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inhibition of the calcium-dependent calmodulin kinase II, 
an enzyme which reportedly copurifies with proteasomes. 
Many of the actions of melatonin on signal transduction 
are similar to those of a proteasome inhibitor. While these 
actions of melatonin could be explained by a direct inhibi-
tory action on the catalytic core particle of the proteasome, 
this has not been experimentally verified. If our hypothesis 
of melatonin as a general inhibitor of the ubiquitin–protea-
some system is confirmed, it is predicted that more exam-
ples of this interaction will be demonstrated in a variety 
of tissues in which ubiquitin and melatonin co-exist. fur-
thermore, the hypothesis of melatonin as an inhibitor of the 
ubiquitin–proteasome system will be a very useful model 
for clinical testing of melatonin.
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Introduction

from an evolutionary point of view both melatonin and 
ubiquitin are very ancient. from a functional point of view 
both contribute to a variety of cellular processes requiring 
modulation of specific proteins.

Melatonin is an indole synthesized in the pineal gland 
from serotonin. It was isolated and identified by Lerner and 
coworkers in 1958 [1]. Since its discovery, melatonin’s role 
in modulating reproductive status of seasonal breeders has 
been extensively studied [2, 3]. Its secretion is related to 
changes in natural (or laboratory) photoperiod. It has also 
been studied extensively as an antioxidant. Melatonin acts, 
at least in part, through inhibition of adenylate cyclase and 
Ca+2 [4–7]. Because of its receptor-independent scavenging 

Abstract Melatonin has been widely studied for its role 
in photoperiodism in seasonal breeders; it is also a potent 
antioxidant. Ubiquitin, a protein also widespread in liv-
ing cells, contributes to many cellular events, although the 
most well known is that of tagging proteins for destruction 
by the proteasome. Herein, we suggest a model in which 
melatonin interacts with the ubiquitin–proteasome system 
to regulate a variety of seemingly unrelated processes. 
Ubiquitin, for example, is a major regulator of central 
activity of thyroid hormone type 2 deiodinase; the subse-
quent regulation of t3 may be central to the melatonin-
induced changes in seasonal reproduction and seasonal 
changes in metabolism. Both melatonin and ubiquitin 
also have important roles in protecting cells from oxida-
tive stress. We discuss the interaction of melatonin and the 
ubiquitin–proteasome system in oxidative stress through 
regulation of the ubiquitin-activating enzyme, e1. Previous 
reports have shown that glutathiolation of this enzyme pro-
tects proteins from unnecessary degradation. In addition, 
evidence is discussed concerning the interaction of ubiq-
uitin and melatonin in activation of the transcription factor 
nf-κB as well as modulating cellular levels of numerous 
signal transducing factors including the tumor suppres-
sor, p53. Some of the actions of melatonin on the regula-
tory particle of the proteasome appear to be related to its 
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actions and the widespread occurrence of melatonin recep-
tors [7], melatonin influences many physiological systems.

Melatonin has also been detected in all plants that have 
been examined [8, 9]. treating the roots of the apple tree 
(Malus hupehensis) with melatonin was recently reported 
to alter protein degradation and to increase photosynthetic 
activity [10]. evidence has been presented that melatonin 
is synthesized in bacteria, as well as in mitochondria 
and chloroplasts both of which are believed to have been 
derived from bacteria when the latter were engulfed by 

prokaryotes [11, 12]. In these subcellular organs, melatonin 
is considered to function to protect cells and organelles 
from oxidative stress.

Ubiquitin is a protein identified in 1975 as an adenylate 
cyclase-stimulating polypeptide and reported as prob-
ably universally found in living cells [13]. Because of its 
widespread distribution, ubiquitin contributes to a variety 
of cellular functions including: the immune response, cell 
cycle regulation, Dna transcription, control of Dna dam-
age response proteins, modulation of cell surface receptors, 

Fig. 1  the enzymes of ubiq-
uitination. e1 is the ubiquitin-
activating enzyme. e2 is a 
ubiquitin-conjugating enzyme, 
while e3 is a ubiquitin ligase

Fig. 2  the components of 
the proteasome. the regula-
tory particle (lid, hinge and 
base) contains subunits which 
bind ubiquitin, subunits which 
deubiquitinate and unfold 
proteins prior to degradation, 
and subunits which translocate 
proteins to the core particle, and 
subunits which open the gate 
the in alpha ring of the core 
particle. the rpt ring is a ring 
of six atPase enzymes. the 
core particle consists of two 
outer rings, the alpha rings, and 
two inner rings, the beta rings, 
each with seven subunits. the 
proteolytic enzymes are found 
in the β1, β2 and β5 subunits of 
the beta rings
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protein repair and recycling of damaged proteins. In mito-
chondria, the ubiquitin–proteasome system is responsi-
ble for degrading a co-activator protein, PGC-1a, which 
together with transcription factors controls mitochondrial 
and nuclear gene transcription [14]. thus, the ubiquitin–
proteasome system modulates the machinery of energy 
metabolism. recent studies suggest that in plants the ubiq-
uitin–proteasome system may contribute to the regulation 
of chloroplast biogenesis [15, 16].

the addition of ubiquitin (ubiquitination or ubiquityla-
tion) to a protein (fig. 1) can contribute to degradation via 
the proteasome or can alter its functional activity [17, 18]. 
In its capacity in the repair and the clearance of damaged 
proteins, the ubiquitin–proteasome system is a very sig-
nificant part of the antioxidant defence processes [19]. the 
ubiquitin–proteasome system is illustrated schematically 
in figs. 1 and 2. the ubiquitination of a protein requires 
atP, an activating enzyme, e1, a conjugating enzyme, e2, 
and an ubiquitin ligase, e3 (fig. 1). the proteasome is a 
cylindrical cellular complex that recognizes proteins tagged 
by ubiquitin and contains enzymes which break down these 
proteins, while recycling ubiquitin. figure 2 schematically 
illustrates the components of the proteasome as it relates 
to ubiquitin-mediated protein degradation. the molecular 
structure of the proteasome has been described in detail in 
recent reviews [20, 21].

It has been pointed out that proteasome regulation (inhi-
bition, activation, modulation) has the potential for con-
tributing to the control of a number of diseases including 
cancer [22].

In the present paper, we review few reports that show 
an interaction of melatonin with the ubiquitin–proteasome 
system and present a hypothesis concerning the general 
cellular mechanism of action of melatonin. Currently, there 
is very little information that provides direct evidence for 
an effect of melatonin on the ubiquitin–proteasome system 
or on the enzymes involved in ubiquitination of proteins.

Melatonin/ubiquitin interaction in Plasmodium 
falciparum

Hotta and colleagues [23] demonstrated a melatonin-
induced increase of the parasite P. falciparum in mice. 
furthermore, they found that the circadian rhythm of mela-
tonin concentrations in the host provided a signal-inducing 
synchronization of the Plasmodium life cycle. Plasmodium 
replication is synchronized with the host circadian rhythm 
to avoid the immune response of the host. Since mela-
tonin was found to modulate the Plasmodium cell cycle, 
these investigators suggested that melatonin antagonists 
should be investigated as potential anti-malarial drugs. 
More recently, melatonin was reported to be implicated in 

activation of gene transcription for the ubiquitin–protea-
some system in the parasite P. falciparum [24]. In these 
studies, melatonin was found to increase the transcrip-
tion of the ubiquitin-activating enzyme, e1, as well tran-
scription of the ubiquitin ligase, e3, and expression of the 
transcription factor Pfnf-YB. Melatonin signaling in this 
system was reported as probably involving caMP, Ca2+, 
and protein kinases [23, 25]. an alternative explanation 
for the role of melatonin in this model, i.e., that melatonin 
increases transcription factors via a direct inhibitory effect 
on the proteasome, could be inferred from the illustration 
in the report of Lima and colleagues [24].

Melatonin/ubiquitin interaction in photoperiodic 
regulation of thyroid hormone deiodinase

Ubiquitin is a major regulator of thyroid hormone type 2 
deiodinase (type 2 iodothyronine deiodinase) and hence 
a major regulator of central conversion of thyroxine (t4) 
to t3; activation and inactivation of type 2 deiodinase are 
regulated by ubiquitination and deubiquitination [26, 27]. 
the ubiquitinated form of type 2 deiodinase is inactivated 
in proteasomes [28] or activated by deubiquitination. Deu-
biquitination in the proteasome is associated with enzymes 
in the proteasome lid and at the entrance to the rpt ring 
(see fig. 2) [21]. tissue type 2 deiodinase is substan-
tially increased in hypothyroidism [28–30]. Control of the 
deiodinase by the ubiquitination/deubiquitination switch 
contributes to a mechanism which maintains appropriate 
tissue-specific levels of t3 [31] in a variety of organs and 
tissues, including the brain.

In seasonal breeders (including birds, rodents and 
sheep), t3 regulation is reported to be central to seasonal 
changes in reproduction, body weight and metabolism [32]. 
In rodents and sheep, melatonin has been reported by a 
number of investigators to regulate type 2 or type 3 deio-
dinases [32–39]. none of these investigators apparently 
have determined the role of ubiquitin or ubiquitination in 
melatonin-induced changes in type 2 and type 3 deiodi-
nase. although a role for ubiquitin in melatonin regulation 
of central type 2 deiodinase has not been demonstrated, 
such an interaction can be predicted since ubiquitination is 
a major factor regulating deiodinase activation and negative 
feedback [27]; in the hypothalamus, type 2 deiodinase is 
inactivated by ubiquitination. figure 1 illustrates the role of 
ubiquitination and deubiquitination in regulation of a pro-
tein such as type 2 deiodinase.

In the Syrian hamster, the photoperiodic variation in 
type 2 deiodinase expression was shown to be melatonin 
dependent [34]. In this species, a single melatonin injec-
tion, timed to the late part of the daily light period, reduced 
type 2 deiodinase mrna in the ependymal cells lining 
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the ventrobasal part of the third ventricle [36]. Yasuo and 
colleagues [36] concluded that the photoperiodic gonadal 
response to melatonin is mediated by changes in type 2 
deiodinase expression in the hypothalamus. reduced type 2 
deiodinase expression would result in reduced local (hypo-
thalamic) production of t3. Other hypothalamic factors 
considered to be of importance in the gonadal response of 
hamsters to melatonin injections include kisspeptin [40] 
and catecholamines [41–43]. the maintenance of neu-
ronal levels of the rate-limiting enzymes for catecholamine 
synthesis, tyrosine hydroxylase, and serotonin synthesis, 
tryptophan hydroxylase, is also regulated by the ubiquitin–
proteasome system [44–47]. the expression of kisspeptin 
and the number of kisspeptin cells in the arcuate nucleus of 
the hypothalamus was recently reported to be sensitive to 
t3 levels in Siberian hamsters [48]. thus, while there is no 
evidence of direct regulation of kisspeptin by ubiquitin, it 
appears to be indirectly regulated by the effect of ubiquitin 
on type 2 deiodinase activity.

a review of the similarities between the actions of mela-
tonin on gonadal systems and thyroid hormones in Syrian 
hamsters was presented in 1983 by Vriend [49] and led to 
the hypothesis of a common site of action in the brain for 
the effects of melatonin on the thyroid and gonadal sys-
tems of Syrian hamsters. Based on the reports showing that 
melatonin inhibits type 2 deiodinase in the hypothalamus 
of Syrian hamsters [34, 36] and that ubiquitin is a major 
regulator of type 2 deiodinase, these studies should be re-
evaluated. Saita et al. [50] suggested that adequate thyroid 
hormone levels were required for normal GnrH release. 
GnrH content of the mediobasal hypothalamus is report-
edly increased following short photoperiod exposure of 
female hamsters [51]. these studies are consistent with 
central (hypothalamic) modification of type 2 deiodinase 
by melatonin through the ubiquitin–proteasome system.

effects of melatonin on serum and pituitary prolactin 
and growth hormone should also be re-evaluated in terms 
of the effects of melatonin and ubiquitin on central deiodi-
nase activity. Serum and pituitary prolactin levels in male 
hamsters are reduced by both melatonin and hypothyroid-
ism [52]. an interaction of melatonin and thyroid hormone 
levels on reproductive status of female hamsters was also 
reported [53]. Growth hormone levels in hamsters are reg-
ulated by both thyroid hormone levels and by melatonin 
[54].

In male hamsters, the trH content of the hypothalamus 
was found to be significantly increased by short photoper-
iod or by daily timed melatonin injections [52]. the pres-
ence of an intact pineal gland may be a factor in regulating 
photoperiodic changes in hypothalamic trH in the hamster 
[55]. In this species, melatonin appears to be interfering 
with the feedback system of thyroid hormones on trH by 

its effects on central deiodinase activity. Ubiquitin appears 
to regulate type 2 deiodinase in all tissues that it is found.

Melatonin/ubiquitin interaction in oxidative stress

Melatonin is mentioned as a neuroprotective agent in Par-
kinson’s disease in a report that mentions dysregulation of 
the ubiquitin system and the accumulation of an abnormal 
form of alpha synuclein in neurons [56]. also, the patho-
logical Lewy bodies observed in Parkinson’s disease con-
tain both synuclein and ubiquitin [57].

Modulation of the ubiquitin–proteasome system appears 
to be a major way for reducing the formation of oxygen-
based radical species [58]. In at least one form of Par-
kinson’s disease, there is a mutated e3 ubiquitin ligase, 
resulting in decreased ability to remove proteins toxic to 
dopaminergic neurons [59, 60]. the ubiquitin–proteasome 
system also plays a role in alzheimer’s disease; the abnor-
mal protein amyloid fibers in alzheimer’s have been sug-
gested to be a product of a defect in the ubiquitin–protea-
some system [58]. the antioxidant melatonin has been 
administered to alzheimer’s patients in an attempt to pro-
tect them from amyloid toxicity [61]. these investigators 
did not consider the possibility that the melatonin-induced 
improvements in these patients could be due to melatonin-
mediated modulation of the ubiquitin–proteasome system.

Jahngen-Hodge and colleagues [62] suggested that the 
cellular redox status modulates protein ubiquitination, by 
reversible S-thiolation. During oxidative stress, the ratio of 
oxidized glutathione to reduced glutathione ratio increases, 
concurrent with a decrease in the ubiquitin-activating 
enzyme, e-1 and ubiquitin conjugates. Later, evidence was 
presented by others of the involvement of S-glutathiolation 
in transcription [63] and the view that S-glutathiolation was 
part of a general mechanism of redox signal transduction 
controlling gene expression [64]. according to a model 
provided by Biswas and colleagues [65], glutathiolation of 
the e1 and/or e2 components of an ubiquitinated protein 
protects it from unnecessary degradation.

Melatonin has been reported to increase tissue levels of 
glutathione peroxidase [66, 67], an enzyme that metabo-
lizes glutathione (an antioxidant) to its oxidized form [68] 
and to increase the mrna for glutathione peroxidase [69, 
70] in the rat brain. the possible interaction of ubiquitin in 
this effect of melatonin has not been directly tested. extrap-
olating from the model of Biswas and colleagues [65], we 
predict that melatonin modifies a component of the ubiqui-
tin–proteasome system. the functional significance of this 
would be to demodulate activation of proteins and to pro-
tect necessary enzymes from degradation by the ubiquitin–
proteasome system.
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Zhang and Sidhu [71] have studied a number of inhibi-
tors of the ubiquitin–proteasome system. according to 
these investigators ubiquitin activation could be inhibited 
or blocked at three points: (a) binding of atP to the e1 
enzyme, (b) formation of the e1-ubiquitin complex (by tar-
geting the thiol group, (c) Interfering with the interaction 
between e1 and e2 enzymes (see fig. 1). It is suggested 
that melatonin interacts with the thiol group of the e1-ubiq-
uitin complex.

Melatonin/ubiquitin interaction in mitochondria

as mentioned above, in mitochondria the ubiquitin–pro-
teasome system is responsible for degrading a co-activator 
protein PGC-1a, which together with transcription fac-
tors controls mitochondrial and nuclear gene transcription 
[14]. austin and St-Pierre [72] also describe PGC-1a as an 
inducer of mitochondrial biogenesis. they point out that 
PGC-1a also stimulated the expression of rOS-detoxify-
ing enzymes and hence is a major regulator of free radi-
cal removal. In neuronal cell cultures, melatonin has been 
shown to stimulate the deacetylation of PGC-1a [73]. 
Hardeland and colleagues [74] interpret this as evidence 
that mitochondrial biogenesis is stimulated by melatonin. 
Deacetylation of PGC-1a apparently depends on the SIrt1 
protein, a protein that is upregulated by melatonin [75]; it 
is also upregulated by estradiol, apparently via the ubiqui-
tin–proteasome system [76]. It is predicted that melatonin 
and the ubiquitin–proteasome system interact in regulating 
mitochondrial biogenesis and in inducing the expression of 
rOS-detoxifying enzymes.

Melatonin/ubiquitin interaction in brown fat

In seasonal hibernating animals melatonin is reported to 
be a signal related to increases in brown fat [77] and ther-
mogenesis. this was recently shown to be the case when 
giving daily melatonin injections to rats led to the conver-
sion of white fat to brown fat [78]. tan et al. [77] noted 
that conversion of t4 to t3 by type 2 deiodinase in brown 
fat contributes to the mechanism of heat production. tan 
et al. [77] as well as Hardeland et al. [74] have pointed 
out that thermogenesis in brown adipose tissue depends 
on the expression of the mitochondrial uncoupling protein 
UCP1 and have indicated the potential importance (but 
lack of data) relating melatonin to UCP1. a role for ubiq-
uitination in turnover of UCP1 has been reported [79]. 
furthermore, the transcriptional protein PGC-1a has been 
shown to increase UCP1 expression [80]. thus, it appears 
that an interaction of melatonin and the ubiquitin–protea-
some system is important in modulating brown fat cell 

metabolism and thermogenesis related to brown fat heat 
production.

Melatonin/ubiquitin and NF‑κB

nuclear factor kappa B is a transcription factor that is 
found in most animal cell types. It is involved in the cel-
lular reactions to oxidative stress, immune responses and 
cytokine production and apoptosis. It is activated by the 
ubiquitin–proteasome system by a process in which the 
inhibitor of nf-κΒ is degraded [81–86].

Many of the effects of melatonin on the immune sys-
tem and on inflammation also are mediated by nf-κB [74, 
87, 88]. Melatonin reduces nf-κB binding in spleen [89]. 
a number of laboratories report melatonin-induced inhibi-
tion of nK-κB activity or inhibition of nf-κB activation 
[90–100]. these results suggest an interaction of melatonin 
and the ubiquitin- proteasome system in the activation of 
nf-κB. another interpretation is that melatonin is a natural 
inhibitor of nf-κB.

Similarities between melatonin action and a proteasome 
inhibitor

Melatonin shares several features with proteasome inhibi-
tors such as bortezomib. We have already documented the 
inhibitory action of melatonin on nf-κB and the role of 
the proteasome in activating nf-κB. Melatonin can also 
induce accumulation of the tumor suppressor factor p53 
[101], of the stress-related enzyme JnK [102], and of the 
pro-apoptotic proteins Bax and caspase-3 [103] in cancer 
cells. It decreases the activity of the protein kinase, aKt 
[104], decreases the activity of the angiogenic factor, 
VeGf [105], and activates the transcription factor nrf-2 
[106]. these actions are all expected of an inhibitor of the 
proteasome [107]. figure 3 illustrates the various actions 
accounted for by melatonin as an inhibitor of the ubiquitin–
proteasome system.

Calmodulin kinase, melatonin, and the proteasome

In addition to binding to membrane receptors, Mt1 and 
Mt2, melatonin also binds to calmodulin [108, 109]. 
Benitez-King and colleagues [110] reported data showing 
melatonin as an inhibitor of calcium-dependent calmodulin 
kinase II (CaMKII) protein phosphorylation. Inhibition of 
CaMKII activity was also reported in the suprachiasmatic 
nuclei of rats [111]. More recently, the inhibitory action of 
melatonin on CaMKII was documented in human hepato-
cellular carcinoma cells [112].
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Bingol and colleagues [113] reported that CaMKII 
copurifies with proteasomes of the brain, and was precipi-
tated with proteasomal subunit rpt6 antibodies. according 
to these investigators, CaMKII acts as a scaffold to recruit 
proteasomes to spines of neurons. rpt6 (see the rpt ring in 
fig. 2) is one of the atPases involved in the protein unfold-
ing, translocation, and possibly opening of the gate in the 
core catalytic particle of the proteasome, prior to degradation 
[114]. the rpt atPases, together with atP, provide energy 
for these processes. Sha and colleagues [115] reported that 
protein kinase a (PKa) and CaMKII phosphorylate rpt6, 
in cells resulting in enhanced degradation of proteins by 
the proteasome. they suggested that phosphorylation has a 
major role in regulation of the proteasome. More recently 
Jarome and colleagues [116] found that CaMKII (but not 
PKa) increased phosphorylation of the rpt6 subunit protein 
and increased proteasome activity in rat brain tissue.

these data suggest that the melatonin/calmodulin inter-
action and non-receptor-mediated actions of melatonin may 
be more important in modulating proteasome activity than 
classical signal transduction pathways mediated through 
Mt1 and Mt2 melatonin receptors. However, classical 
melatonin-stimulated pathways that influence the activity 
of protein kinases have yet to be examined for their role in 
regulating the complex process of ubiquitination.

Ubiquitin hypothesis of melatonin action

We present the hypothesis of a general cellular action of 
melatonin through the ubiquitin–proteasome system. In our 

model, melatonin modulates ubiquitin activation required 
for cellular processing of proteins and inhibits proteasomal 
activity. We predict that testing this hypothesis will result in 
significant findings on melatonin signaling, whether or not 
the hypothesis is confirmed.

We propose that melatonin, by maintaining glutathione 
levels, protects ubiquitinated proteins from degradation by 
stimulation of S-glutathiolation of the ubiquitin-activating 
enzyme, e1.

In our model, melatonin inhibition of the ubiquitin–pro-
teasome system has a major role in protecting cells from 
oxidative stress.

We predict that the ubiquitination/deubiquitination 
switch is important for the regulation of hypothalamic-
releasing factors during melatonin-mediated changes in 
seasonal photoperiodic breeders. this switch is important 
for regulating thyroid hormone feedback through modula-
tion of type 2 deiodinase and hence influencing central t3. 
furthermore, in this model, melatonin control of type 2 
deiodinase and t3 modulates trH and LHrH release from 
the hypothalamus. Modulation of these releasing factors in 
turn could account for the melatonin-induced alterations 
in pituitary hormones including tSH, GH, PrL, and gon-
adotropins. In other species, the interaction of melatonin 
and ubiquitin is predicted to be of more significance under 
hypothyroid and hyperthyroid conditions, situations under 
which deiodinase activity is downregulated or upregulated.

tissue levels of phosphorylated tyrosine hydroxylase 
and phosphorylated tryptophan hydroxylase are processed 
by the ubiquitin–proteasome system. a melatonin/ubiquitin 
interaction would, at least partially, account for the body 

Fig. 3  Melatonin as an inhibi-
tor of the ubiquitin proteasome 
system. Proteasome inhibition 
could account for many of the 
diverse and seemingly unrelated 
actions of melatonin
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of literature showing effects of melatonin on hypothalamic 
content of dopamine and norepinephrine, and on serotonin 
turnover.

Ubiquitination also appears to be involved in mediation 
of the antioxidant effects of melatonin. If melatonin has 
a general effect on proteasomes, it would be expected to 
modulate cellular levels of a number of signal transducing 
proteins including p53, VeGf, Bcl-2, BaX and aKt1, all 
of which are influenced by both melatonin and the ubiqui-
tin–proteasome system. Consistent with these reports is the 
conclusion that melatonin acts like a proteasome inhibitor 
(fig. 3). further studies are necessary to determine whether 
inhibition of the proteasome is caused by the interaction of 
melatonin and CaMKII with the rPt ring of the protea-
some or whether melatonin, like a proteasome inhibitor, 
acts directly on the beta ring of the catalytic core. Indeed, 
if this hypothesis is confirmed the effects of melatonin on 
many systems will be demonstrated to be mediated through 
the ubiquitin–proteasome system and melatonin may be 
clinically useful in diseases which respond to proteasome 
inhibitors.
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