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Mitochondria and chloroplasts as the original sites of melatonin
synthesis: a hypothesis related to melatonin’s primary function

and evolution in eukaryotes

Abstract: Mitochondria and chloroplasts are major sources of free radical
generation in living organisms. Because of this, these organelles require strong
protection from free radicals and associated oxidative stress. Melatonin is a
potent free radical scavenger and antioxidant. It meets the criteria as a
mitochondrial and chloroplast antioxidant. Evidence has emerged to show
that both mitochondria and chloroplasts may have the capacity to synthesize
and metabolize melatonin. The activity of arylalkylamine N-acetyltransferase
(AANAT), the reported rate-limiting enzyme in melatonin synthesis, has been
identified in mitochondria, and high levels of melatonin have also been found
in this organelle. From an evolutionary point of view, the precursor of
mitochondria probably is the purple nonsulfur bacterium, particularly,
Rhodospirillum rubrum, and chloroplasts are probably the descendents of
cyanobacteria. These bacterial species were endosymbionts of host proto-
eukaryotes and gradually transformed into cellular organelles, that is,
mitochondria and chloroplasts, respectively, thereby giving rise to eukaryotic
cells. Of special importance, both purple nonsulfur bacteria (R. rubrum) and
cyanobacteria synthesize melatonin. The enzyme activities required for
melatonin synthesis have also been detected in these primitive species. It is our
hypothesis that mitochondria and chloroplasts are the original sites of
melatonin synthesis in the early stage of endosymbiotic organisms; this
synthetic capacity was carried into host eukaryotes by the above-mentioned
bacteria. Moreover, their melatonin biosynthetic capacities have been
preserved during evolution. In most, if not in all cells, mitochondria and
chloroplasts may continue to be the primary sites of melatonin generation.
Melatonin production in other cellular compartments may have derived from
mitochondria and chloroplasts. On the basis of this hypothesis, it is also
possible to explain why plants typically have higher melatonin levels than do
animals. In plants, both chloroplasts and mitochondria likely synthesize
melatonin, while animal cells contain only mitochondria. The high levels of
melatonin produced by mitochondria and chloroplasts are used to protect
these important cellular organelles against oxidative stress and preserve their
physiological functions. The superior beneficial effects of melatonin in both
mitochondria and chloroplasts have been frequently reported.
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Melatonin, a unique antioxidant

Since the discovery of melatonin as an unusually effective
free radical scavenger and a natural antioxidant in 1993
[1], thousands of publications have confirmed this impor-
tant observation, and the concept that melatonin provides
essential protection against oxidative stress has been
widely accepted by scientists and investigators [2—11]. Free
radical generation and scavenging are among the most
basic activities occurring in cells and cellular organelles.
As a result, the unique antioxidant properties of melatonin

make it one of the basic substances in all living organisms
from bacteria to humans [12, 13]. Melatonin is a highly
conserved molecule, and its origin can be traced back an
estimated 2.5 billion years [14]. It is speculated that mela-
tonin evolved at the time organisms began their transition
from an anaerobic to aerobic metabolism. The original
and primary function of melatonin in organisms is to serve
as an antioxidant to detoxify the free radicals generated
during the process of aerobic metabolism with the other
functions of melatonin [15-17] presumably being acquired
during evolution [14]. As evidence of its early origin,
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melatonin has been found in primitive bacteria, unicellular
organisms, and green algae [18]. The function of melatonin
in these organisms is proven to serve as an antioxidant [7].
In addition to its presence in these primitive organisms,
melatonin is also found in plants, fungi, insects, nema-
todes, and vertebrates including mammals [18-20]. Both
endogenously produced and exogenously administered
melatonin effectively protects against oxidative stress in
each of these species.

Compared to the classic antioxidants such as vitamin C,
vitamin E, and glutathione, melatonin exhibits a more
potent antioxidant capacity to reduce oxidative injury,
especially under in vivo conditions [21-28]. The superior
antioxidant capacity of melatonin is, at least partially,
attributed to what is referred to as the cascade reaction
when scavenging free radicals [29] (Fig. 1). This specific
cascade of scavenging reactions of melatonin is a result of
its unique metabolism. Melatonin interacts with variety of
reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) including the hydroxyl radical (HO"), hydrogen
peroxide (H,0,), singlet oxygen ('0,), superoxide anion
(O; ), peroxynitrite anion (ONOO™), and nitric oxide
(NO). The resulting products of these reactions are cyclic
3-hydroxymelatonin (C-3HOM) and other hydroxylated
melatonin metabolites, N'-acetyl-N>-formyl-5-methoxy-
knuramine (AFMK), and N-acetyl-5-methoxy-knuramine
(AMK; Fig. 1). These metabolites, like their precursor
melatonin, also function as radical scavengers. Some of
them including C-3HOM and AMK are more aggressive
than melatonin regarding their capacity to scavenge oxi-
dants [30, 31]. It is estimated that via the cascade reaction,
one melatonin molecule may scavenge up to 10 free
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Fig. 1. Cascade reaction of melatonin interaction with free
radicals and its metabolites. R", radical; RH, reduced agent; Mel,
melatonin; C-3HOM, cyclic 3-hydroxymelatonin; AFMK, N'-ace-
tyl-N>-formyl-Smethoxyknuramine; AMK, N-acetyl-5-methoxyk-
nuramine; AMMC, 3-acetamidomethyl-6-methoxycinnolinone;
AMNK, N'-acetyl-5-methoxy-3-nitrokynuramine; dash arrow,
unidentified reactions.
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radicals [18], which contrasts with the classic antioxidants
because they typically detoxify one radical per molecule.

Other aspects of melatonin which explain its ubiquitous
actions as a potent antioxidant are its subcellular distribu-
tion plus its unique ability to recycle other classic antioxi-
dants. The conventional antioxidants, that is, vitamin C,
vitamin E, coenzyme Q10 (Q;q), and glutathione, have
limited intracellular distributions. For example, vitamin C
is water-soluble and mainly locates in the cytosol. Vitamin
E and Q10 are lipophilic and are mainly distributed in cell
membranes. Their unique distributions limit them as all-
round antioxidants. For example, if the oxidative reaction
occurs in the cytosol and water-soluble antioxidants are
exhausted, and even though an abundance of lipophilic
antioxidants may exist in the cellular membranes, they are
not helpful in participating in cytosolic antioxidative
defense processes. The limited distribution of antioxidants
in specific subcellular compartments in a sense is wasteful
of the beneficial action of an antioxidant. If a molecule
could link the function of antioxidants, that is, network,
in different subcellular environments, it could dramatically
amplify the antioxidative capacity of cells as a whole. Mel-
atonin seems to be one such natural molecule. Melatonin
is amphiphilic and distributes both in the aqueous cytosol
and in lipid-rich membranes [32-34]. Evidence has accu-
mulated suggesting that melatonin may recycle several
oxidized antioxidants including vitamin C, vitamin E, glu-
tathione, and NADH, and these antioxidants reportedly
also recycle the melatonin neutral radical [24, 35-42].

It seems that this bidirectional recycling by melatonin
may depend on conditions, and it exhibits a concentration
equilibrium. This suggests that when antioxidants in the
cytosol are exhausted by excessive cytosolic oxidative
stress, the lipophilic antioxidants resident in other cellular
compartments could provide antioxidative protection in
the cytosol using melatonin as the bridge to recycle water-
soluble antioxidants and vice versa. This would be classi-
fied as antioxidant network (Fig. 2). The synergistic effects
of melatonin with other antioxidants have been reported
under several experimental conditions [43-47].

Melatonin has been successfully used to protect against
oxidative injuries in a very wide variety of oxidative mod-
els in animals including ischemia/reperfusion damage in
the important organs, for example, heart, lung, liver, mus-
cle, and brain [48-56], diabetes [57-61], neurodegenerative
diseases [62-66], and organ damage caused by safrole [67,
68] and other toxic chemicals [69-72]. In addition, clinical
trials in humans have reported that melatonin effectively
reduces the severity of diseases and disorders in which
their etiologies are associated with free radical damage or
oxidative stress [73—77]. While the results of these experi-
mental and clinical studies clearly document the ability of
melatonin to reduce oxidative damage resulting from a
variety of oxidative insults in widely different organs, the
possibility exists that the protective actions of the indole
are related exclusively to its radical scavenging activities as
well as to its ability to work in conjunction with other
antioxidants via the network described above.

Recently, melatonin’s presence in and association with
plant physiology has been a rapidly developing field of
research [78]. Plants contain high levels of melatonin.
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Fig. 2. Proposed cellular antioxidant network. Melatonin is an amphiphilic molecule. The cellular hydrophilic antioxidants may be func-
tionally connected with cellular lipophilic antioxidants within cells via melatonin as a bridge. MEL, melatonin; MEL’, melatonin neutral
radical; Vit E (O) oxidized vitamin E; Vit E (OH), reduced vitamin E; Vit C (O), oxidized vitamin C; Vit C (OH), oxidized vitamin C;
ROO’, Proxy radical; R’, radical; RH, reduced agent; Auto or Rd, automatically or via reductase; GSH, reduced glutathione; GSSG,

oxidized glutathione; GRd, glutathione reductase.

A major portion of the melatonin in plants is synthesized
by the plant itself; this has been proven in rice and in
other plants. All enzymes required for melatonin biosyn-
thesis have been identified in plants. Another portion of
melatonin in plants may be a result of its absorption
through the roots. Microorganisms in soil synthesize mela-
tonin thereby providing a source for plants. The decom-
posed microorganisms and vegetation inevitably release
melatonin into soil. It is well documented that plants
extract melatonin from their surroundings, for example,
from water [79].

Melatonin in plants, as in animals, has a variety of
important functions; however, the primary function of
melatonin in plants is to serve as a first-line defense
against oxidative stress. Mitochondria and chloroplasts
are the primary source of free radical production and oxi-
dative stress in living organisms. The free radicals are
continuously generated during cellular respiration in mito-
chondria and during photosynthesis in chloroplasts. To
protect against oxidative injuries and preserve the func-
tions of these organelles, the noxious free radicals must be
detoxified via antioxidant processes. Melatonin functions
as a major defense against free radicals in plants as in ani-
mals; we predict it has a pivotal role in defending against
radicals at both the mitochondrial and chloroplast levels.
The protective effects of melatonin on mitochondrial oxi-
dative injury are already well established [80-84], and its
beneficial effects against chlorophyll oxidation [5, 41, 85—
87] have also been recently reported. Considering the evo-
lutionary origin of mitochondria and chloroplasts from
bacteria (which produce melatonin), it seems that these
intracellular organelles may well have the capacity to syn-
thesize the indoleamine in all cells. Herein, we summarize
the evidence that supports melatonin production by
mitochondria and chloroplasts.

Roles of melatonin in mitochondria and
chloroplasts

The primary function of mitochondria is to generate bio-
energy, ATP, with high efficiency. This process is referred
to as oxidative phosphorylation coupling. During this pro-
cess, energy contained in the high-voltage electrons is

released stepwise via an electron transport chain (ETC)
and is used to pump protons across the inner mitochon-
drial membrane against a gradient. The energy built-up as
a result of the proton gradient is then used to produce
ATP. At the end of the ETC, the clectrons are transferred
to oxygen, and finally, oxygen is reduced to water. How-
ever, the ETC is not flawless, and some electrons invari-
ably leak from the ETC to partially reduce oxygen- or
nitrogen-related substances forming ROS and RNS,
respectively [88]. The excessive production and accumula-
tion of ROS and RNS in mitochondria eventually alter
their function. If the ROS and RNS are not neutralized in
a timely manner, the damage jeopardizes the functions of
mitochondria and finally destroys these organelles [89].
During evolution, mitochondria developed several
mechanisms to protect against ROS generation and oxida-
tive injury. Melatonin may be a critical molecule that pre-
serves mitochondrial integrity and physiology [90]. The
roles that melatonin has at the mitochondrial level include
(i) protection against mitochondrial oxidative stress and
apoptosis via scavenging ROS and RNS; (ii) increasing the
efficiency of ATP production by accelerating electron flow
through the ETC by a mechanism that promotes the activ-
ities of complexes I, III, and V [91-93]; (iii) maintaining
an optimal membrane potential across the inner mitochon-
drial membrane by regulating the mitochondrial perme-
ability transition pore (MPTP) [94-96]. Melatonin actually
exhibits dual effects on the MPTP. Under normal condi-
tions, melatonin activates MPTP and mildly reduces the
mitochondrial membrane potential [97, 98]. Under oxida-
tive stress conditions that damage MPTP function, mela-
tonin significantly inhibits the MPTP and thus preserves
the membrane potential to avoid mitochondrial collapse
[95, 99-103]. The dual functions of melatonin on MPTP
establish the indoleamine as an excellent molecule, which
balances mitochondrial membrane potential and maintains
the optimal function of mitochondria to generate ATP
under both favorable and unfavorable conditions; (iv) in
brown adipose tissue (BAT) of mammals, melatonin pro-
motes oxidative phosphorylation uncoupling by promoting
the activity of uncoupling protein 1 (UCP1) [104]. This
process converts energy stored in fat into heat. This is
important, especially for newborns and hibernators, allow-
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ing them to tolerate cold temperatures. In addition, the
uncoupling effect of melatonin in BAT mitochondria may
have a significant impact on obesity. It is speculated that
increased weight gain may relate to reduced melatonin
production, which in turn limits the amount of BAT;
because BAT burns excess calories, its reduction causes
white fat accumulation [105, 106].

Because melatonin clearly has several important func-
tions in mitochondria, it can be deduced that a funda-
mental purpose of melatonin in mitochondria is to
preserve the physiological functions of this organelle
under both normal and stressful conditions. As an exam-
ple, melatonin administration to aged animals restores
their hepatic and neuronal mitochondrial physiology to
youthful levels including increasing the active mitochon-
drial population as well as their functions [107-109]. The
beneficial actions of melatonin are also apparent in
transgenic mouse model of Alzheimer’s disease (a mouse
with Swedish mutant amyloid precursor protein). This
animal model exhibits extensive mitochondrial dysfunc-
tion. The malfunctioning mitochondria are associated
with cognitive decline and the Alzheimer’s pathologies
these mice display. It was recently observed that melato-
nin administration to these mice nearly completely
restores mitochondrial function in terms of respiratory
rate, membrane potential, ROS production, and ATP
values to normal levels [110].

As to the roles of melatonin in chloroplasts, these have
not been adequately examined because research on plant
melatonin is still in its early stages. However, several stud-
ies have uncovered evidence that melatonin effectively pre-
vents chlorophyll deterioration and preserves chloroplast
physiology. The destruction of chlorophyll involves oxida-
tive stress. By preserving chloroplast integrity, melatonin
promotes photosynthesis, which is essential for the
survival of plants [78, 85].

Protective mechanisms of melatonin in
mitochondria and chloroplasts

Major sources of ROS and RNS derive from the mito-
chondria or chloroplasts, and these toxic reactants are by-
products of energy metabolism. These toxic by-products,
if not neutralized, morphologically and functionally dam-
age mitochondria and chloroplasts. In addition, when
these oxidants, especially the long-lived H,O,, diffuse out
of these organelles, they also injure molecules in other sub-
cellular compartments. One of the protective mechanisms
of melatonin in mitochondria and chloroplasts is its direct
interaction with free radicals. Most of these radicals, espe-
cially HO’, have extremely short half-lives in the range of
a fraction of a nsec. Thus, they rapidly destroy any mole-
cule they encounter within a distance of several Angstroms
(A). Thus, to effectively scavenge HO', melatonin must
have two essential characteristics. First melatonin must be
present in mitochondria to be in the immediate vicinity of
where radicals are generated, so it can provide on-site pro-
tection. Second, melatonin must rapidly react with HO".
Melatonin obviously satisfies both criteria. High levels of
melatonin have been identified in mitochondria [111, 112]
where it clearly quenches free radicals. The rate constant
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of melatonin’s reaction with HO" is calculated to be 1.3
—4 x 10'/M/s, that is, melatonin scavengers HO" at a
diffusion controlled rate [36, 113, 114].

In addition to a direct interaction with ROS and RNS,
several other protective mechanisms of melatonin in mito-
chondria and chloroplasts have been reported. Melatonin
down-regulates free radical production via two separate
pathways, a process referred to as free radical avoidance.
One of these pathways is that melatonin accelerates elec-
tron flow through the ETC. Accelerating electron flow in
the ETC reduces the electron leakage from the chain and
avoids partially reducing oxygen and, thus, limiting the
generation of ROS and RNS. To achieve this, melatonin
promotes the activities of complex I and complex IIT [93,
115-117], which are the main electron leakage sites in the
ETC. For example, complex I specific inhibitor, rotenone,
and complex III specific inhibitor, antimycin A, jeopardize
electron flow in the ETC and result in large quantities of
radicals being formed [118-120]. Melatonin supplementa-
tion to cells or organisms effectively preserves mitochon-
drial function and reduces oxidative injury induced by
these electron flow inhibitors [121-123]. The second path-
way is that melatonin mildly lowers the mitochondrial
membrane potential. A high mitochondrial membrane
potential also slows down the electron flow and results in
electron leakage to generate free radicals; thus, a moderate
down-regulation of the mitochondrial membrane potential
significantly reduces free radical formation [89]. Recall,
melatonin lowers mitochondrial membrane potential
under normal conditions. This process is associated with
mitochondrial oxidative phosphorylation uncoupling.

The uncoupling effects of melatonin in BAT were
observed decades ago. Recently, this effect of melatonin
has been confirmed in other cells. The exact mechanisms
by which melatonin uncouples oxidative phosphorylation
are not fully understood. It may be related to the activa-
tion of uncoupling protein (UCP), and UCP3. Activation
of UCP, or UCP; causes a moderate uncoupling and sig-
nificantly lowers radical formation [124, 125]. Melatonin
promotes the activity of UCP, and UCP; (D. Acuna-Cast-
roviejo and G. Escames, unpublished data). Thus, melato-
nin has the capacity to down-regulating radical formation
in mitochondria [126]. As a mitochondrial antioxidant, a
characteristic of radical avoidance is more efficiency than
only scavenging radicals. By promoting radical avoidance
while also effectively functioning as a scavenger, melatonin
has greater efficiency in limiting oxidative damage than do
other antioxidants in mitochondria [111, 127].

Up-regulation of antioxidant enzymes and down-regula-
tion of prooxidant enzymes are other mechanisms that
contribute to the protective effects of melatonin on mito-
chondria. Melatonin enhances the activities of several anti-
oxidant enzymes that are involved in mitochondrial
metabolism including superoxide dismutase [107, 128,
129], catalase [130], glutathione peroxidase and heme oxy-
genasel [131]. Conversely, melatonin inhibits activities of
some prooxidant enzymes including inducible nitric oxide
synthase [132, 133], cyclo-oxidase 2 (COX,), and myelop-
eroxidase [134-137]. The effects of melatonin on these
enzymes likely contribute, at least partially, to its protec-
tive effects against mitochondrial oxidative stress. Finally,



melatonin may work directly on a melatonin receptor in
the mitochondria. Using a mouse genetic model of Hun-
tington’s disease, Wang et al. [62] identified the MT;
receptor in mitochondria. The protective effects of melato-
nin on mutant Huntington-mediated toxicity were shown
to be partially mediated by the mitochondrial MT;. Thus,
blockage of the mitochondrial MT; using luzindole damp-
ened the protective effects of melatonin. The proposed
mechanisms involve melatonin’s ability to reduce the loss
of mitochondrial membrane potential and functions
induced by the mutant Huntington gene and its action in
reducing the release of mitochondrial proapoptotic
factors.

Evidence for the biosynthesis and
metabolism of melatonin in mitochondria
and chloroplasts

A potential association between melatonin biosynthesis
and mitochondria in pinealocytes was investigated decades
ago. Several studies have reported that melatonin produc-
tion strongly correlated with alterations in mitochondrial
ultrastructure. Enlarged mitochondria always associate
with functional pinealocytes which produce more melato-
nin [138-140]. In all species investigated, melatonin pro-
duction in the pineal gland is at its peak during the night
and the volume of pineal mitochondria is also greater at
this time than that they are during the photophase [141].
When the superior cervical ganglia are surgically removed
the pineal gland loses its ability to synthesize melatonin,
and the relative volumes of mitochondria correspondently
shrink [142]. Similarly, in cultured rat pineal gland, the
addition of vasoactive intestinal peptide to the culture
medium elevated the conversion of serotonin to melatonin
and its subsequent secretion. Again, as in the in vivo stud-
ies, the volumes of the mitochondria in cultured pineal
glands were also amplified [143]. At the time these obser-
vations were made, the alteration in mitochondrial ultra-
structure with the changes in melatonin production in
pinealocytes was interpreted to mean that the cells
required more energy for melatonin synthesis. However, it
is well documented that the volume changes of the mito-
chondria are not positively correlated with their metabolic
states [144]. For example, at state 3, the metabolic activity
of mitochondria is higher than that at state 4; however,
the mitochondrial size in state 3 is smaller than in state 4.
Therefore, the enlarged mitochondria during night or at
the peak of melatonin production have little to do with
energy metabolism. It appears that the alterations of
mitochondrial ultrastructure are to meet the requirements
of melatonin production in cells.

A close relationship between melatonin and mitochon-
dria was also uncovered in several studies. Melatonin can
directly bind to the mitochondria of the pigeon brain. A
comparison of melatonin in several subcellular organelles
showed that majority of melatonin binding was located in
the mitochondrial fraction [145]. The binding of melatonin
to mitochondria was also reported to occur in the spleen
of the guinea pig [146]. Its occurrence in a bird (pigeon)
and in a mammal (guinea pig) and in different organs
suggests that the association may be a common finding if

Melatonin synthesis in mitochondria and chloroplasts

systematically investigated. Recently, MT; melatonin
receptor was found in mitochondria of mice [62]. While
these results do not prove the synthesis of melatonin in
mitochondria, they do document the association of the
indoleamine with this critical organelle.

The data from Martin et al. [111] possibly raise a funda-
mental question as to whether mitochondria have the
ability to generate melatonin. They reported that when
mice were given melatonin, the level of the indoleamine in
mitochondria significantly increased over levels in the
serum. It was speculated that the melatonin in mitochon-
dria was exclusively extracted from the blood. However,
an alternative interpretation also is not precluded, that is,
the extremely high levels of melatonin in mitochondria are
an additive result of mitochondria-generated melatonin
plus serum-extracted melatonin.

For mitochondria to produce melatonin, the machinery
for the synthesis of the indoleamine would require a
series of essential enzymes. The rate-limiting enzyme of
melatonin synthesis, arylalkylamine N-acetyltransferase
(AANAT), has been at least tentatively identified in mito-
chondria [147]. With the aid of electron microscopy and
enzyme histochemistry, an intense immunoreactivity for
AANAT was found to be exclusively located in the outer
and inner membranes and intermembrane space of pinea-
locyte mitochondria (Fig. 3). AANAT is generally consid-
ered to be the rate-limiting enzyme in melatonin synthesis
and appears to be located at the site where cellular respira-
tion occurs. The observation was confirmed in a follow-up
investigation by the same group [148]. This indicates, if
the above observations are reliable, that mitochondria
per se may at least produce the immediate precursor of

Fig. 3. Electron microscopic evidence of immunocytochemically
identified arylalkylamine N-acetyltransferase (AANAT) localiza-
tion in pinealocytes. The AANAT reaction product was exclu-
sively found in mitochondria. The low magnification figure
illustrates the wide spread reaction product in all mitochondria
(6500x). Insert provides additional detail (48,000x); The AANAT
reaction product is situated mainly between the outer and inner
membrane of a mitochondrion. From Kerenyi et al. [147].
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melatonin, N-acetylserotonin. Interestingly, in the neona-
tal rat pineal gland, the first evidence of melatonin syn-
thetic rhythm occurs concurrent with the initial
appearance of the structurally identified mitochondria,
that is, late in the suckling period [149, 150].

More direct evidence that mitochondria may be a site of
melatonin production has emerged [112]. Using advanced
technologies, extremely high daytime levels of melatonin
were identified in the mitochondria of rat heart (Fig. 4).
These animals had not been previously exposed to the
exogenous melatonin, and therefore, it is likely that this
high level of mitochondrial melatonin could not simply be
explained by its extraction from daytime blood in which
melatonin levels are generally low. With the aid of HPLC
plus fluorescent detection, high levels of melatonin have
been identified in rat liver and brain mitochondria by oth-
ers [34]. These levels of melatonin are independent of the
circulating melatonin of pineal origin. In addition to mela-
tonin, its metabolite, AFMK, was also identified in the
mitochondria. The level of mitochondrial AFMK
appeared to be somewhat higher than that of melatonin
(Fig. 4). The metabolic pathway by which melatonin is
converted into AFMK in mitochondria is different from
that in cells. For example, in neurons, this conversion is
either via direct interaction of melatonin with free radicals
or via a metabolism by enzymes, mainly, indolamine 2,3-
dioxygenase (IDO) [151]. In mitochondria, this conversion
is primarily via a pseudo-enzymatic process, that is, cyto-
chrome C is the substance responsible for conversion of
melatonin into AFMK. Cytochrome C is not a typical
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Fig. 4. LC-MS analysis of endogenous melatonin and its metabo-
lites in heart mitochondria of male Wistar rat. Mass spectrometric
analysis was carried out in SIM mode. Green — ion at m/z = 265
(A); red — ion at m/z = 233 (B). The peaks designated as 4 and 6
correspond to AFMK and melatonin, respectively. Semak et al.
[112].
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conventional enzyme, and how it metabolizes melatonin to
AFMK is not fully understood. Considering the highly
conserved nature of both cytochrome C and melatonin,
the former may serve as the initial mechanism to break-
down melatonin in primitive organisms. Other enzymes
involved in melatonin metabolism may have been acquired
during evolution.

Recently, cytochrome P450 was also uncovered in mito-
chondria. This enzyme is partially responsible for the
metabolism of melatonin to AFMK, 2-hydroxymelatonin,
6-hydroxymelatonin and other minor metabolites [152].
The evidence summarized here generally suggests that
mitochondria as an organelle is similar to an intact cell in
its capacity to synthesize, utilize, and metabolize melato-
nin. This may apply also to chloroplasts because they have
a similar origin as mitochondria.

Evolutionary aspects of melatonin
biosynthesis in mitochondria and
chloroplasts

Different from other organelles in eukaryotes, mitochon-
dria and chloroplasts have their own DNA, which is circu-
lar and similar to the DNA of bacteria. In addition, their
ribosomes and tRNA molecules also share the similarity
with bacteria. On the basis of these observations, the
extracellular origins of mitochondria and chloroplasts
were proposed by L Sagan (nee, L Margulis) in 1967 [153].
She suggested that both mitochondria and chloroplasts
originated from bacteria via an endosymbiotic process
with their ancestral eukaryotic host. The hypothesis of the
endosymbiotic genesis of mitochondria and chloroplasts
currently is accepted by mainstream scientists. It is
believed that mitochondria are probably descendant from
purple nonsulfur bacteria, particularly Rhodospirillum
rubrum, and chloroplasts likely originated from cyanobac-
teria. A genomic phylogenetic analysis of R. rubrum indi-
cates its close relationship with mitochondria, that is,
closer than any alphaproteobacteria investigated [154].
Interestingly, R. rubrum is the first photosynthetic alpha-
proteobacterium shown to synthesize melatonin, and it
does so with an obvious circadian rhythm [155]. In addi-
tion to R. rubrum, another purple nonsulfur bacterium
species, Erythrobacter longus, also produces melatonin in a
cyclic manner with peak values during darkness [156]. Ery-
throbacter longus is classified as an alphaproteobacterium,
and cytochrome C oxidase has been found in this species.
The spectral properties of its cytochrome C oxidase closely
resemble those of mitochondria [157].

If the endosymbiotic genesis of mitochondria is valid,
there is no reason to doubt that mitochondria per se may
also synthesize melatonin. Evidence shows that melato-
nin’s synthetic enzymes in some organisms are horizontally
transferred during the endosymbiosis of bacteria. For
example, in some organisms including fungi and unicellu-
lar algae, the gene homologs of AANAT are horizontally
transferred from gram-positive bacteria [78]. We theorize
that the melatonin synthetic ability of these organisms was
originally acquired from other endosymbiotic species,
which were finally transformed into cellular organelles
including mitochondria and chloroplasts.



The melatonin synthetic pathway in plants is different
from that in animals, as are its enzymes. AANAT of
plants has been recently identified in rice plant [158]. Rice
AANAT in many respects differs from the animal
AANAT including the DNA sequence and enzymatic
kinetics. It shares no sequence homology to any known
AANAT genes in animals. Its origin is likely different
from that in animals. However, rice plant AANAT gene
shares 56% homology with that of cyanobacteria. Rice
plant AANAT polypeptides present a positive transit
sequence, which targets protein into chloroplasts. This
indicates that some translocation mechanisms were devel-
oped to transport AANAT into chloroplasts. Similar to
the proposed origin of mitochondria, chloroplasts are also
believed to be the descendants of cyanobacteria, which
originally endosymbiosed with the eukaryotic host cells
such as green algae. Cyanobacteria are also melatonin-
generating bacteria. Awantang and Tilden [159] have
reported that this bacterium can synthesize melatonin with
an obvious circadian rhythm in which melatonin concen-
tration is high during the scotophase and low during the
photophase. The melatonin synthetic activity of cyanobac-
teria has been confirmed in other reports [160, 161]. Fur-
thermore, the enzyme activities for melatonin synthesis
have also been found in these cyanobacteria. The evolu-
tionary evidence strongly supports that as the descendant
of cyanobacteria, chloroplasts may well have the capacity
to produce melatonin.

It is our hypothesis that in most organisms, if not all,
melatonin biosynthetic ability was originally transferred
from mitochondria and chloroplasts to other compart-
ments of the cell, for example, the cytosol. In the early
stage of biosymbiosis, mitochondria and chloroplasts were
the only sites of melatonin synthesis in cells. During evolu-
tion, the genes for melatonin biosynthesis contained in the
R. rubrum or other purple nonsulfur photosynthetic bacte-
ria, now called mitochondria, and cyanobacteria, now
called chloroplasts, gradually were transferred (integrated)
into the nuclear genome. In this manner, other cellular
compartments acquired melatonin biosynthetic capability.
It is well documented that, not only pinealocytes, but
perhaps all cells and tissues produce melatonin [18], and
this may be associated with the presence of mitochondria
and chloroplasts. It is obvious that the melatonin synthetic
genes were likely transferred into the nucleus from the
mitochondrial genome or lost during evolution. Gene loss
or transfer to the nucleus from mitochondria during
evolution has been a common phenomenon [162]. How-
ever, the melatonin synthetic enzymes coded by nuclear
DNA (originally transferred from the endosymbiotic
bacteria) somehow were transported back to mitochon-
dria, so they could produce melatonin. For example,
AANAT activity has been identified in mitochondria as
mentioned previously.

Mitochondria as the site of oxidative phosphorylation,
ATP production and chloroplasts as sites of photosynthe-
sis are the major sources of free radical generation in cells.
They require strong protection against oxidative injury to
preserve their physiological functions. It is logical that
these organelles preserved their capacities to produce a
highly effective antioxidant, that is, melatonin, during

Melatonin synthesis in mitochondria and chloroplasts

evolution. In some cells, mitochondria (or chloroplasts)
may be the primary site for melatonin synthesis. Melato-
nin in other cellular compartments or in serum may be
derived from mitochondria. This is hinted at by the obser-
vations of Kerenyi et al. [149, 150] where AANAT activity
was found exclusively located in the mitochondria of pine-
alocytes (Fig. 3). If, as we hypothesize, that both mito-
chondria and chloroplasts are sites of melatonin synthesis,
a plausible explanation can be given to a frequently asked
question, that is, why are the melatonin levels so much
higher in green plants than in animals? The answer may be
that green plants have two organelles (mitochondria and
chloroplasts) that produce melatonin, while animals have
only mitochondria to perform this function.

Concluding remarks

Mitochondria as the powerhouses and chloroplasts as the
photosynthetic sites are the major sources of free radical
generation. They require strong protection from oxidizing
molecules. Melatonin may be considered as a mitochon-
drial antioxidant because it not only directly scavenges
and indirectly neutralizes free radicals, but it also reduces
radical generation in mitochondria, via a phenomenon
known as radical avoidance. To achieve radical avoidance,
melatonin accelerates the electron flow through the ETC
and slightly activates the MPTP. This may explain why
melatonin is more protective of mitochondria against oxi-
dative stress than other antioxidants. Studies have docu-
mented that melatonin restores the mitochondrial
functions in aged animals and in animals with different
pathological conditions. In addition to mitochondria, pro-
tective effects of melatonin on chloroplasts have also been
revealed in a number of plants. Recent evidence implies
that both mitochondria and chloroplasts may have the
ability to synthesize melatonin. It is our hypothesis that
mitochondria and chloroplasts were the initial sites of mel-
atonin biosynthesis at the early stage of endosymbiosis.
We also presume that the melatonin biosynthetic capacity
has been preserved in these organelles during evolution.
These cellular organelles likely require melatonin to
provide on-site protection against oxidative stress and to
preserve their important physiological functions. The ideas
proposed herein deserve further investigation. The
proposed production of melatonin by mitochondria and
chloroplasts does not necessarily exclude the possibility
that other areas of the cell may also be capable of melato-
nin generation.
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