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ABSTRACT 

 

     The demonstrated incapability of the retinoic acid receptor-related orphan receptor-α (RORα) 

to bind melatonin inevitably requires consequences for interpreting numerous reports on actions of 

this protein as far as it was believed to be a nuclear melatonin receptor. While the synthetic 

compound CGP 52608 is, in fact, a ligand of RORα, effects obtained with this molecule can no 

longer be attributed to melatonin. Moreover, the sometimes assumed interplay between melatonin 

membrane receptors and RORα as nuclear receptors has to be dropped. Conclusions on melatonin’s 

actions via RORα that were based on a lack of demonstrable involvement of membrane receptors 

appear to have been precocious. Nevertheless, findings on melatonin uptake into the nucleus may 

still be taken as a hint for nuclear melatonin receptors, but this would require thorough 

characterization. Although RORα does not bind melatonin, it is interrelated to the latter in 

regulatory terms by involvement of cellular circadian oscillators. A mode of action seems to be the 

upregulation of sirtuin-1 by melatonin, deacetylation of poly ADP ribose polymerase-γ coactivator-

1α (PGC-1α) by sirtuin-1, and facilitation of RORα binding to its response element by deacetylated 

PGC-1α, a route that had been shown to exist in circadian oscillators, thereby enhancing their 

amplitude. 
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______________________________________________________________________________ 

 

1. INTRODUCTION 

 

     The early reports on nuclear melatonin receptors [1-6] promised to open a new area of research, 

which was expected to expand our knowledge of melatonin signaling beyond the pioneering and 

highly fruitful work on G protein-coupled melatonin receptors [7-10]. The assumed properties as 

nuclear melatonin receptors were especially attributed to the ROR/RZR (retinoic acid receptor-

related orphan receptor/retinoid Z receptor) subfamily of retinoid receptors. Till date, the term RZR 

is still found in melatonin literature, although this protein is meanwhile classified as an ROR 

subform (RZRβ = RORβ; human gene ID: 6096). However, the validity of the reports on melatonin 

binding by RORs was vividly debated from the beginning, but the doubts were poorly expressed 

in the literature and remained largely restricted to reviewer’s comments concerning the lack of 
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confirmation in leading groups. Part of the problem might have been that the key conclusions, as 

proposed in papers of just a single group [1-6], were not corrected earlier in the literature by other 

laboratories. In 1997, the claim of melatonin binding to RORs was retracted [11]. However, the 

idea of RORs as nuclear melatonin receptors was continuously proposed after that date, even by 

members of the group who had retracted the original article [5,6]. An early review indicated a need 

for thoroughly investigating the “still debatable questions whether and under which situations 

melatonin does serve as a physiological modulator of the activities of these receptors” [12]. 

Nevertheless, the number of publications on RORs as melatonin receptors rose steadily and this 

role was regarded by many researchers as a matter of fact. The countless reports interpreting 

melatonin effects by actions via RORs led to the consequence that this aspect had to be incorporated 

in many review papers, including those of mine, because the large body of published results could 

not be ignored. The skepticism concerning these proteins as mediators of melatonin’s actions could, 

for a while, only be expressed by stating that the problem was not yet settled and that the role of 

RORs in melatonin signaling had to be analyzed in-depth with regard to the circadian oscillators 

[13]. This connection to the circadian system was forwarded because RORα, the subform that has 

been most frequently claimed to be a nuclear melatonin receptor, acts as a component of circadian 

oscillators by binding to RORE (retinoid orphan receptor response element) sequences in the 

control regions of Bmal, Clock and Npas2 genes. Therefore, a chronobiotic like melatonin, which 

modulates circadian oscillators, might have indirect effects on the oscillator machinery that change 

RORα activity and expression. The role of the oscillator in RORα expression is evident from the 

fact that its gene is E-box-driven via CLOCK/BMAL1 binding [14,15], as known for other 

oscillator components, such as Per and Cry genes, as well as various circadian-controlled genes 

(CCGs). Concerning the upregulation of Per, Cry and Npas2 by RORα, a mode of action that 

comprises a contribution by melatonin has become more likely with regard to the involvement of 

sirtuin-1 (SIRT1) in RORα binding to RORE [16,17], as will be discussed below. In other words, 

effects of melatonin that are associated with RORs may be explained by indirect actions via SIRT1 

and the circadian oscillator. 

     The doubts concerning melatonin binding to RORs were strengthened by the fact that identified 

natural and synthetic ligands are typically lipids including steroids that are structurally highly 

different from melatonin [18,19]. More recently, it was directly shown in a screening of ligands 

that RORα does not bind melatonin, or related compounds such as 5-methoxytryptamine or 5-

methoxytryptophol and the metabolite AFMK (N1-acetyl-N2-formyl-5methoxykynuramine) 

[20,21]. Admittedly, several subforms of RORα exist that have not all separately investigated 

concerning melatonin binding, and RORβ (= RZRβ) has also not been tested. However, RORβ is 

only expressed in some tissues such as brain, pineal gland, retina and spleen, contrary to the 

ubiquitously expressed RORα splice variants [22]. However, most of the studies that had 

investigated melatonin effects were related to RORα or, specifically, its abundant splice variant 

RORα1. In particular, RORα was intensely investigated in immune cells. In total, the majority of 

reports on melatonin binding to RORs can be dropped, at least what the most highly expressed 

RORα subforms is concerned.  

     The lack of melatonin binding does not at all mean that the respective results reported on cell 

biological changes under the influence of melatonin have generally lost their value, especially when 

inhibitions of MT1/MT2 signaling failed to suppress the effects. Of course, the reasons for a lack 

of suppression have to be excluded, such as too low doses of the inhibitor relative to that of 

melatonin. Of value remain certainly data on changes in the expression of RORs in response to 

melatonin. However, what is now needed in this case is thinking about alternate interpretations. 
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2. EFFECTS OF CGP 52608, PERHAPS VALUABLE DATA, BUT WITHOUT DIRECT 

RELATIONSHIP TO MELATONIN 

 

     The report that the synthetic thiazolidine drug CGP 52608 is a ligand of RORα [2] may be taken 

as valid finding, as long as the opposite has not been demonstrated, although the same publication 

also claimed melatonin to act via RORα. Again, the conclusion is widely based on a single 

publication [2]. Several other reports considering CGP 52608 as an RORα ligand, without specific 

reference to melatonin [23-25], may be compatible with this assumption, especially, as effects of 

the thiazolidine dione were shown to enhance RORα-dependent transcriptional activity [25], but 

direct binding assays were not repeated. Confirmation by an independent study may be required. 

The more recent report that excluded binding of melatonin and its metabolites to RORα [20] 

focused on natural ligands and, therefore, did not test CGP 52608 or other thiazolidine diones. As 

long as this point has not been definitely clarified, it may be even conceivable that this compound 

acts independently of ROR binding, although it may influence RORs indirectly. 

     The publications that studied effects of CGP 52608 in the context of melatonin were based on 

the assumption that melatonin really binds with reasonable affinity to RORα and that the synthetic 

ligand mimics melatonin effects via this nuclear receptor, a precocious conclusion and fundamental 

misconception. The possibility that CGP 52608 acts in different ways was underrated. One of the 

early studies on this compound discussed this ligand in the context of thiazolidine diones as 

antiarthritic drugs [26]. However, this does not perfectly meet the properties of melatonin in this 

disease. Although melatonin does display anti-inflammatory properties under certain conditions 

[27,28], it can behave in a proinflammatory way especially in arthritis [28-30].  

     The belief that CGP 52608 mimics melatonin effects represents an overinterpretation that has 

led to many questionable conclusions. This was especially problematic when this drug was applied 

to organisms in which its specificity had not been tested or presence and properties of RORs not 

sufficiently documented, such as plants. Although plants are known to produce numerous 

compounds that bind to mammalian RORs, they presumably do not possess these proteins. 

Although some genes with limited homology to mammalian nuclear receptors have been detected 

in plants, the retinoid receptors seem to have evolved in early metazoans [31]. Even if RORs were 

present in plants, eventual actions of CGP 52608 could have only been successfully studied if its 

binding to such RORs had been confirmed. Therefore, the expectancy that CGP 52608 might mimic 

melatonin effects in a plant like Chenopodium rubrum was a bit audacious. In fact, the findings 

obtained in this species with this drug may not allow conclusions. When given, in experiments on 

photoperiodism, late in a night of long duration, flowering was partially suppressed by CGP 52608, 

and, by the way, also by melatonin [32]. However, partial suppression of a physiological function 

in plants by long exposure to darkness in combination with a drug of unclear action may simply 

reflect weakening of the organism. Another case of application of CGP 52608 to organisms devoid 

of knowledge on RORs concerns dinoflagellates [33]. Induction of asexual cysts by this compound 

may have been caused by melatonin-independent actions, in particular, as melatonin exerts this 

effect by conversion to the direct cyst inducer, 5-methoxytryptamine [34,35], a metabolite that is 

readily formed from melatonin [36] and acts, in the encystment response, at much lower 

concentrations than melatonin [37].  

     Sometimes but not generally, melatonin and CGP 52608 exerted similar effects, e.g., in the 

suppression of cancer cell proliferation [23,24,38-45]. However, some authors cautiously discussed 

the possibility of different mechanisms of action that may lead to an apparently same result [38]. 

Occasionally, the antiproliferative effect of melatonin could not be related to MT1/MT2 actions, 

but, as effects with CGP 52608 were observed, involvement of the putative nuclear melatonin 

receptor was assumed [45]. However, the criterion that opposed the involvement of the membrane 
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receptors concerned extremely high concentrations of melatonin that were required (above 1 mM) 

and the lack of inhibition by luzindole or 4-P-PDOT at these high melatonin levels [45]. CGP 

52608 required similarly high concentrations. As all agents including the presumed ROR ligand 

were only effective far beyond receptor saturation levels, it seems that conclusions on receptor 

types should have been rather avoided. Moreover, the high levels required in that study strongly 

contrast with other findings on antiproliferative actions by CGP 52608, which were pronounced at 

1 – 100 nM [23,24,42] or 1 µM [43]. In some reports, the inhibition that was already detectable at 

1 or 10 nM became stronger at 100 nM and even more at 1 µM [23,24]. If the increase towards 

micromolar concentrations is interpreted in terms of receptor binding, this would imply that 

saturation would require by orders of magnitude higher concentrations than those for MT1/MT2. 

The alternative would be that CGP 52608 exerts different, indirect effects that remain to be 

identified. If both melatonin and CGP 52608 are considered as antiproliferative agents in several 

cancer cell lines, at reasonable concentrations, it would be necessary to identify converging effects 

that control the cell cycle. From our actual point of view, it should be underlined that melatonin 

and RORα share the property of acting at circadian oscillators [13,17,46,47], as will be discussed 

below in more detail. This possibility might resolve some contrasting findings. 

     However, different results on cell proliferation were also obtained with melatonin and CGP 

52608, in some other cases. In uveal melanoma cells, melatonin reduced cell growth via MT1/MT2 

signaling, but CGP 52608 remained ineffective [48]. In rat epididymal epithelial cells, melatonin 

stimulated proliferation, whereas CGP 52608 turned out to be inhibitory [49]. In the breast cancer 

cell line MCF-7, proliferation was inhibited by either melatonin or CGP 52608, but their kinetics 

differed profoundly [50]. Moreover, melatonin and the nonselective melatonergic agonist AMMTC 

were shown to reduce the transcription of a RORE-luciferase reporter construct. This contrasts with 

the finding that suppression of MT1 signaling by luzindole or MT1 antisense RNA downregulates 

RORα expression in peripheral mononuclear blood cells and Jurkat cells [51]. 

     In one study on CGP 52608, a suppression of 5-lipoxygenase was interpreted to be responsible  

for its antiproliferative action [52]. This effect was attributed to a RORE sequence in the 5-

lipoxygenase control region that specifically binds the splice variant RORα1. One might have 

expected that binding to RORE would activate the gene, as known, e.g., from the circadian 

oscillator genes Bmal1, Clock and Npas2. In the DU 245 prostate cancer cells studied, this led 

instead to a suppression of an increase in 5-lipoxygenase expression induced by medium change. 

However, this effect was observed at the mRNA level only after 36 - 60 h of exposure to CGP 

52608 and at protein level not before 96 h [52]. The long duration required would need an 

explanation and the exclusion of secondary effects. At first glance, these findings seem to be in 

line with earlier reports on CGP 52608-induced suppression of 5-lipoxygenase [3,4], which had 

been repeatedly regarded as a contribution to antioxidative protection [22]. However, another study 

in the promonocytic cell line U937 stated that melatonin did not downregulate this enzyme, but 

that 5-lipoxygenase rather promoted ROS formation [53], another case of contrasting effects by 

melatonin and CGP 52608. 

 

3. A LOOK AT RORS IN MELATONIN’S IMMUNOLOGICAL EFFECTS 

 

     Apart from the differences that became apparent in U937 cells, various reports have dealt with 

presumed nuclear melatonin receptors in the immunological field. Several otherwise important 

studies came to the conclusion that melatonin acts via RORs, in particular RORα1, in upregulating 

proinflammatory cytokines, such as IL-2 and IL-6 [54-56]. This conclusion seemed to be supported 

by a report that 2-[125I]-iodomelatonin was not only bound to purified rat thymus and spleen nuclei, 

with Kd values in the upper picomolar range, but was also displaced by CGP 52608 [57]. 
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Nevertheless, this RORα ligand remained without effect in another IL-2-related context. 

Prostaglandin E2 (PGE2) is known to inhibit IL-2 production in human lymphocytes via cAMP. 

This effect was reduced by melatonin via MT1 signaling, expectably by Gαi protein-mediated 

inhibition of adenylyl cyclase, but not by CGP 52608, which devoid of this type of signaling [58]. 

At that time, the conclusion was that leukocytes that respond to melatonin are modulated by both 

membrane and nuclear receptors. In fact, immune cells usually express MT1, some also MT2 

receptors, and also consistently RORα [59]. The presence of these receptors remains a matter of 

fact, but RORα can longer be regarded as a nuclear melatonin receptor, although its expression 

may be influenced by melatonin.  

 

4. THE MELATONIN – SIRT1 – CIRCADIAN OSCILLATOR CONNECTION 

 

The relationship between melatonin and SIRT1 was first discussed in the context of cancer, since 

melatonin strongly suppressed SIRT1 in tumor cells, such as human prostate cancer cell lines and 

murine prostate adenocarcinoma [60] as well as human breast cancer cell lines [61,62]. 

Interestingly, a relationship between melatonin and RORα became apparent in this context [61], 

which was reminiscent of earlier findings in MCF-7 breast cancer cells [50]. Melatonin was shown 

to downregulate RORα, with the consequence of reduced expression of the oscillator gene Bmal1 

[61]. The same should be assumed for the Clock gene, which is similarly regulated via a RORE 

sequence to which RORα binds as a transcription activating ligand. Moreover, the respective cancer 

cells were shown to not express the other important oscillator gene, Per2, under basal conditions 

[61]. This repression is plausible because Per2 as well as some other oscillator genes display tumor 

suppressor properties and, therefore, have to be epigenetically silenced in cancer cells [13,63]. 

These findings indicated that the circadian oscillators of cancer cells are dysregulated.  

     In fact, the relationship between melatonin and SIRT1 turned out to be profoundly different in 

nontumor cells. Especially, in the context of aging, which is associated with reduced secretion of 

melatonin and reduced expression of SIRT1, exogenous melatonin enhanced SIRT1 levels, as 

recently summarized [17]. On this basis, it was concluded that aging oscillators differ from the 

dysregulated and largely dysfunctional oscillator machineries of tumor cells [17,63]. Moreover,  

recent data indicate that melatonin can act via SIRT1 as a downstream factor, because several 

melatonin effects were suppressed by sirtuin inhibitors such as sirtinol and EX527 or Sirt1 siRNA 

[64-73]. Therefore, SIRT1 was recently classified as a partial mediator of melatonin’s actions[74, 

75]. This would also be consistent with a considerable functional overlap between melatonin and 

SIRT1, as evident from literature recently summarized [75]. Although the upregulation of SIRT1 

by melatonin and the inhibition of melatonin effects by blocking SIRT1 has meanwhile been 

documented in a number of cases, the complete sequence from MT1 or MT2 activation to SIRT1 

effects has not yet been elaborated step by step. Insofar, this gap remains to be filled before the 

melatonin-SIRT1 relationship may exceed the quality of a hypothesis. 

     This relationship gains importance with regard to RORα, as this transcription factor as well as 

SIRT1 is interacting with circadian oscillators. SIRT1 activity depends on the oscillator-driven 

expression of nicotinamide phosphoribosyltransferase (NAMPT), which results in a cycle of NAD+ 

concentration [76-78]. NAD+ levels determine the activities of the various sirtuins [78,79]. 

Moreover, SIRT1 enhances circadian amplitudes in both central and peripheral oscillators. This 

effect has been explained by two mechanisms. The first one is based on interactions of SIRT1 with 

E-box-binding proteins at the control regions of Per and Cry genes [77,78,80].  As the RORα gene 

also contains E-boxes [14,15], a direct effect of SIRT1 on the expression of this gene is possible, 

in addition to indirect actions by amplitude enhancement via other oscillator components. The 

second mechanism concerns the activation of RORE-controlled genes such as Bmal1 and Clock 
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[16]. This has been demonstrated in the in the central master clock, SCN, and discussed with regard 

to its relevance in aging and the possibility of preventing declining amplitudes in senescence by 

upregulation of SIRT1 [16]. The mechanism consists of deacetylation of PGC-1α (poly ADP ribose 

polymerase-γ coactivator-1α) by SIRT1. The deacetylated form of PGC-1α binds to RORα, thereby 

facilitating the activation at the RORE sequences in the control regions of Bmal1 and Clock genes.  

These findings indicate that SIRT1 can influence the expression, the cyclicity and the transcription-

regulating activity of RORα. If SIRT1 is also considered as a partial downstream factor of 

melatonin [74,75], this would mean that melatonin may influence RORα expression, circadian 

amplitudes and circadian gene expression, including clock genes and E-box or RORE containing 

circadian-controlled genes (CCGs) via SIRT1. Secondarily, the influences on the circadian clocks, 

which also alter NAMPT expression and the NAD+ cycle, will presumably have additional effects 

on the constitutively chromatin-associated SIRT6 and, thereby, modulate the daily chromatin 

remodeling and associated gene expression of those CCGs that are not directly driven by E-box- 

or RORE-dependent mechanisms.  

     Although CGP 52608 has been reported to be a ligand of RORα, no data are available for an 

eventual interaction of this compound with SIRT1 signaling. Another open point of SIRT1 

signaling concerns the relationship to melatonin in experiments in which the latter has been applied 

in highly supraphysiological concentrations that clearly exceed receptor saturation. In these cases, 

in which high melatonin was especially given to counteract strong toxicological insults, effects 

cannot be explained by receptor-mediated signal transduction pathways, but may be related to other 

properties of melatonin such as radical scavenging or mitochondrial protection, in which some 

actions require elevated concentrations [81,82].  

     In summary, the known role of RORα in circadian oscillators, in conjunction with the described 

signaling route of melatonin via SIRT1 and its effects on RORα expression and transcriptional 

activity, offers possibilities of newly interpreting findings that had related melatonin to changes 

and actions of RORα. The new interpretations do not require a physical interaction between 

melatonin and RORα. Moreover, the involvement of circadian oscillators strongly suggests a more 

systematic consideration of the temporal dynamics of melatonin effects on RORα and its 

downstream actions. With regard to tumor cells, the dysregulation of their oscillators has to be 

taken into account. This may also help to explain divergent effects concerning up- or 

downregulation of RORα and RORα-dependent functions. 

 

5. WHAT CAN BE CONCLUDED FROM CHANGES IN ROR AND SIRT EXPRESSION? 

 

The participation of both RORα and SIRT1 in the cellular circadian oscillator mechanisms as well 

as the rhythmicity of melatonin secretion indicate that alterations observed in experimental studies 

should consider the possibility of changes in the extent of observed effects within the circadian 

cycle, according to the phase of treatment. It is fundamental chronobiological knowledge that the 

apparently same treatment can lead to strongly divergent results when applied in different circadian 

phases. This does not only concern phase shifting according to the phase response curve, but also 

the susceptibility to drugs and endocrine factors [83,84]. As both RORα and SIRT1 are under 

circadian control via E-boxes, any experimentally induced change should vary within the circadian 

cycle, at least under conditions of properly operating oscillators. Moreover, exogenous melatonin 

may influence these parameters differently, especially because of rhythms in MT1 and MT2 

expression. This rhythmicity has been demonstrated in various tissues, e.g., SCN [85] and other 

hypothalamic nuclei [86], adrenal gland [87], and liver [88]. In the latter study, it was also shown 

that pinealectomy blunted these rhythms, whereas RORα expression was increased [88].  



Melatonin Research (Melatonin Res.)                                    http://www.melatonin-research.net 

Melatonin Res. 2018, Vol 1 (1) 77-92; doi: 10.32794/mr11250005                                                84 

     Another important point that is frequently overlooked concerns the difference between 

expression and activity. Although some investigators obviously infer that a change in expression, 

at least at the protein level, would correspond to similar changes in the activity of an enzyme, this 

is, from a fundamental point of view, a misconception. In the case of RORα, its activity can 

influenced by the acetylation/deacetylation balance of its interaction partner PGC-1α, which in turn 

is controlled by SIRT1 [16]. The difference between expression and activity is even more evident 

in sirtuins, because their activities are not determined by their protein concentrations, but rather by 

the NAD+ level [76-80]. The contrast between these parameters became especially obvious in a 

study on ovarian cancer on the effect of BRCA1 (breast cancer 1, early onset) on SIRT1 [89]. 

Inactivation of BRCA1 caused a reduction of SIRT1 expression, but, surprisingly, an increase of 

NAD+ concentration and, therefore, enhanced SIRT1 activity. Conversely, BRCA1 overexpression 

led to increased SIRT1 expression, but to decreases in NAD+ levels and SIRT1 activity. It remains 

to be clarified to what extent this negative correlation reflects NAD+ consumption by active 

deacetylases and/or by co-regulated poly(ADP-ribose) polymerase 1 (PARP1), which shares 

properties with SIRT1 in terms of E-box-related regulation of oscillator genes and various other 

functions [90-92] and which has been shown to deplete NAD+ levels upon overactivation [93]. 

Alternately, effects via the dysregulated circadian oscillators of the tumor cells may be taken into 

consideration. On the other hand, under conditions of aging, when SIRT1 expression has declined 

and may have become rate-limiting, a – usually moderate – upregulation of SIRT1 may correlate 

with an increased SIRT1 activity, especially if effects are shown to be suppressed by sirtuin 

inhibitors. In any case, studies on SIRT1 expression should be accompanied by activity 

measurements or, at least, by controlling the effects using SIRT inhibitors or Sirt1 siRNA. 

Investigators should be aware of the role of SIRT1 activity for the biological actions of RORα. 

 

6. HOW DOES MELATONIN UPREGULATE SIRT1? 

 

Assuming that several – or many? – effects of melatonin are transmitted by SIRT1 leads to the 

important question on the mechanism of SIRT1 upregulation. To date, this can be only 

insufficiently answered. A possibility for approaching this problem may be to seek for control 

elements in the Sirt1 promoter and to analyze whether melatonin might be able to regulate the 

respective binding proteins. The E-box in the Sirt1 promoter would only be of relevance if 

melatonin acts on circadian oscillators independently of SIRT1, but not if SIRT1 mediates the 

melatonin effect to the oscillator, e.g., via PGC-1α deacetylation and facilitation of RORα binding 

to ROREs in oscillator genes. However, no such mechanism is known that explains a direct 

amplitude effect by melatonin. There are only a few publications on other response elements in the 

Sirt1 promoter, which may be candidates for melatonin’s actions. Two mechanisms have been 

related to the antioxidant properties of SIRT1, which are of interest with regard to melatonin’s 

spectrum of actions. One of them starts with the phosphorylation of ERK5 (extracellular-signal-

related kinase-5; also known as big ERK, BERK). The activated ERK5 phosphorylates the myocyte 

enhancer factor-2 (MEF2), which binds as pMEF2 to the Sirt1 promoter and stimulates 

transcription [94]. In another study conducted in the context of bone metabolism and 

osteoblastogenesis, melatonin was shown to activate via MT2 not only ERK1/2, as known since 

long, but additionally  ERK5 [95]. Therefore, a mechanistic connection between melatonin and 

SIRT1 upregulation may exist. However, for reasons of caution, one should be aware of the 

possible contextual limitations of these studies. Especially, it would be important to look for similar 

upregulations of ERK5 and MEF2 in other cells, to see whether this is a more general route.  
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The second mechanism that has related SIRT1 upregulation to oxidative stress concerns two 

nCaRE sequences (negative calcium responsive elements) in the Sirt1 promoter. These elements 

form a cross-like double hairpin structure, which serves as a binding site for APE1 

(apurinic/apyrimidinic endonuclease 1). Upon oxidative damage to the DNA in the hairloop 

(presence of 8-oxoG), base excision repair (BER) enzymes including APE1 are recruited to the 

damaged site and form a loop that further recruits RNA polymerase II to the promoter at a site close 

to the transcriptional start, a position that allows gene expression [96]. For the moment, there is not 

good reason to assume that this mechanism is stimulated by melatonin, but it rather seems to be an 

autonomous response to DNA damage.  

     It will be of importance to discriminate in the future between these two mechanisms and to 

identify an eventual participation of melatonin in SIRT1 upregulation. Of course, these examples 

only reflect the actual state of knowledge and other mechanisms may be discovered. This may even 

include processes mediated by noncoding RNAs, such as miRNAs, lncRNAs, eRNAs (enhancer 

RNAs) or asRNAs (antisense RNAs) [97]. In the case of SIRT1 expression, an asSirt1 was shown 

to enhance posttranscriptional SIRT1 expression by eliminating the Sirt1-mRNA targeting miR-

34a [98]. In any case, moderate enhancement of SIRT1 levels which remain much below those in 

cancer cells will be of interest for the understanding of melatonin’s actions, for circadian regulation 

and the role of RORα. 

 

7. MELATONIN AND THE NUCLEUS  

 

There can be no doubt that melatonin is able to enter the nucleus. The capability of melatonin to 

protect DNA in the nucleus from oxidative damage [99,100] can be hardly explained on an 

exclusive extranuclear elimination of free radicals, which are mostly not far-reaching enough for a 

cytosolic-nuclear transgression without reacting with other compounds. In earlier literature, 

melatonin was repeatedly reported to be present and to accumulate in the nucleus [101-104]. Two 

studies using 2-[125I]-iodomelatonin communicated the presence of nuclear high-affinity binding 

sites [57,104]. However, when melatonin was infused during the day to reach nocturnal blood 

levels, no particular accumulation was detected in the nucleus, contrary to increased levels in 

mitochondria [105,106]. Leaving apart the eventual technical differences and methodological 

problems concerning the exact determination of nuclear melatonin concentrations, the impression 

remains that melatonin may attach to nuclear binding sites. With regard to the absence of melatonin 

binding to RORα [20,21], the nature of such sites would require clarification. The reports on high-

affinity binding may raise the question of whether membrane-bound receptors such as MT1 might 

be located at the nuclear envelope. This may not appear as unlikely as previously thought, when 

signaling of G protein-coupled receptors was believed to be only associated with the plasma 

membrane. The recent demonstration of MT1 in the outer mitochondrial membrane [107] shows 

that this receptor is present in intracellular membranes and, at least, in the case of mitochondria, 

functional. Thus, the presence of MT1 in both membranes of the nuclear envelope cannot be 

excluded for the moment. These membranes are interconnected at the nuclear pores and additional 

connections to the ER membranes exist. It is still an open question whether other binding sites of 

sufficient affinity and abundance exist in the nucleoplasm or in association with chromatin. The 

number of melatonin-binding proteins may be larger than usually believed. The presence of binding 

sites that are different from G protein-coupled receptors and other frequently discussed proteins 

such as calmodulin and quinone reductase 2 (= QR2 = NRH:quinone oxidoreductase 2 = NQO2) 

has received some support. This was assumed in a study on melatonin effects on the NMDA 

receptor, in which its redox site was discussed with regard to possible melatonin binding [108]. In 

another investigation, melatonin binding to calreticulin was reported [109]. In the same study, two 
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other, functionally not yet characterized nuclear binding proteins were mentioned, one of them with 

homology to calreticulin. These examples have not been mentioned to advocate anything 

concerning specific proteins that have been discussed as putative melatonin binding sites. In all 

these cases, the experimental basis is not sufficiently broad for substantial conclusions. However, 

these examples may illustrate that the question of nuclear binding sites is not yet settled, and a new 

race for their identification may commence. Moreover, a binding site, if existing at all, may not 

possess the quality of a receptor, which would require the demonstration of a signaling pathway. 

Alternately, a binding site may serve sequestration of melatonin.  

 

8. CONCLUSION 

 

     The elimination of RORs, in particular RORα1, from previous concepts of melatonin’s cellular 

actions leads to the necessity of explaining a number of reported effects that had been ascribed to 

these proteins:  

     (1) A frequently made observation concerns effects of RORα activation, e.g., by CGP 52608, 

or overexpression. The interpretation that this mimics melatonin effects has to be dropped, even in 

cases in which melatonin exerts same or similar effects. To understand such actions that are shared 

with melatonin, they should be tried to explain on the basis of mechanisms that are influenced by 

both melatonin and RORα. A machinery that is modulated by either regulator would be the cellular 

circadian oscillator. If similar effects are obtained, a route by which melatonin might act on RORα 

could consist in the upregulation of SIRT1 expression, deacetylation of PGC-1α and facilitation of 

RORα binding to RORE, as outlined above.  

     However, several cases exist in which the actions of melatonin and CGP 52608 turned out to be 

incongruent, as indicated in this article. The reasons remain to be identified. They might include 

additional actions of the one or the other compound. Especially the routes of primary melatonergic 

signaling via cAMP decrease or ERK1/2 upregulation, with numerous secondary effects on 

metabolic regulators, may lead to changes that are beyond the spectrum of ROR actions. If actions 

via a circadian oscillator appear to be likely, the effects may be strongly phase-specific. Differences 

in the duration of action, e.g., because of dosages applied, might already lead to divergent results, 

if they cover different phases of the oscillator. The use of extremely high concentrations of agents 

may also result in poorly interpretable data. 

     (2) In other cases, modulation of RORα by melatonin was assumed, or an interplay of membrane 

receptors and RORα. Again, the most promising approach for newly interpreting such data may be 

found in the consideration of actions via circadian oscillators.  

     (3) Some conclusions on the involvement of RORs in melatonin’s actions were only based on 

the absence of demonstrable effects via the membrane receptors, e.g., because of lack of inhibition 

by luzindole or other melatonergic antagonists. First, the conclusion on an involvement of RORs 

represents a relatively weak argument, since the identification as a receptor had been missing. 

Moreover, studies with receptor antagonists have to consider their distribution kinetics and 

affinities relative to those of melatonin or other agonists, to avoid misinterpretations because of 

poor antagonist levels.  

     (4) Loading of melatonin to the nucleus or its constituents should be experimentally revisited. 

Binding to the nuclear envelope has to be distinguished from association with intranuclear proteins. 

If the latter can be confirmed, the hard work of identifying their nature will be inevitable to arrive 

at convincing interpretations.  

     As a bottom line, investigators are encouraged to re-analyze the findings that were originally 

ascribed to RORs in their erroneously assumed role as nuclear melatonin receptors. Such re-

investigations should consider the newly discovered pathways of secondary signaling by 
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melatonin, such as actions via sirtuins, under consideration of the necessary distinction between 

expression and NAD+-dependent activity. 
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