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Abstract

Melatonin is not only synthesized by the pineal gland but
also in many other organs and tissues of the body, particu-
larly by lymphoid organs such as the bone marrow, thymus
and lymphocytes. Melatonin participates in various func-
tions of the body, among which itsimmunomodulatory role
has assumed considerable significance in recent years. Mel-
atonin has been shown to be involved in the regulation of
both cellular and humoral immunity. Melatonin not only
stimulates the production of natural killer cells, monocytes
and leukocytes, but also alters the balance of T helper (Th)-
1 and Th-2 cells mainly towards Th-1 responses and increas-
es the production of relevant cytokines such as interleukin
(IL)-2, IL-6, IL-12 and interferon-vy. The regulatory function of
melatonin on immune mechanisms is seasonally depen-
dent. This fact may in part account for the cyclic pattern of
symptom expression shown by certain infectious diseases,
which become more pronounced at particular times of the

Received: February 1, 2008
Accepted: March 5, 2008
Published online: August 5, 2008

© Free Author
Copy — for per-
sonal use only

ANY DISTRIBUTION OF THIS
ARTICLE WITHOUT WRITTEN
CONSENT FROM S. KARGER
AG, BASELIS A VIOLATION
OF THE COPYRIGHT.

Written permission fo distrib-
ute the PDF will be granted
aguinst payment of a per-
mission fee, which is based
on the number of accesses
required. Please contact
permission@karger.ch

year. Moreover, melatonin-induced seasonal changesinim-
mune function have also been implicated in the pathogen-
esis of seasonal affective disorder and rheumatoid arthritis.
The clinical significance of the seasonally changing immu-
nomodulatory role of melatonin is discussed in this re-

view. Copyright © 2008 S. Karger AG, Basel

Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is a me-
thoxyindole secreted by the pineal gland of all mammals
and primates including man [1, 2]. In humans, it is not
only synthesized in the pineal gland but also in many
other organs and tissues, including the eye [3], gastroin-
testinal tract [4, 5], skin [6], lymphocytes [7] and thymus
[8]. The finding that melatonin is synthesized in lym-
phoid organs and, further, the fact that diurnal and sea-
sonal changes in immune function can be correlated with
melatonin synthesis and secretion [9] support the con-
cept that melatonin is involved in the regulation of the
human immune system [10]. The role of melatonin as the
possible mediator of seasonal effects on immune func-
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tion has been well recognized in animals [11-13]. In hu-
mans, the seasonal changes in melatonin secretion and
neuroimmune function may be one of the major causes
of seasonal affective disorder (SAD) [14]. The decline in
immune function with aging and its correlation with the
decline in hormone levels, especially melatonin, have
been argued to be one of the major causes for the in-
creased incidence of neoplastic and infectious diseases
encountered in the elderly [15-17]. This review will dis-
cuss the effects of melatonin on various parameters of
immune function, and how seasonal changes in melato-
nin levels could contribute to seasonally dependent dis-
ease states associated with an increased incidence of in-
fectious and neoplastic diseases.

Melatonin Biosynthesis and Its Regulation

Melatonin is biosynthesized from tryptophan, which
is taken up from the blood and converted via 5-hydroxy-
tryptophan to serotonin [18]. Serotonin is then acetylated
to form N-acetylserotonin by the enzyme arylalkylamine
N-acetyltransferase, which is subsequently converted
into melatonin by hydroxyindole-O-methyltransferase
[18]. These key enzymes involved in melatonin biosyn-
thesis have been identified in human lymphocytes [7] and
in the human thymus [8].

In humans and in most mammals examined so far,
pineal melatonin biosynthesis and secretion exhibit a cir-
cadian rhythm with low levels being produced during the
daytime and high levels at night. This circadian rhythm
of pineal melatonin production and secretion is regulated
by a complex neural circuit beginning with fibers origi-
nating in the retina which project to the suprachiasmatic
nucleus of the hypothalamus via the retinohypothalamic
tract [19]. Special photoreceptor retinal ganglion cells
containing the photopigment melanopsin are involved in
transducing light information in this pathway [20, 21].
Projections from the suprachiasmatic nucleus pass
through the paraventricular nucleus, medial forebrain
bundle and reticular formation to the intermediolateral
horn cells of the spinal cord, which are the preganglionic
sympathetic neurons innervating the superior cervical
ganglion [19]. Postganglionic sympathetic fibers from
these ganglia terminate on the pinealocytes and regulate
the synthesis and secretion of melatonin by releasing nor-
epinephrine. Via its binding to 3-adrenergic receptors in
the pinealocytes, norepinephrine promotes cyclic AMP
formation, which in turn stimulates melatonin synthesis
[22].
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Although melatonin is synthesized in a number of tis-
sues, circulating melatonin is almost exclusively derived
from the pineal gland. The half-life of melatonin ranges
from 20 to 40 min [2]. With very high interindividual
variability [23], the day-night differences in the melato-
nin rhythm are greatly decreased in elderly individuals
[24].

Seasonal Variations in Melatonin Secretion

Based on convincing evidence obtained in animals,
Wehr [25] suggested that a close association existed in
humans between the duration of nocturnal melatonin se-
cretion and the dark phase of the daily photoperiod, and
that seasonal changes in the length of the scotophase were
the trigger for parallel changes in melatonin secretion.
Indeed, results in several mammalian species support
this view. For example, seasonal variations in the ampli-
tude of melatonin secretion in the Siberian [26] and Eu-
ropean hamster [27] are noteworthy. In the European
hamster, the nocturnal peak of pineal melatonin secre-
tion during long naturally occurring photoperiods in
summer is 5 times greater than daytime values with a du-
ration of 4 h. By contrast, nocturnal melatonin secretion
in naturally occurring short photoperiods in winter
shows a 15-fold increase over the daytime value, with a
duration of 9 h. This indicated that duration and magni-
tude of melatonin secretion are strongly correlated with
the changing photoperiods of the season [28].

Seasonal changes in melatonin secretion are observed
in humans, e.g. an earlier peak of melatonin secretion in
summer as compared to winter [29]. In a study on young
Japanese women exposed to naturally occurring light,
Ueno-Towatari et al. [30] reported seasonal variations in
melatonin levels. Peak levels and duration of nocturnal
melatonin secretion throughout the year were as follows:
winter, 15.80 * 8.18 pg/ml plasma (4.05 h £ 81 min);
spring, 15.22 * 3.38 pg/ml plasma (3.25 h = 118 min);
summer, 21.46 £ 10.52 pg/ml plasma (3.37 h £ 85 min),
and autumn, 97.60 £ 67.56 pg/ml plasma (5.31 h £ 75
min). A delay in the peak time of melatonin secretion was
also found in the autumn season. The study of Ueno-
Towatari et al. [30] clearly shows that the progressive
shortening of the duration of daylight is associated with
the increase in nocturnal melatonin secretion during au-
tumn, supporting the suggestion that, in humans as well
as in animals, a linkage exists between seasonal changes
and melatonin output.
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Immunomodulation by Melatonin

Melatonin receptors and signaling mechanisms are
detectable in immunocytes [31]. Melatonin exerts most of
its physiological actions by acting through membrane-
bound MT; and MT, receptors [32]. These receptors be-
long to the superfamily of G-protein-coupled receptors
containing the typical seven transmembrane domains
and account for several immunological actions of mela-
tonin. Melatonin has been shown to act specifically on
MT, receptors expressed in immunocompetent cells and
regulate both cellular and humoral responses [33]. A de-
crease in cyclic AMP concentration is the frequently ob-
served effect seen after the action of melatonin on mem-
brane-bound receptors [32]. In the cytoplasm, melatonin
interacts with calmodulin [34] and other proteins, like
tubulin [35]. Melatonin also interacts with nuclear bind-
ing receptors, e.g. ROR al and ROR a2, identified in hu-
man lymphocytes and monocytes [36]. These receptors
appear to be involved in the immunomodulatory actions
of melatonin.

Ever since it was demonstrated that inhibition of mel-
atonin synthesis causes inhibition of cellular and humor-
al immune responses in mice [37], many studies in ani-
mals and humans have shown that melatonin affects both
cellular and humoral arms of the immune response [10,
38, 39]. When administered to birds or mammals, includ-
ing humans, melatonin has been shown to influence the
immune system. Melatonin is of therapeutic value to en-
hance the immune response of aged individuals or pa-
tients with immunocompromised conditions [40, 41].
The enhancement of cytokine production, e.g. interleu-
kin (IL)-2, IL-6 and interferon (IFN)-v, by melatonin was
demonstrated in cultured human mononuclear cells [42],
a finding attributed to the upregulation of cytokine gene
expression [43]. By increasing the production of cyto-
kines such as IL-12, melatonin increases IFN-y produc-
tion by T helper (Th)-1 cells and enhances natural killer
(NK) cell activity [41, 42, 44].

Melatonin and Thymus

The thymus is a primary lymphoid organ in which the
T-cell repertoire and tolerance to self-antigens are estab-
lished through positive and negative selection mecha-
nisms driven by the affinity of the T-cell receptor binding
to self-MHC molecules. The thymus is also frequently
referred to as an ‘organ of youth” in mammals, the pro-
cess of thymic involution being considered one of the
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most remarkable physiological changes occurring with
age [45, 46]. Many factors such as hormonal deficiencies,
dietary impairment, exposure to stress or bacterial endo-
toxins have all been suggested as instrumental for in-
creasing the physiological involution of the thymus which
is seen at advanced age. The age-associated regression in
size, weight and cellularity of the thymus as well as an
increased apoptosis of the thymic cortex are considered
to be the most important contributing factors to thymic
cell death [47]. Regression of the thymus can be induced
by pinealectomy [48] and, conversely, the process can be
reversed by melatonin administration [49]. Similarly, the
age-associated involution of the thymus can also be re-
versed by melatonin administration [50].

A number of mechanisms have been proposed to ac-
count for the action of melatonin in arresting thymic in-
volution. Melatonin exerts anti-apoptotic effects on the
thymus [51], probably by inhibiting glucocorticoid recep-
tor nuclear translocation in thymocytes [52, 53], by mod-
ifying intra-thymic zinc levels [54] or through its anti-
oxidative actions [50].

Melatonin partly exerts its influence on thymic func-
tion by acting through membrane-bound MT, and MT,
receptors and through nuclear orphan receptors, such as
the thymus-specific melatonin ROR yt receptor [31]. MT,
and MT), receptors have been detected in thymic cells of
different populations [33, 55, 56] and play an important
role in influencing cytokine production, i.e. the nuclear
receptor ROR vyt has a specific role in different thymopoi-
etic processes [31]. It has been suggested that melatonin
modulates thymocyte maturation and converts the im-
mature thymocytes into mature cells, protecting thymo-
cytes from apoptosis for positive selection and matura-
tion [8].

The presence of high levels of melatonin in cultured
rat thymocytes and the expression of mRNAs encoding
arylalkylamine N-acetyltransferase and hydroxyindole-
O-methyltransferase within rat and human thymus cells
have shown conclusively that melatonin is synthesized
within thymocytes [8]. Thus, melatonin seems to exert
intracrine, autocrine and paracrine functions within the
thymus.

Melatonin-Opioid Interaction in Cellular and
Humoral Responses

It is well established that melatonin positively corre-
lates with both cell-mediated [57] and humoral immu-
nity [58]. Pinealectomy has been shown to reduce both

Neuroimmunomodulation 2008;15:93-101 95



cellular and humoral responses in birds, whereas melato-
nin replacement restored cellular and humoral immunity
back to normal levels [59]. Melatonin has been found to
be most active in counteracting immunodeficiencies sec-
ondary to acute stress or drug treatment. This effect of
melatonin could be abolished in mice by administration
of the opioid antagonist naltrexone [60], suggesting that
the opioid peptides are potential mediators of the immu-
noenhancing effects of melatonin. This immunoenhanc-
ing action of melatonin has been further substantiated by
experiments employing the co-administration of opioid
peptides such as dynorphins 1-13 and B-endorphin [61].
It was then proposed that by binding with melatonin re-
ceptors present in the CD4+ Th cells melatonin induces
the secretion of opioid peptides, and thus modulates im-
mune function at both lymphocyte and thymus gland
level [62]. Indeed, an increase in the number of CD4+ Th
cells is seen after melatonin treatment of rats [63].

Melatonin-induced opioid involvement in the immu-
noenhancing effect has also been reported in birds. In
Japanese quails, melatonin administration alone (50 g/
ml) for 3 weeks increased both cellular and humoral re-
sponses by 22 and 34%, respectively, an effect blocked by
the concomitant administration of naltrexone [64].

The relative balance of Th-1 vs. Th-2 cytokine expres-
sion plays a crucial role in the regulation of cellular im-
mune responses [65, 66]. These responses in turn play a
critical role in determining the susceptibility to infec-
tious diseases and progression of inflammatory disor-
ders. In conditions of immunodeficiency, melatonin fa-
vors the Th-1 lymphocyte response [43]. During the nor-
mal progression of a human immunodeficiency virus
(HIV-1) infection, an impairment in IL-12 production
precedes a switch from Th-1 to Th-2 stage of immunity
[43]. Decreased levels of serum melatonin and IL-12 in a
cohort of 77 HIV-infected individuals have been found,
pointing to the possibility that impairment in the Th-1
immune response may have been a causal factor in the
decreased melatonin level [67]. It has been noted in tur-
keys that embryonic exposure to melatonin accelerated
the development of both cellular and humoral immune
responses and that the responses continued to increase
above the typical immune response in adult turkeys [68].
These findings provide support for the hypothesis that
embryonic immune alterations caused by melatonin ex-
posure could afford the animal a healthy immune advan-
tage in later life.
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Melatonin in Innate Immunity

Macrophages and neutrophils are important compo-
nents of the innate immune system. It has been demon-
strated that melatonin has a stimulatory influence on the
production of granulocytes and macrophages [69, 70]. In-
asmuch as both of these cells are components of the non-
specific immune system, their increased production
could effectively contribute to the arrest of neoplastic
growth and to the destruction of virus-infected cells. Sev-
eral possible mechanisms by which melatonin enhances
the production of these cells have been suggested. Exog-
enous melatonin administration augments both NK cell
and monocyte activity after a brief latency of 7-14 days
[71]. The enhanced monocyte production induced by
melatonin may be due either to its direct action on mela-
tonin receptors or to the increased monocyte sensitivity
to stimulants such as IL-3, IL-4, IL-6 or granulocyte-
macrophage colony-stimulating factor [72, 73].

Melatonin not only increases the production of mono-
cytes and macrophages but also influences their physio-
logical actions. Upon activation by Toll-like receptor ago-
nists and/or inflammatory cytokines, macrophages may
produce large amounts of nitric oxide (NO). Excessive
NO production can be harmful to the body, e.g. they can
cause the development of degenerative diseases [74]. It
has been found that melatonin decreases NO concentra-
tion in macrophages by suppressing the inducible NO
synthase expression [75]. Since melatonin has chemotac-
tic effects on human and rat leukocytes both in vitro and
in vivo [76], this action can reflect the ability of endoge-
nously produced melatonin to regulate leukocyte infil-
tration and function during the inflammatory response.

Season, Immune Function and the Role of Melatonin

Changing seasons exert fundamental effects on im-
mune function and melatonin may play a crucial role in
this aspect [11, 12, 77-81]. In mammals, the association
between the duration of the environmental light period
and the immune response has been reported inasmuch as
short photoperiods (8 h of light, 16 h of dark) have a great-
er enhancement effect on humoral immunity than long
photoperiods (16 h of light, 8 h of dark) [82]. It has been
suggested that the augmentation of the immune response
occurring in hamsters exposed to short days confers a
survival advantage because it helps the animal to cope
with seasonal stressors such as low temperature or re-
duced food availability that otherwise would increase its
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susceptibility to infections [79]. Fishes also exhibit sea-
sonal fluctuations in their susceptibility to different in-
fectious diseases [83].

The photoperiodic timing of seasonal physiology in
mammals depends on entrainment of the suprachiasmat-
ic nucleus by the light-dark cycle, a process which is cod-
ified by changes in the synthesis of melatonin (the ‘en-
cryption’ of the photoperiodic time cycle [84]). This infor-
mation is then decodified by the tissues that may sense the
melatonin signal. In accordance with this view, seasonal
changes in the duration of nocturnal melatonin secretion
can encode seasonality for the immune function [13].

In humans, seasonal changes in immune function
have also been described. Proinflammatory cytokines
such as IFN-a and IFN-y are increased during winter
compared to the summer season [85]. Increases in IFN-vy
and decreases in IL-10 were reported in a study under-
taken in Antarctica during the winter season [86]. These
seasonal variations in immune parameters may be well
mediated through photoperiodic changes in the duration
of melatonin secretion [13].

Infectious Diseases, Seasonality of the Immune
Function and the Possible Role of Melatonin

Seasonal outbreaks of infectious diseases, with their
predictable occurrence compressed into a few months of
the year, have made their management an important pub-
lic health issue [87]. The universal nature of the seasonal
cycles of infectious diseases has been explained by many
theories. For example, in the case of dengue infection, a
mosquito-transmitted pathogen infects nearly 50 million
people worldwide per year and may result in the develop-
ment of fatal dengue hemorrhagic fever and dengue shock
syndrome. Much of the recent debate has focused on the
role of immune responses in dengue infection and den-
gue hemorrhagic fever [88]. In Thailand, it has been
found that the epidemic pattern of dengue fever is the re-
sult of cross-protective immunity and is subject to altera-
tions in changes in inter-serotype immune reaction [89].
Preexistence of dengue virus antibodies and a cascade of
other immune responses initiated by memory T lympho-
cytes have been implicated in the immunopathogenesis
of dengue virus infection [89]. Seasonal changes in polio-
myelitis, measles and other seasonal infectious diseases
are also attributed to changes in seasonally dependent
immune functions [87]. These annual variations in the
incidence of many infectious diseases, such as the sea-
sonal physiologic cycles of many mammalian species, are

Melatonin and Seasonally Occurring
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linked to changes in the light-dark cycle, and could thus
be linked to changes in the duration of melatonin.

Seasonally dependent immune phenomena were in-
vestigated in a double-blind, placebo-controlled trial
conducted on human volunteers in the former Soviet
Union [90]. In January, the intranasal administration of
a live influenza virus vaccine to 360 volunteers in Lenin-
grad resulted in febrile reactions in 6.7% whereas only
0.8% of 197 volunteers inoculated in June showed similar
reactions (p = 0.003). These findings correlated with an
increase in antibody titer in 31-40% in January as com-
pared to 4.3-4.8% in May and October (p < 0.001) [90].
Given the increasing evidence that the seasonality in host
susceptibility is linked to more fundamental changes in
immune functions, melatonin could hold considerable
potential as an adjunct therapeutic agent for the manage-
ment of infectious illness and/or for vaccines.

Such a possibility has been the subject of several inves-
tigations. Injections of melatonin to Siberian hamsters
4 h before the onset of darkness (so as to lengthen the en-
dogenous melatonin profile) mimicked the effects of
short days on febrile response to a simulated infection,
thus emphasizing the importance of the duration of mel-
atonin secretion in controlling the host’s response to in-
fection [91]. In a recent study in Siberian hamsters, it was
noted that exposure to short days increased the number
of circulating leukocytes and several lymphocyte sub-
types. The short-day exposure also attenuated both the
magnitude and the duration of two major consequences
of bacterial infection, namely anorexia and cachexia [92].
The investigators found that the effect of short photope-
riods on circulating leukocyte counts was abolished by
pinealectomy. Additionally, behavioral and somatic re-
sponses (sickness behavior) decreased [92]. The findings
were interpreted to support the conclusion that melato-
nin affected the responses of the peripheral immune sys-
tem to short photoperiods, and thus had a regulatory in-
fluence on the neural-immune responses characteristic
of sickness behavior.

The link between melatonin and the immune system
in patients affected with HIV-1 infection has been ex-
plored [67]. In a study of 77 HIV-1-infected individuals,
serum melatonin and serum IL-12 measurements were
obtained. The levels of serum melatonin were signifi-
cantlylowerin HIV-1-affected individuals than in healthy
controls (p < 0.001). Although mean serum IL-12 levels
in HIV-1-affected individuals did not significantly differ
from healthy controls, the IL-12 levels of HIV-1 patients
with advanced disease (CDC stage C) were significantly
lower (p < 0.01) than those of patients in less advanced
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CDC stages Band A. Serum IL-12 levels run parallel with
serum melatonin levels as the disease advances [67].
These results are strongly suggestive of the relationship
between immune function and melatonin: a reduction in
serum melatonin could possibly affect IL-12 production
thereby contributing to the progress of HIV-1 infection.

Immune Dysfunction, Winter Depression and the
Role of Melatonin

Seasonal variations in immune function, manifested
by changes in cytokine levels such as IL-6 and IFN-y or
by alterations in Th-1 and Th-2 responses, have been sug-
gested as probable causes for changes in mood and behav-
ior occurring in SAD [14]. SAD is more prevalent in
northern latitudes, with long winter periods [93]. Mela-
tonin has been implicated in the pathophysiology of de-
pressive disorders [94] and recently the melatonin agonist
agomelatine has emerged as an effective antidepressant
for controlling major depressive disorder [95] as well as
SAD [96].The question of whether the increased duration
of melatonin secretion seen in winter could trigger the
manifestation of symptoms of winter depression through
alterations in cytokine levels has been a topic of debate in
recent years [97]. Increased plasma levels of IL-6 have
been documented in SAD patients [14].

A hypothesis linking photoperiod, melatonin secre-
tion and immune function has been entertained as the
probable trigger for the symptoms of SAD [14]. The de-
creasing photoperiod of winter, via stimulation of mela-
tonin secretion, activates macrophages and T lympho-
cytes and can tilt the balance between Th-1 and Th-2 to-
wards Th-1 responses with a consequent increase in the
production of proinflammatory cytokines such as IL-1,
IL-6 and IFN-v. By altering the neurotransmitter levels
in the brain (norepinephrine, serotonin and dopamine),
these cytokines cause the characteristic symptoms of
SAD [14]. Further studies are needed to assess the valid-
ity of this hypothesis.

Melatonin, Imnmune Function and Rheumatoid
Arthritis

As reviewed above, there is considerable evidence that
melatonin, an arm of the circadian clock, has an impor-
tant regulatory role in the cyclical changes that are seen
in immune system responses that occur throughout the
year [98]. In addition, the seasonal effects on the produc-
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tion of proinflammatory cytokines in human monocytes
and T cells may also act as a trigger for rheumatoid ar-
thritis [99].

By acting on specific nuclear receptors present in
monocytes and T cells, melatonin has been found to ac-
tivate the production of proinflammatory cytokines [10].
Further, when compared to healthy controls, patients
with rheumatoid arthritis show greater nocturnal con-
centrations of melatonin in serum and synovial fluid
[100, 101]. This evidence has been interpreted to support
the suggestion that melatonin has a disease-promoting
role in rheumatoid arthritis [102]. In an extended study,
serum melatonin concentration was higher in rheuma-
toid patients from a northern European country (Esto-
nia) than matched patients from a southern European
country (Italy) [103]. This could account for the higher
prevalence and severity of rheumatoid arthritis in north-
ern European countries.

Concluding Remarks and Perspectives

The role of melatonin in immunomodulation is now
well established. It includes effects on cellular and hu-
moral immune mechanisms as well as on innate immu-
nity. Melatonin augments NK cell activity and increases
the production of monocytes. By acting on the specific
melatonin receptors on immunocompetent cells, melato-
nin increases the production of cytokines such as IL-2,
IL-6, IL-12 and IFN-v. Its immunoregulatory role has a
cyclicity which shows both circadian and seasonally de-
pendent characteristics. As the available evidence shows
that only pineal melatonin is modulated by the photope-
riod, this would suggest that only pineal-derived melato-
nin mediates seasonal immunomodulation. As reviewed
herein, there is an association between the duration of
melatonin secretion and the functioning of the immune
system. The duration of this secretion in turn is affected
by the length of the environmental photoperiod, thus im-
plicating the involvement of melatonin in the seasonal
changes seen in the outbreak of infectious diseases. How-
ever, as melatonin can be synthesized in lymphoid organs
in large amount, we cannot exclude that other photope-
riod-dependent signaling to peripheral lymphoid organs
may alter the sensitivity to melatonin. Future studies
should be aimed at investigating possible differences in
the immunomodulatory role of pineal-derived melatonin
from that of endogenous ‘immune’ melatonin. It has also
been suggested that melatonin has a disease-promoting
role in SAD and rheumatoid arthritis.
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