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ABSTRACT

This article reviews the recent proposed model of Reiter and colleagues in this journal on
the role of circadian, pineal gland-derived melatonin in driving mitochondria melatonin
production in the pathoetiology and pathophysiology of breast cancers. This uptake of
melatonin is proposed to inhibit pyruvate dehydrogenase kinase, thereby increasing the
production of acetyl-CoA from pyruvate, with acetyl-CoA being a necessary co-factor for the
initiation of the melatonergic pathway within mitochondria. Consequently, this proposed
model suggests that a circadian shift in metabolic regulation occurs in breast cancers, from
daytime cytosolic glycolysis to a night-time, melatonin-driven mitochondria oxidative
phosphorylation, with relevance to the early pathoetiology of breast cancers. This has a
number of consequences and links well to wider breast cancer data showing a
pathophysiological role for the aryl hydrocarbon receptor, cytochrome P450 (CYP)1B1, 14-
3-3 protein, and microRNAs. The current article overviews such data in the context of pineal
gland-derived melatonin's circadian regulation of the mitochondria melatonergic pathways in
breast cancer cells as proposed by Reiter and colleagues, suggesting that daytime, wake
promoting orexin and stress-induced gut dysregulation contribute to mitochondria
dysfunction in wider breast cancer symptomatology.
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1. PINEALAND MITOCHONDRIA MELATONIN IN BREAST CANCER

A number of recent studies have shown breast cancer susceptibility to be modulated by
the circadian rhythm, with professions such as nursing that require high levels of shift-work
having a heightened breast cancer risk (1). The recent publication by Reiter and colleagues
proposes cellular mechanisms that may underpin such dysregulated circadian effects on the
risk of breast and other cancers (2). These authors highlight the importance of high
circulating, pineal gland-derived melatonin levels at night in shifting breast cancer cells from
cytosolic glycolysis (Warburg effect) to ATP derived from mitochondrial glucose oxidation
and oxidative phosphorylation. Concurrently, melatonin also promotes the conversion of
pyruvate to acetyl-CoA, which the authors propose is mediated by the inhibition of pyruvate
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dehydrogenase kinase (PDK) and therefore the disinhibition of the pyruvate dehydrogenase
complex (PDC). The potentiation of acetyl-CoA has a number of consequences within
mitochondria, including heightening oxidative phosphorylation and arylalkylamine N-
acetyltransferase (AANAT)-driven melatonergic pathway activity. Importantly, given the
presence of acetylserotonin O-methyltransferase (ASMT) in mitochondria (3), this suggests
that pineal-derived melatonin will act to modulate local mitochondria melatonin production.

This model incorporates wider bodies of data pertaining to breast cancer pathoetiology
and pathophysiology and also has a number of consequences. A corollary of this model is a
circadian regulation of many melatonin-associated factors, including mitochondria located
sirtuin-3 and sirtuin-3 induced superoxide dismutase (SOD?2), thereby acting to improve the
endogenous antioxidant status and better optimizing mitochondria functioning. In the context
of breast cancer risk, the decreased melatonin synthesis in shift-workers means a decrease in
pineal melatonin's ability to shift cancer cells to a non-neoplastic form of metabolism,
including via the regulation of the mitochondria melatonergic pathway in breast epithelial
cells.

This is an interesting and novel perspective, suggesting that breast cancer cells may be
neoplastic by day and have a more normal cell phenotype at night, although only in the
presence of adequate pineal gland-derived melatonin release. Given that most data on breast
cancer cells are collected under daytime conditions, the article by Reiter and colleagues
indicates that this approach is likely to miss the importance of circadian factors in the
pathoetiology and pathophysiology of breast cancers. Some studies have indicated a role for
circadian factors in breast cancer pathophysiology, including the suppressed and arrhythmic
expression of the circadian genes, BMALL and PER2, in breast cancer cells. Variable core
circadian clock oscillations have recently been shown to occur in breast cancer cell lines (4).
These authors suggest that circadian gene oscillations may be more evident in the early stages
of breast cancer development, as evidenced by the presence of circadian gene oscillations in
low-, but not high-grade breast cancer cell lines (4). Such data suggests a role for alterations
in circadian regulation in the pathogenesis of breast cancers. Notably, circadian genes can
also act to regulate the circadian functioning of mitochondria, as evidenced in non-neoplastic
cells (5). The interactions of such circadian gene changes with mitochondria functioning and
melatonin's circadian effects in mitochondria will be an important area of further
investigation.

2. INTEGRATING WIDER BREAST CANCER DATA

Recent data highlights the importance of intercellular communication in the
pathophysiology of breast cancer cells, including via the release of exosomes that can drive
aggressiveness in other tumor cells as well as altering the responses of cells in the tumor
microenvironment (6). Exosomes can be part of a complex set of intercellular interactions,
with the exosomes of macrophages exposed to chemotherapy-treated apoptotic breast cancer
cells seemingly promoting breast cancer cell proliferation and metastases (7). Such data
highlights the role that exosomes, from immune cells and breast cancer cells, play in breast
cancer pathophysiology. It is of note that circadian melatonin modulates exosomal content, as
evidenced in hepatocellular carcinoma exosomes, with the exosomes of melatonin treated
cells modulating macrophage activity (8). Clearly variations in circadian melatonin
production is likely to have impacts directly in breast cancer cells as well as in their
interactions with other cells of the tumor microenvironment. Consequently, alterations in
circadian melatonin can have significant impacts on the many cells, and their interactions,
within the tumor microenvironment, which the work of Reiter and colleagues suggests may
be mediated via alterations in mitochondria functioning.

Melatonin Res. 2019, Vol 2 (4) 1-8; doi: 10.32794/mr11250037 2



:/lwww.melatonin-research.ne

Wider tumor microenvironment intercellular interactions are also important e.g. breast
epithelial cells interact with other cells that are part of the tumor microenvironment, including
neighbouring breast epithelial cells, fibroblasts and immune cells. All of these cells will show
concurrent alterations arising from decreased pineal melatonin, including possible alterations
in mitochondria melatonergic pathway activity. Clearly, suppression of pineal gland-derived
melatonin will have impacts on many other cells and thereby modulate their interactions with,
and influence on, breast cancer cell functioning. The role of pineal gland-derived melatonin
in the regulation of melatonin synthesis in other cells is supported by data in rodents, where
pineal melatonin positively regulates the circadian pattern of mRNA expression of the
enzymes and receptors of the melatonergic pathway (9). It requires investigation as to
whether pineal gland-derived circadian melatonin modulates the melatonergic pathway within
the mitochondria of not only breast cancer cells but also other cells in the tumor
microenvironment. The impacts of pineal and mitochondrial melatonin will have
consequences for the levels of sirtuin-3 and other mitochondria regulators, with possible
consequences for mitochondria functioning in an array of different cell types. It is long
appreciated that the loss of pineal melatonin synthesis alters the circadian regulation of
immune cells, where pineal gland-derived and the autocrine effects of melatonin can
determine immune cell phenotype (10). The intercellular interactions of the tumor
microenvironment add another layer of complexity to the effects of variations in pineal-
derived melatonin in breast cancers.

A further layer of complexity arises from the number of factors that may act to regulate
the melatonergic pathways within mitochondria. It is important to note that serotonin is the
AANAT substrate for the synthesis of N-acetylserotonin (NAS), which is then enzymatically
converted to melatonin by ASMT. NAS has similar antioxidant and anti-inflammatory effects
to melatonin. However, NAS is also a brain-derived neurotrophic factor (BDNF) mimic via
its activation of the BDNF receptor, TrkB (11). TrkB activation has trophic effects in breast
cancer cells, with exosomal TrkB able to transfer aggressiveness to neighbouring tumor cells,
reviewed in (12). As such, variations in the NAS/melatonin ratio, both in the pineal gland and
breast cancer cells, is likely to have distinct, if not opposing, effects on breast cancer cell
survival and proliferation.

The pathoetiology of breast cancers have long been associated with aryl hydrocarbon
receptor (AhR) activation, including via the AhR increasing cytochrome P450 (CYP)1B1
within mitochondria, reviewed in (13). CYP1B1 leads to the 'backward' conversion of
melatonin to NAS, suggesting that one of the important changes to occur in breast cancers is
a shift to the trophic effects of NAS and the suppression of the inhibitory effects of
melatonin. In non-tumor breast epithelial cells, there is a dramatic circadian variation in the
ability of AhR ligands to induce CYP1B1, with the highest levels occurring at night and
regulated by circadian genes (14). This requires investigation in breast cancer cells and other
cells of the tumor microenvironment, as it suggests that any AhR ligand-induced CYP1B1 at
night will act to heighten the NAS/melatonin ratio, thereby altering the trophic vs apoptotic
effects of the melatonergic pathways in breast cancers. This also suggests that the protective
effects of pineal gland-derived melatonin in breast cancers may be significantly compromised
by night-time AhR activation.

As well as CYP1B1, a number of other factors can increase the NAS/melatonin ratio,
including: ATP activation of the purinergic P2Y1 receptor; CYP2C19, which acts via O-
demethylation; and the metabotropic glutamate receptor (mGIuR)5, with the latter also
raising CYP1BL1 levels, reviewed in (12). It requires investigation as to whether any of these
NAS/melatonin ratio modulators have any differential circadian interactions with breast
cancers proliferation and apoptosis, including via the PDK/PDC pathway. As well as AANAT
activity regulation by acetyl-CoA, the activity of AANAT requires its stabilization by 14-3-3
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protein. 14-3-3 is expressed in mitochondria and is regulated by a number of microRNAs,
including miR-451, miR-375 and miR-7, reviewed in (12). Consequently, the levels of
melatonin synthesis are decreased in a number of cell types as a consequence of heightened
levels of these miRNAs and their suppression of 14-3-3 (15,16). Alterations in 14-3-3 and
miR-451 complicate the treatment of breast cancers (16), with effects likely mediated, at least
in part, via increased miR-451 suppression of 14-3-3, leading to mitochondria melatonergic
pathway inhibition. As to whether pineal gland-derived melatonin acts to regulate these 14-3-
3 suppressing microRNAs, and thereby the 14-3-3 regulation of the mitochondria
melatonergic pathway, will be important to determine. Figure 1 summarizes these processes.
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Fig. 1. The proposed anti-tumor pathways of melatonin.

Pineal gland-derived melatonin is taken into mitochondria by PEPT1/2 and acts to
regulate mitochondria functioning via the suppression of PDK, thereby disinhibiting PDC
and increasing the conversion of pyruvate to acetyl-CoA, which optimizes mitochondria
functioning via the citric acid cycle whilst also acting as a necessary co-substrate for AANAT
and melatonergic pathway activation. An increase in acetyl-CoA contributes to an increase in
melatonin production in mitochondria, which can shift breast cancer cells from a metabolism
based on cytosolic glycolysis (Warburg effect) to one of oxidative phosphorylation. A number
of factors may complicate this circadian-driven alteration in mitochondria metabolism by
melatonin, including increases in miR-451, miR-375 and miR-7, which can decrease 14-3-3.
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If decreased 14-3-3 occurs in mitochondria it will prevent the stabilization of AANAT and
therefore prevent mitochondria melatonergic pathway activation. Stress, oxidative stress and
pro-inflammatory cytokines can increase IDO and TDO, leading to kynurenine and kynurenic
acid, which activate the AhR, leading to CYP1B1's 'backward’ conversion of melatonin to
NAS. An increase, vs decrease, in the NAS/melatonin ratio may have dramatically opposing
effects on breast cancer cell proliferation, metastasis and apoptosis. Pineal gland-derived
melatonin is also likely to have impacts on the tumor microenvironment, including via
exosomes released and in the mitochondria functioning of cells in the tumor
microenvironment, including via mitochondria melatonergic pathway activation.

Abbreviations: 5-HT: 5-hydroxytryptamine; AANAT: aralkylamine N-acetyltransferase;
AhR: aryl hydrocarbon receptor; CYP: cytochrome P450; IDO: indoleamine 2,3-
dioxygenase; miR: microRNA; NAS: N-acetylserotonin; PDC: pyruvate dehydrogenase
complex; PDK: pyruvate dehydrogenase kinase; PEPT: peptide transporter; TDO:
tryptophan 2,3-dioxygenase; TrkB: tyrosine kinase receptor-B

3. DAYTIME MITOCHONDRIA REGULATION

As well as night-time reseting of mitochondria oxidative phosphorylation, a number of
factors may similarly act to regulate daytime mitochondria oxidative phosphorylation,
exemplified by the effects of orexin/hypocretin. Central oexin is produced in the perifornical
area of the posterior lateral hypothalamus and is strongly associated with ‘wake-promotion’,
in sharp contrast to the sleep-promoting effects of pineal gland-derived melatonin. However,
orexin seems to have similar impact on mitochondria functioning as melatonin, including
increasing PDC disinhibition and the production of acetyl-CoA, and therefore the activity of
the mitochondria melatonergic pathway (17). As such the wake-promoting effects of daytime
orexin may parallel the night-time effects of pineal gland-derived melatonin via the
optimization of mitochondria functioning, driven at least partly via an increase in the activity
of the mitochondria melatonergic pathway.

Hypothalamic orexin and pineal gland derived melatonin have some reciprocally
inhibitory interactions, as shown in preclinical data (18,19), suggesting that the decrease in
pineal gland melatonin in breast cancer associates with raised orexin levels that contribute to
sleep disruption and circadian dysregulation in breast cancer patients (20). As such, the
suppression of pineal gland-derived melatonin in the susceptibility to, and early course of,
breast cancer may drive wider circadian dysregulation. The association of an initial increase
in orexin will interact with stress responses, including via the sleep disruption and circadian
dysregulation induced. Consequently, the alterations in the reciprocal interactions of
melatonin and orexin will have temporal interactions with stress.

Stress is long-associated with the susceptibility to, and course of, breast, and other cancers
(21). As well as shift-work, pineal gland-derived melatonin can also be suppressed by stress,
ageing and an increase in immune-inflammatory activity (22). Some of the effects of stress
are mediated via gut dysbiosis and increased gut permeability, thereby raising levels of
circulating lipopolysaccharide (LPS), oxidative stress and immune-inflammatory activity
(23). LPS can activate microglia, raising levels of inducible nitric oxide synthase (iNOS) and
superoxide, which drives the synthesis of the highly toxic oxidant, peroxynitrite (24).
Peroxynitrite is a major driver of acid sphingomyelinase (aSMase) and thereby long-chain
ceramides (25). Long-chain ceramides increase apoptosis in orexin neurons and suppress
orexin synthesis. As such, the initial increase in wake-promoting orexin in breast cancer may
be reversed by the effects of stress, including via LPS and ceramide, leading to the loss of
mitochondria oxidative phosphorylation by daytime orexin and night-time pineal gland-
derived melatonin. This would suggest a significant alteration in central circadian regulation
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in association with gut-linked stress processes in breast cancer. Such alterations will have
significant impacts on mitochondrial functioning, both centrally and systemically, including
changes in immune cell mitochondria and thereby in immune cell functioning (26).

Although ceramide is often regarded as useful in breast cancer, via its role in driving
breast cancer apoptosis (27), its effects centrally will drive some of the circadian
symptomatology often evident in breast cancer patients. Ceramide lowers levels of cell 14-3-
3, leading to the loss of AANAT stabilization by 14-3-3 (28), thereby indicating that ceramide
may act to suppress the mitochondria melatonergic pathway and its regulation of glycolysis
and oxidative phosphorylation with consequences for circadian dysregulation. Clearly, the
mitochondria melatonergic pathway would seem to be an important hub that is relevant to the
pathogenesis of breast cancer, as well as in the central and systemic changes that underpin
wider breast cancer symptomatology, including in hypothalamic orexin neurons. Stress
effects in the regulation of the gut microbiome/permeability may be another crucial hub in
breast cancer pathophysiology, both centrally and systemically, via the modulation of
mitochondria functioning, thereby highlighting the importance of gut-mitochondria
interactions (23).

4. CONCLUSIONS

Overall, the article of Reiter and colleagues provides a novel model that can integrate
previous data as well as highlighting the need for further investigation on the role of pineal
gland-derived melatonin in the pathoetiology and pathophysiology of breast cancer. The role
of pineal- and mitochondria-derived melatonin in the regulation of PDK/PDC, acetyl-CoA,
pyruvate and lactate will be important to determine. This may be of particular importance in
the early pathogenesis of breast cancers. Wider bodies of data classically associated with
breast cancer pathophysiology, including the AhR, CYP1B1, 14-3-3 and mitochondria
plasticity may be intimately intertwined with such circadian processes, including putative
shifts in the NAS/melatonin ratio. Variations in the NAS/melatonin ratio may allow for the
melatonergic pathway to have proliferative or apoptotic consequences in breast cancers. The
suppression of pineal-gland melatonin will contribute to an initial disinhibition of orexin and
its wake-promoting effects, which may be countered by the heightened levels of central
ceramide, as influenced by gut dysbiosis. Overall, the processes as highlighted by Reiter and
colleagues focus on core aspects of cellular functioning, whilst hinting at the developmental
complexity underpinning the pathogenesis of breast cancer cells.
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