secreted

by the pineal gland, on physiological

functions, its ability to scavenge

oxygen-derived radicals, and

especially on the involvement of this

substance in possible adverse effects

of electric, magnetic, and

electromagnetic fields. By using

epidemiological methods, it has

been frequently reported that those

anthropogenic fields may have

adverse health effects, whereas the

impact of those fields on the

general population is still a matter

of controversy.

The so-called melatonin hypothesis

tries to put these different issues

into context. Although this theory

is not yet proven, numerous

investigations used it as their

rationale.

One of the major problems in this

context is the still missing,

commonly accepted mechanisms by

which weak fields are able to

interact with biological systems since

the energy transmitted seems to be

too low in comparison to the

thermal noise. Non-linear

mechanisms are therefore discussed

as possible alternative explanations.

The energy released by mobile

phones is partially (up to 50 %)

absorbed by surrounding tissues,

especially in the head and the hand

of the user. These fields, unlike

those from base stations, are able to

cause increased tissue temperatures,

whereas the absolute values of

temperature increase depends

largely on the type of tissue, the

antenna configuration, and the

habits of the user. Meanwhile,

mobile phones are available which

prevent this temperature increase

by special designs.

Based on the aforementioned

reasons it is possible that the

synthesis of melatonin from the

pineal gland, which is located in the

brain, is affected by electromagnetic

fields originating from mobile

phones. Thus, research is needed to

investigate this possibility to either

prove or refute this hypothesis. The

results of these experiments may

serve as helpful arguments both for

the users and for the mobile phone

industry with respect to fears from

electromagnetic fields, and safety

regulations, respectively.
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