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Abstract: There is a growing interest in the role of alterations in mitochondrial metabolism in the
pathoetiology and pathophysiology of cancers, including within the array of diverse cells that can
form a given tumor microenvironment. The ‘exhaustion’ in natural killer cells and CD8+ t cells as
well as the tolerogenic nature of dendritic cells in the tumor microenvironment seems determined by
variations in mitochondrial function. Recent work has highlighted the important role played by the
melatonergic pathway in optimizing mitochondrial function, limiting ROS production, endogenous
antioxidants upregulation and consequent impacts of mitochondrial ROS on ROS-dependent microR-
NAs, thereby impacting on patterned gene expression. Within the tumor microenvironment, the
tumor, in a quest for survival, seeks to ‘dominate’ the dynamic intercellular interactions by limiting the
capacity of cells to optimally function, via the regulation of their mitochondrial melatonergic pathway.
One aspect of this is the tumor’s upregulation of kynurenine and the activation of the aryl hydrocar-
bon receptor, which acts to metabolize melatonin and increase the N-acetylserotonin/melatonin ratio,
with effluxed N-acetylserotonin acting as a brain-derived neurotrophic factor (BDNF) mimic via its
activation of the BDNF receptor, TrkB, thereby increasing the survival and proliferation of tumors
and cancer stem-like cells. This article highlights how many of the known regulators of cells in the
tumor microenvironment can be downstream of the mitochondrial melatonergic pathway regulation.
Future research and treatment implications are indicated.

Keywords: tumor microenvironment; mitochondria; melatonin; N-acetylserotonin; aryl hydrocarbon
receptor; kynurenine; gut microbiome; circadian; treatment

1. Introduction

In recent decades, the conceptualization of cancers has focused on susceptibility muta-
tions, with treatments determined largely by particular mutations evident in a given tumor.
However, since the time of Warburg’s first publication on the role of metabolism and the
shifting from oxidative phosphorylation (OXPHOS) to glycolysis [1], there has been a steady
interest as to how metabolic processes drive cancer pathoetiology and pathophysiology.
The Warburg effect is thought to arise from mutational and hypoxic challenges upregulat-
ing glycolysis for the provision of adenosine triphosphate (ATP), nucleotides, lipids, and
amino acids for the growth of cancer cells even under aerobic conditions. More recent work
shows many cancers to still predominantly use OXPHOS, such as epithelial ovarian cancer,
although an upregulation of glycolysis is often evident [2]. A consequence of utilizing
glycolysis as a primary energy source is that pyruvate is converted into lactate, which
decreases the conversion of pyruvate to acetyl-CoA. Acetyl-CoA is necessary to optimize
ATP production from the tricarboxylic acid (TCA) cycle, as well as OXPHOS. Acetyl-CoA
is also a necessary co-substrate for the first enzyme in the melatonergic pathway, aralky-
lamine N-acetyltransferase (AANAT), indicating that the upregulation of glycolysis, and
the relative suppression of acetyl-CoA, the TCA cycle and OXPHOS may be intimately
associated with alterations in the regulation of the mitochondrial melatonergic pathway [3].
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The tryptophan-melatonin pathway is shown in Figure 1 (gold shading), where the
enzymatic regulators and necessary co-substrates of the tryptophan-melatonergic pathway
are also shown (green shading). Melatonin is classically associated with its night-time
release from the pineal gland, where it is associated with the regulation of the circadian
rhythm, as well as being a powerful antioxidant, anti-inflammatory, antinociceptive, anti-
neoplastic, and optimizer of mitochondrial function. The melatonergic pathway is initiated
by the stabilization of AANAT by 14-3-3zeta in the presence of acetyl-CoA. Recent data
indicates the melatonergic pathway to be evident in all body cells, mostly within mitochon-
dria. Genomic regulation of the melatonergic pathway has been primarily investigated in
the pineal gland, where the norepinephrine activation of the adrenergic Beta-1 receptor
induces cAMP, which increases protein kinase (PK)A and the PKA phosphorylation of
AANAT. The interactions of the melatonergic pathway with mitochondria and metabolism
of tumors and tumor microenvironment cells are crucial aspects of the metabolic alterations
long associated with tumors since the first publications by Warburg [3].
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Figure 1. Shows the tryptophan-melatonin pathway (gold) and the factors that are required to
enact this pathway (green). The tumor can release a number of factors to inhibit the tryptophan-
melatonin pathway (orange), including pro-inflammatory cytokine induction of IDO and TDO, which
decreases tryptophan availability. The induction of IDO/TDO in tumors leads to the production
and release of kynurenine, which activates the AhR/CYP1B1, thereby metabolizing melatonin, as
well as having a wide array of other effects. The direct or indirect release of glutamate or ATP
will activate mGluR5 and P2Y1, which, like AhR activation, will increase the NAS/melatonin ratio.
All pathway facilitating factors (green) are potential direct and indirect targets of tumors in the
regulation of the tryptophan-melatonin pathway in other cells of the tumor microenvironment.
Abbreviations: AANAT: aralkylamine N-acetyltransferase; AhR: aryl hydrocarbon receptor; ASMT:
N-acetylserotonin O-methyltransferase; CYP: cytochrome P450; IDO: indoleamine 2,3-dioxygenase;
mGluR5: metabotropic glutamate receptor 5; NAS: N-acetylserotonin; OAT: organic anion transporter;
P2Y1r: purinergic receptor 2Y1; PEPT1/2: peptide transporter 1/2; TDO: tryptophan 2,3-dioxygenase;
TPH: tryptophan hydroxylase.

A shift to glycolysis is an evolutionary conserved process, a variation of which is an
integral aspect of immune cell activation, which requires an upregulation of glycolysis
during the course of immune cell activation, in order to energize and prepare immune
cells entering a challenging environment. The incapacity to upregulate glycolysis, coupled
to a low OXPHOS level, is what underpins the ‘exhaustion’ of natural killer (NK) cells
and CD8+ t cells in the tumor microenvironment [3]. ‘Exhaustion’ refers to the failure
of NK cells and CD8+ t cells to upregulate energy production (mostly glycolysis), which
prevents these cells from producing a cytotoxic response, thereby preventing their capacity
to kill cancer cells. Glycolysis upregulation is also necessary for macrophage activation,
which invariably requires the induction of the inflammatory transcription factor, nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB). Interestingly, the process
of macrophage activation by NF-kB also temporally synchronizes the deactivation of cells
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via NF-kB induction of the mitochondrial melatonergic pathway, and the subsequent
effects of intracrine, autocrine and paracrine melatonin [4]. This sequential induction
of the melatonergic pathway also seems an intimate aspect of the process of activation-
deactivation in other, if not all, immune cells [5]. Such data in immune cells indicates
that variations in relative glycolytic vs. OXPHOS metabolism, may be intimately linked
to alterations in the regulation of the melatonergic pathway. This is strongly supported
by the opposing effects of glycolysis and OXPHOS on the conversion of pyruvate to
acetyl-CoA, given that acetyl-CoA is a necessary co-substrate for the initiation of the
melatonergic pathway.

This article reviews the roles of metabolism in the different cells present in the tumor
microenvironment, proposing that the wide array of diverse fluxes occurring among cells is
strongly determined by core metabolic processes, of which the mitochondrial melatonergic
pathway is an integral aspect. Cancer cells become the ‘dominant’ determinants of the
tumor microenvironment by regulating the capacity of other cells present to induce the
mitochondrial melatonergic pathway. NK cells and CD8+ t cells, rather than killing cancer
cells, may conversely be providers of trophic support via the release of the melatonin
precursor, N-acetylserotonin (NAS) [3]. The incorporation of the mitochondrial melatoner-
gic pathway allows the better integration of the vast array of data collected on the tumor
microenvironment and the intercellular interactions occurring, emphasizing the importance
of core metabolic processes.

2. Tumor Microenvironment

Cancer cells do not exist independently in vivo but are part of a network of dynami-
cally interacting cells within the tumor microenvironment.

2.1. Tumour Microenvironment Cells

A number of different cells can participate in the interactions of the tumor microen-
vironment, including cancer cells, cancer stem-like cells, macrophages, NK cells, CD8+ t
cells, CD4+ t cells, dendritic cells, mesenchymal stem cells, γδ t cells, neutrophils, myeloid-
derived suppressor cells (MDSCs), endothelial cells and platelets as well as quiescent or
partially transformed resident cells in a given tissue [6]. These cells are in dynamic interac-
tion, leading to variations in plasma membrane receptor and channel expressions, as well
as releases and effects of thousands of proteins, including within exosomes and vesicles [6].
This has led to a plethora of studies over many decades detailing the alterations in different
membrane expressed proteins and fluxes, as well as the intracellular factors regulating
them, such as microRNAs (miRNA) and long non-coding RNAs. It is generally assumed
that mutations have impacts on such plasma membrane expressions/fluxes/miRNAs, with
the targeting of such mutations-driven plasma membrane proteins or fluxes being the
primary treatment aim of many pharmaceuticals, including various immune-checkpoint
inhibitors [7]. The complexity of such dynamic intercellular interactions has led to a large
percentage of cancer funded research focusing on tumor cell lines, which emphasizes the
importance of the individual tumor, whilst avoiding the complexity of tumor microenvi-
ronment interactions that occur in clinical cases.

More recent work has highlighted the importance of dynamic metabolism as an im-
portant aspect of the plasticity available to cells to deal with the ever-changing interactions
within the tumor microenvironment [2]. Recently, it was proposed that tumors act to
‘domineer’ the other cells in the tumor microenvironment by shaping their mitochondrial
function, especially via the regulation of the mitochondrial melatonergic pathway [3]. As
this assumes that the mitochondrial melatonergic pathway is a core aspect of physiological
function, it would be useful to review this pathway next.

2.2. Tryptophan-Melatonin Pathway

Most tryptophan is derived from dietary sources, although it is likely to that the
presence of the Shikimate pathway in the human gut microbiome will also be a relevant
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tryptophan source [8]. Tryptophan is taken into cells via a number of different transporters,
including the large amino acid transporter, (LAT)1 (SLC7A5), along with other essential
amino acids. Tryptophan can be converted to serotonin by tryptophan hydroxylase (TPH)1
or TPH2. As TPH2 requires the 14-3-3eta isoform to be stabilized, factors regulating this
14-3-3 isoform will determine the capacity of cells to synthesize serotonin from tryptophan.
Serotonin is then converted by 14-3-3zeta-stabilized AANAT, in the presence of acetyl-CoA,
to N-acetylserotonin (NAS), which is then converted by acetylserotonin methyltransferase
(ASMT) to melatonin. Factors regulating 14-3-3zeta and/or acetyl-CoA availability will
then determine the levels of NAS and melatonin derived from serotonin. Not all NAS is
converted to melatonin, leading to variations in the NAS/melatonin ratio, which is likely
to be of some importance in the tumor microenvironment. Exogenous melatonin can be
taken into mitochondria by the organic anion transporter (OAT)3 and peptide transporters
(PEPT)1/2 [9]. See Figure 1.

A number of receptors with relevance in many cancers, can increase the NAS/melatonin
ratio either by melatonin metabolism and/or via the ‘backward’ conversion of melatonin to
NAS via O-demethylation, including the aryl hydrocarbon receptor (AhR), purinergic P2Y1
receptor, and the metabotropic glutamate receptor (mGluR)5 [10]. As 14-3-3 is suppressed
by a number of miRNAs, including miR-7, miR-375, miR-451 and miR-709, these miRNAs
will also dysregulate the tryptophan-melatonin pathway, in a manner dependent upon the
14-3-3 isoform suppressed [11,12]. These miRNAs are also associated with the regulation
of different cancers [13–15], as are the P2Y1r [16] and mGluR5 receptors [17], whilst the
AhR is a crucial aspect of cancers and the tumor microenvironment [18]. AhR activation
suppresses NK cells and CD8+ t cells cytotoxicity and therefore their capacity to kill can-
cer cells [3,18]. The AhR is also activated by human epidermal growth factor receptor 2
(HER2) to drive mammosphere formation and cancer stem-like cell maintenance in breast
cancers [19]. The AhR has a number of endogenous and exogenous ligands, including
tryptophan-derived kynurenine.

The pro-inflammatory cytokines interleukin (IL)-1B, IL-6, IL-18 and tumor necrosis
factor alpha (TNFa), but especially gamma-interferon (IFN-γ), induce indoleamine 2,3-
dioxygenase (IDO) as well as stress/cortisol-associated tryptophan 2,3-dioxygenase (TDO),
thereby converting tryptophan to kynurenine. Kynurenine and its metabolite, kynurenic
acid, activate the AhR, indicating that the induction of these endogenous AhR ligands
is intimately linked to suppressing tryptophan availability for the tryptophan-melatonin
pathway. The AhR and melatonin also have reciprocal inhibitory interactions, including in
NK cells where melatonin upregulates the cytotoxicity and cancer-killing capacity of NK
cells [20], which is inhibited by the AhR, including via the AhR induction of the ‘immune
checkpoint’ receptor, programmed cell death (PD)-1 [18]. The mutually antagonistic inter-
actions of melatonin and the AhR are an important aspect of the intercellular interactions
occurring in the tumor microenvironment.

Two key transcription factors associated with cancer promotion and the regulation of
other cells in the tumor microenvironment are NF-kB [21] and yin yang (YY)1 [22]. Both
NF-kB and YY1 upregulate the melatonergic pathway across different cell types [4,23], with
the intracrine and autocrine effects of melatonin being built into the activation-deactivation
process of NF-kB effects in reactive cells, such as macrophages [4]. The capacity of cancer
associated AhR/CYP1B1, P2Y1r and mGluR5 to upregulate the NAS/melatonin ratio is
important [24]. NAS is a brain-derived neurotrophic factor (BDNF) mimic via its activation
of the BDNF receptor, TrkB [25]. TrkB activation by BDNF (or NAS) is a significant driver of
cancer stem-like cell survival and proliferation [26]. TrkB expression is often indicative of
poor prognosis across an array of different cancers [27]. Such data highlights the importance
of variations in the melatonergic pathway in the tumor microenvironment, given that NAS,
via TrkB activation, is associated with the proliferation and survival of cancer cells and
cancer stem-like cells, whereas exogenous melatonin leads to the apoptosis of almost
every cancer cell to which it has been applied [28]. This would strongly suggest that the
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regulation of the melatonergic pathway, especially the NAS/melatonin ratio, in the tumor
microenvironment is of the utmost importance.

Exogenous, and presumably pineal, melatonin is taken up into tumor mitochondria
via PEPT1/2, whilst the sulphation metabolites of melatonin are taken up via OAT3 [9].
Exogenous melatonin acts to induce the mitochondrial melatonergic pathway, often in asso-
ciation with an increase in OXPHOS and a reduction in Warburg-like glycolytic metabolism,
as shown in ovarian cancer cells [29]. These authors showed melatonin to increase pyruvate
and decrease lactate and lactate dehydrogenase, coupled to a positive correlation of ASMT
with the pyruvate dehydrogenase complex (PDC) and ATP synthase genes, indicating the
association of melatonin synthesis with OXPHOS [29]. These data are derived from an
ovarian cancer cell line, SKOV3, and therefore are not necessarily reflective of the dynamic
interactions that would be occurring in vivo. However, this data does highlight the signif-
icant impacts of exogenous and endogenous melatonin, and the dangers that this poses
for cancer cell survival. A plethora of studies on an array of diverse cancers have shown
similar endpoints, namely melatonin induced apoptosis in cancer cells, including via the
suppression of PD-1 and the epithelial-mesenchymal transition (EMT) [30].

As all cells in the tumor microenvironment seem to have the capacity to produce
melatonin, it would seem clear that for cancer cells to survive, they would have to suppress
the capacity of neighboring cells to release melatonin and/or suppress melatonin effects.
This seems to be primarily achieved by IDO/TDO induction and associated conversion of
tryptophan to kynurenine, thereby activating the AhR to metabolize melatonin and increase
the NAS/melatonin ratio. As shown in Figure 1, cancer cells may target a number of factors
that act to regulate the mitochondrial melatonergic pathway in tumor microenvironment
cells, including tryptophan uptake, 14-3-3 isoforms, TPH1/2, serotonin uptake/metabolism,
acetyl-CoA, AANAT, ASMT, P2Y1r and mGluR5 receptor, as well as the AhR. Clearly,
the diverse array of dynamic fluxes/exosomes/vesicles across cell types in the tumor
microenvironment may be having significant impacts, both directly and indirectly, on the
tryptophan-melatonin pathway.

The above begs the question as to why the melatonergic pathway is linked to core
physiological processes. The melatonergic pathway is evident in all cells so far investigated,
predominantly within mitochondria. This seems universal across the three kingdoms of life
(plants, animals and fungi), due to the melatonergic pathway being evident in the ancient
bacteria that crept into a unicellular organism to initiate the beginnings of multi-cellular
life approximately 2 billion years ago [31]. The melatonergic pathway seems to have been
maintained across the variety of life that has existed over the past 2 billion years, suggesting
that it is an important aspect of life in its many manifestations. It is highly likely that the
melatonergic pathway is evident in all cells of the tumor microenvironment. Consequently,
the genetic or epigenetic suppression of the melatonergic pathway makes cells less capable
of maintaining their homeostatic cellular function, making such cells less able to manage
external influences, including the influence of cancer and cancer stem-like cells in the
tumor microenvironment, allowing tumors to have a more dominant determination of
intercellular interactions.

2.3. Mitochondrial Metabolism in Tumour Microenvironment

The factors underpinning alterations in mitochondrial function in the wide array of
tumor microenvironment cells is an area of cutting-edge research.

2.3.1. Natural Killer Cells

Optimally functioning NK cells have the capacity to kill cancer cells and virus-infected
cells [32], which is dependent upon metabolism, namely the interactions of OXPHOS and
glycolysis in NK cells [3]. Consequently, the regulation of NK cell activity, both directly
and via other tumor microenvironment cells (see Figure 1), is crucial for tumor cell survival.
Unlike cytotoxic t cells, NK cells do not require danger indicants/alarms, such as high-
mobility group box (HMGB)1, ATP or heat shock protein (hsp)70 to detect and eliminate



Int. J. Mol. Sci. 2023, 24, 311 6 of 24

cancer cells. Rather, NK cell detection of major histocompatibility complex (MHC)-class 1
on cancer cell plasma membranes determines a cytotoxic response, involving the release of
lytic enzymes, such as perforin and granzymes.

As indicated, a powerful aspect of NK cell control by the tumor is via IDO induction,
thereby converting tryptophan to kynurenine, which activates the AhR [18]. As to whether
the AhR-induced CYP1B1 leads to the ‘backward’ conversion of melatonin to NAS, with
released NAS activating TrkB on cancer cells and cancer stem-like cells will be important
to determine. If this occurs, it indicates that tumors turn their potential assassins into
providers of trophic and metabolic support. The AhR-induced CYP1B1 also metabolizes
melatonin, suppressing melatonin levels, thereby increasing the NAS/melatonin ratio.

NK cell cytotoxicity and IFN-γ production are intimately associated with optimized
NK cell mitochondrial function [33], with acetyl-CoA potentially acting as an important
interface between mitochondrial function and the capacity to induce glycolysis in the
course of NK cell activation, at least partly via the acetylation of sphingosine, leading to N-
acetylsphingosine, which acetylates and negates the suppressive effects of cyclooxygenase
(COX)2/prostaglandin (PG)E2/EP2/4 and the deacetylated Raptor-induced mTORC1
mislocalization, thereby enhancing NK cell activation [3]. The maintenance of OXPHOS is
therefore required to induce an effective, cytotoxic phenotype in NK cells. The suppression
of NK cell OXPHOS and glycolysis is evident in cancer patients, which is at least partly
driven by transforming growth factor (TGF)β [34] (See Figure 1). AhR activation not only
increases COX2 and NAS, but also TGFβ, adenosine A2Ar and acetyl-CoA carboxylase,
the latter decreasing acetyl-CoA availability. All of these AhR-driven changes suppress
NK cell metabolism [3]. The consequences of these changes include alterations in levels of
mitochondrial ROS and miRNA patterning, leading to an array of NK phenotype defining
gene expressions, including the upregulation of PD-1. The details of such changes in NK
cells will be important to determine, especially as to factors inducing miR-138, which
suppresses PD-1 and PDK1 [35]. As melatonin also suppresses PDK1 [36,37], variations in
the intracrine, autocrine and paracrine effects of melatonin will drive significant changes in
the cytotoxicity of NK cells, and their capacity to kill cancer cells.

It is important to note that such changes in NK cell function do not seem restricted to
NK cell responses to cancer, as the suppression of glycolysis, OXPHOS and mTORC1 [3]
in circulating NK cells are evident in many other medical conditions, including inflam-
matory bowel disease [38], highlighting the ready plasticity of NK cell responses to the
local cellular microenvironment. Melatonin optimizes NK cell cytotoxicity [39], including
elevating the ageing-associated decrease in the plasma membrane expression of CD62L
on NK cells, thereby enhancing NK cell (and CD8+ t cell) ability to enter sites of tumor
growth and chronic inflammation [40]. As cancer is one of the many ageing-associated
medical conditions [41], such impacts of melatonin will be relevant to how NK cell function
modulates cancer pathoetiology and pathophysiology. The 10-fold decrease in pineal mela-
tonin production from human adolescence to 80 years of age, will decrease the capacity of
melatonin to optimize NK cell mitochondrial function and cytotoxicity efficacy over the
circadian rhythm [42]. This may be important to cancer pathogenesis, given the increased
risk of many cancers over the course of aging. As NK cell cytotoxicity is differentially
regulated over the circadian rhythm, the attenuation of pineal melatonin production over
the course of ageing, will contribute to suboptimal mitochondrial function and effective
cytotoxicity in NK cells. This is likely to contribute to the course of ‘immune ageing’, which
underpins many medical conditions, including cancer pathogenesis [3].

2.3.2. Cytotoxic CD8+ t Cells

As with NK cells, CD8+ t cells can kill cancer cells and virus-infected cells. However,
unlike NK cells, cytotoxic CD8+ t cells require priming by danger indicants/alarmins,
such as HMGB1, ATP or hsp70 to detect and eliminate cancer cells [43]. Recent data has
highlighted the crucial role of mitochondrial function, and translation, in determining
CD8+ t cell serial cytotoxic responses to cancer cells and virus-infected cells following their
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initial activation by T cell receptors [44,45]. Like NK cells, the cytotoxicity of CD8+ t cells
are significantly determined by the circadian rhythm [46].

CD8+ t cells are regulated similarly to NK cells in the tumor microenvironment, with
CD8+ t cells also induced into a state of ‘exhaustion’. As with NK cells, CD8+ t cells are
positively regulated by melatonin in cancers [47], as well as over the course of ageing,
where melatonin offsets the ageing/inflammation-associated suppression of CD62L on
CD8+ t cells [40]. Such data highlights how suppression of local and pineal melatonin will
modulate CD8+ t cell cytotoxicity.

2.3.3. Macrophages

M2-like macrophages are important regulators of the tumor microenvironment, sig-
nificantly contributing to therapeutic resistance [48]. Macrophage depletion suppresses
tumor growth and potentiates chemotherapy efficacy, as shown in lung cancers [49], indi-
cating the significant role that M2-like macrophages have in the tumor microenvironment.
As indicated above, macrophages are one of the few immune cells where the melaton-
ergic pathway, via autocrine melatonin, is the major driver of the shift from an M1-like
to an M2-like macrophage phenotype [4]. The macrophage melatonergic pathway can
therefore have opposing effects on M1-like and M2-like macrophages phenotypes in the
tumor microenvironment, being apoptotic and pro-growth, respectively [49]. However,
should macrophages release melatonin into the tumor microenvironment, this could prove
problematic to cancer cells and cancer stem-like cells, given the toxic effects of melatonin
in cancers.

As noted, COX2/PGE2/EP2/4 activation are significant contributors to NK cell ‘ex-
haustion’ [3]. COX2-derived PGE2 is also a significant determinant of CD8+ t cell ‘exhaus-
tion’ in the tumor microenvironment, with effects that seem mediated via macrophages [50].
These authors propose that it is the release of macrophage TGFβ that drives CD8+ t cell [50],
and NK cell [34], exhaustion. Interestingly, PGE2 in macrophages drives an M2-like phe-
notype via the upregulation and induction of the BDNF/TrkB pathway [51]. This would
indicate that the induction and release of NAS, via autocrine effects at TrkB, may also
contribute to the M2-like macrophage phenotype in the tumor microenvironment, with
consequent increases in TGFβ release that contributes to ‘exhaustion’ in NK cells and CD8+
t cells. Concurrently, macrophage released NAS would have paracrine effects, including
activating TrkB on cancer stem-like cells to enhance their proliferation and survival.

The interactions of NK cells, CD8+ t cells and macrophages in the tumor microenvi-
ronment provides a simple model of how intercellular communication among these cells
may be importantly driven by variations in their mitochondrial melatonergic pathway, as
shown in Figure 2.

However, the dynamic interactions of tumor microenvironment cells will consider-
ably complicate their intercellular communications. For macrophages to produce and
release NAS would require either a suppression of its conversion to melatonin and/or
the conversion of melatonin to NAS by the AhR, P2Y1r or mGluR5 [3]. As noted, the
AhR is an important target for tumor-derived kynurenine in the suppression of NK cell
and CD8+ t cell activation [18]. However, the consequences of AhR effects are highly
variable, partly dependent upon its many specific ligands and the particular cell being
investigated. Gut microbiome-derived indole-3-propionate partially activates the AhR on
macrophages to induce an M2-like phenotype [52], similar to the macrophage phenotype
in the tumor microenvironment. AhR activation by air pollution particular matter elevates
heparin-binding EGF-like growth factor (HBEGF) in macrophages, the release of which
induces epithelial-to-mesenchymal transition (EMT) in cancer cells, thereby increasing
metastasis [53]. However, in fibrotic pulmonary epithelial cells, AhR activation can trigger
a pro-inflammatory M1-like macrophage phenotype [54], highlighting the complex, and
often contrasting, consequences of AhR activation. Such complexity seems to arise from
variations in the activation of the macrophage mitochondrial melatonergic pathway. As
indicated, COX2-derived PGE2 induces BDNF and TrkB activation, leading to an M2-like
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macrophage phenotype, as would NAS [51]. This could indicate that factors such as
COX2/PGE2/BDNF-NAS/TrkB activation, in driving alterations in core mitochondrial
processes, will be contributing to the seeming complexity of AhR activation in macrophages,
and in other cell types. Clearly, the interactions of melatonergic pathway regulation with
AhR effects requires investigation in macrophages of the tumor microenvironment.
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Macrophage activation typically involves NF-kB induction to induce a pro-inflammatory
phenotype patterning of induced genes. NF-kB also upregulates melatonin production, the
autocrine effects of melatonin providing time-limited inflammatory responses [4]. As to how
the inability of NF-kB to induce NAS and/or melatonin interacts with the activation and
deactivation of macrophages will be important to determine. Other factors acting to suppress
macrophage activation and deactivation, such as specialized pro-resolving mediators, will
also require investigation in this context. Clearly, the interaction of the AhR with NF-kB and
the melatonergic pathway in the regulation of macrophage, and other immune cell, require
investigation.

Other regulators of the NAS/melatonin ratio may also be relevant in the modulation of
macrophage plasticity in the tumor microenvironment. Extracellular ATP levels are higher
in the tumor microenvironment [55], although can be quickly converted to adenosine.
M1-like and M2-like macrophages can be differentiated by their expression of purinergic
receptors, with P2Y13r and P2Y14r overexpressed in the M1-like phenotype, whilst the
P2Y1r and P2Y6r are exclusively upregulated in the M2-like phenotype [56]. This would
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indicate a role for P2Y1r activation inducing an increase in the NAS/melatonin ratio in the
maintenance of macrophage phenotypes in the tumor microenvironment, concurrent to a
maintained provision of macrophage-derived NAS for TrkB activation on cancer stem-like
cells. Glutamate can also be abundantly released from tumor cells, contributing not only to
the suppression of neutrophil killing capacity in the tumor microenvironment [57], but also
to mGluR5 activation. Activation of mGluR5 also elevates the NAS/melatonin ratio, with
macrophage mGluR5 activation initiating a metabolic rearrangement in macrophages that is
proposed to contribute to an immunosuppressive phenotype [58]. The heightened levels of
tumor-derived glutamate and ATP, like kynurenine, may be intimately associated with the
regulation of the NAS/melatonin ratio across different cells of the tumor microenvironment.

Overall, the ready availability of ligands for the AhR, P2Y1r, and mGluR5 in the
tumor microenvironment, and the consequences of their activation in macrophages suggest
significant impacts on metabolism that include the upregulation of the NAS/melatonin
ratio, contributing to an M2-like phenotype, whilst possibly enhancing the availability of
NAS to promote cancer stem-like cell survival and proliferation. The production and release
of NAS will be important to determine in macrophages, including as to the relevance of
macrophage NAS in the maintenance, proliferation, migration and re-emergence of cancers.

However, as the removal of macrophages from the tumor microenvironment limits,
but does not stop, progression [49], it is clear that other tumor microenvironment cells have
significant impacts.

2.4. Neutrophils

Neutrophils are often defined as the ‘fast-responding’ immune cells to challenge
or invasion. Recent work has indicated a role for neutrophils in the tumor microenvi-
ronment [59]. Neutrophils are directly, and indirectly, regulated by AhR activation [60].
Neutrophils also express mGluR5, which modulates their activity [61], whilst neutrophils
are also a significant source of extracellular glutamate [62]. P2Y1 receptor activation on
platelets [62] and macrophages [63] allows these cells to chemoattract neutrophils in the
course of inflammation-associated medical conditions. Such data would indicate that
alterations in melatonergic pathway regulation may be important aspects of neutrophil
chemoattraction and activation.

Neutrophils have relatively few mitochondria, relying more on glycolysis for energy
production [64]. This has led to a paucity of research on the role of mitochondria in neu-
trophils. However, recently this has changed, with a growing body of evidence indicating
the significant role that mitochondria play in neutrophil development, chemotaxis, effec-
tor function/phenotype and apoptosis, as well as emerging treatment implications [65].
Autocrine mitochondrial ATP at the P2Y2r is necessary for neutrophil chemotaxis, and
mitochondrial ROS is necessary for effector functions [64].

Exogenous melatonin has significant impacts on neutrophils, including as to how
neutrophils regulate breast cancer cell survival and apoptosis [66]. The beneficial effects of
exogenous melatonin in optimizing neutrophil effector function and ROS-driven killing
capacity are attributed to melatonin upregulation of neutrophil glutathione (GSH), high-
lighting the importance of antioxidant regulation in neutrophil function [67]. Neutrophil
GSH upregulation is dependent upon heightened expression of the cystine-glutamate an-
tiporter [68], indicating that neutrophil activation will be intimately linked to the paracrine
and autocrine effects of glutamate. In the course of sepsis, the beneficial effects of mela-
tonin are mediated via the promotion of neutrophil extracellular trap (NET), coupled to
an inhibition of a neutrophil phagocytic (N2-like) phenotype [69]. The N2-like neutrophil
phenotype participates in inflammation resolution and phagocytic activity, which includes
the upregulation of BDNF effects at the TrkB receptor [70]. Both NF-kB [71] and YY1 [72]
regulate neutrophil activation and chemotaxis. As both NF-kB and YY1 concurrently upreg-
ulate the melatonergic pathway, this would be indicating a role for melatonergic pathway
availability, especially the NAS/melatonin ratio, in determining neutrophil phenotype and
effects within the tumor microenvironment. Although there is no data pertaining to the
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presence or regulation of the melatonergic pathway in neutrophils, the data highlighted
above would indicate that variations in the autocrine and paracrine effects of NAS vs mela-
tonin would have distinct impacts on neutrophil phenotype and interactions with other
cell types. Factors regulating the tryptophan-melatonin pathway, including 14-3-3 proteins
and serotonin (as shown in Figure 1), will be important to determine in neutrophils. This
will clarify the relevance of the neutrophil tryptophan-melatonin pathway, including how
this pathway is shaped by intercellular interactions within the tumor microenvironment.

2.5. Platelets

Recent data shows platelets to have a significant role in the tumor microenvironment,
including via their interactions with circulating neutrophils [73]. The tumor microenvi-
ronment induces platelet aggregation and activation. Platelets are therefore a significant
treatment target in cancer management [74]. Platelets are involved in multiple processes in
the tumor microenvironment, including angiogenesis [75], microvesicle release [76], and
PD-L1 induction in cancer cells via NF-κB and/or TGFβ [77], with platelet-derived sub-
types proposed to regulate metastasis [78], including via lncRNAs [79] and miRNAs [80].
P2Y1 receptor activation on platelets allows platelets to chemoattract neutrophils in the
pathophysiology of a wide array of inflammation-associated medical conditions [62], in-
cluding in LPS induced pulmonary disorders [81]. The AhR is a significant regulator
of platelet development [82] and primed activation [83], indicating a role for cancer cell
kynurenine release in platelet activation. The impact of these melatonergic pathway reg-
ulating factors, P2Y1r and AhR, on platelet function would indicate the relevance of the
platelet mitochondrial melatonergic pathway.

Platelets are a significant source of serotonin in the tumor microenvironment. Pre-
clinical data show platelet-derived serotonin to contribute to CD8+ t cell suppression and
raised levels of PD-1, including in human cancer cells [84]. Serotonin concentrations in
the metastases of cancer patients inversely correlates with CD8+ t cell levels. Serotonin
depletion in preclinical models reverses these effects as well as decreasing PD-1 [84]. Such
data indicates that the controversial role of platelets in the tumor microenvironment may
be via its serotonin supply as a ready substrate for NAS synthesis, thereby suppressing
apoptosis, and increasing proliferation as well as driving TGFβ in macrophages, and
perhaps other cells of the tumor microenvironment. The importance of platelets in the
tumor microenvironment would therefore be intimately linked to the NAS/melatonin ratio,
with consequences for intercellular fluxes and coordinated immune responses, including
via NAS/TrkB/TGFβ in macrophages driving a tolerogenic dendritic cell phenotype that
suppresses CD8+ t cells and NK cells.

Mitochondria-derived ROS is a significant determinant of platelet activation [85],
with effects that include the induction of ROS-dependent miRNAs, thereby impacting on
gene patterning. Platelet mitochondria can also be released in extracellular vesicles to
modulate neighboring cell metabolic function [86]. Platelet deactivation involves sirtuin-1
and sirtuin-3 activation, with associated ROS suppression and optimized mitochondrial
function [87]. Pyruvate, TCA cycle regulation and OXPHOS capacity are significant de-
terminants of platelet activation as well as the contents of excreted granules [88]. As with
immune cells, platelet activation involves the upregulation of aerobic glycolysis, coupled
to maintained/upregulated OXPHOS [89], suggestive of a synchronized alteration in the
regulation of the platelet mitochondrial melatonergic pathway.

Exogenous melatonin suppresses platelet activation [10], as well as affording protec-
tion against platelet apoptosis [90]. High levels of serotonin are taken up and released
by platelets, indicating that platelets may be a significant source of serotonin as a neces-
sary precursor for the initiation of the melatonergic pathway. However, unlike serotonin,
melatonin does not seem to be stored in platelets [91]. As to whether the platelet melaton-
ergic pathway can be induced and/or upregulated to utilize stored serotonin or serotonin
taken up into platelets will be interesting to determine. Importantly, platelets store very
high BDNF concentrations, with BDNF acting to prime platelet activation, whilst very
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high, but feasible, BDNF concentrations drive platelet aggregation [92]. Platelets express a
truncated form of TrkB (TrkB-T), both on their plasma membrane and within an intracel-
lular compartment, with TrkB-T, lacking a tyrosine kinase domain [92]. TrkB-T activation
enhances platelet activation and aggregation, including the release of pro-inflammatory
and pro-angiogenesis factors [92]. This is suggestive of a significant role for circulating
BDNF in platelet activation. However, this data would also indicate that platelet NAS,
as well as NAS derived from other cells in the tumor microenvironment, would directly
act on TrkB-T, to upregulate pro-angiogenic and inflammatory cytokines. NAS may also
upregulate BDNF, as shown in the murine hippocampus [93]. Platelet TrkB-T activation is
proposed to mediate its effects via Rac1/PKC/Ca2+ as well as STAT3 [92].

However, the array of platelet effects may ultimately be driven by changes in the
platelet mitochondrial melatonergic pathway in association with heightened AhR acti-
vation by tumor-derived kynurenine. As to whether kynurenine/AhR/CYP1B1 drive
an increase in the NAS/melatonin ratio in tumor-associated platelets will be interesting
to determine. This would also suggest that under conditions of suppressed tryptophan
availability for serotonin synthesis, including from IDO/TDO conversion of tryptophan
to kynurenine, platelets provide a ready supply of serotonin. Whether platelet-provided
serotonin differentially regulates the mitochondrial melatonergic pathway of tumor mi-
croenvironment cells, by having its consequences limited to cells able to uptake serotonin
and convert it to NAS will be interesting to determine. Should such differential sero-
tonin uptake and conversion to NAS occur, this would have significant impacts on the
intercellular interactions within the tumor microenvironment.

This could indicate a significant role for variations in the NAS/melatonin ratio in the
regulation of platelet function in the tumor microenvironment, driven by the contrasting
effects of NAS and melatonin. Platelets may therefore be significant regulators of NAS (and
BDNF) production in the tumor microenvironment, with consequences for angiogenesis
and wider inflammatory-driven processes. Humans express two truncated TrkB receptors,
TrkB-T1 and TrkB-shc [92]. Data on TrkB-T1 indicate that it is upregulated by mitochondrial
ROS inducing ROS-dependent miRNAs, such as miR-4813, miR-34a and down regulated
by miR-185-3p [94], which may also be important in the pathoetiology of amyotrophic
lateral sclerosis [95]. As to whether the priming effect of tumor-derived kynurenine on
AhR activation in platelets contributes to variations in the platelet NAS/melatonin ratio,
in turn driving an increase in TrkB-T levels, activation and ligands, will be important to
determine. Clearly, NAS and its cellular sources in the tumor microenvironment require
investigation, especially as the proposed role of NAS in proliferative conditions has long
been indicated [96], including in cancers [97].

2.6. Other Tumour Microenvironment Cells

A number of other cell types are commonly evident in the tumor microenvironment, in-
cluding myeloid-derived suppressor cells (MDSC). MDSC, as well as M2-like macrophages,
γδ t cells, cancer-associated fibroblasts and Regulatory t cells (Treg) may all release TGFβ,
thereby contributing to the exhaustion and immune suppression evident in the tumor
microenvironment [3,98]. As noted previously, the PGE2 induction of the BDNF/NAS-
TrkB pathway in M2-like macrophages is associated with TGFβ upregulation and efflux,
classically associated with the subsequent ‘exhaustion’ in NK cells and CD8+ t cells [51].
The role of the mitochondrial melatonergic pathway, specifically NAS, in MDSCs, γδ t cells
and Treg cells in the induction and release of TGFβ will be important to determine.

2.6.1. Myeloid-Derived Suppressor Cells (MDSCs)

MDSCs are a heterogeneous collection of immature myeloid cells that are strongly
associated with immune suppression. MDSCs release adenosine in the tumor microenvi-
ronment, thereby activating the adenosine A2Ar in cytolytic cells to suppress their function.
Importantly, MDSCs phenotype and function are powerfully determined by metabolic
processes [99]. As AhR activation lead to dramatic mobilization of MDSCs in the peritoneal
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cavity coupled to enhanced immune suppression, increased glycolysis, and mitochondrial
respiration, coupled to alterations in miRNA patterning [100], it requires investigation as to
the role of AhR-induced CYP1B1 and alterations in the regulation of the melatonergic path-
way in MDSCs, including as to MDSCs melatonergic pathway regulation by tumor-released
kynurenine and gut microbiome-derived AhR ligands, such as indole-3-propionate [101].

2.6.2. Regulatory t Cells (Treg)

The AhR is intimately associated with the induction of Treg and PD-1 upregula-
tion [102], indicating tumor-derived kynurenine and gut tryptophan metabolites in the
co-ordination of Treg and CD8+ t cell exhaustion. There is no data on any relevant roles for
mGluR5 or P2Y1r in Treg or MDSCs. However, Treg do express tryptophan hydroxylase
(TPH)1, and therefore have a serotonin synthesis capacity following tryptophan uptake as
do, to a lesser degree, Th1 and Th17 cells [103]. As to whether such synthesized serotonin is
utilized as a precursor for the mitochondrial melatonergic pathway in Treg requires investi-
gation. There is some evidence in hepatocellular carcinoma of exosomal transfer of 14-3-3
to t cells, leading to a decrease in effector t cells and increase in Treg [104]. As to whether
this increases the stabilization of AANAT, leading to melatonergic pathway induction and
alterations in the NAS/melatonin ratio will be interesting to determine, including as to the
relevance of the NAS/melatonin ratio to TGFβ release in Treg. Interestingly, melatonin
decreases the differentiation of naïve t cells into Treg, and therefore suppresses levels of
TGFβ efflux and TGFβ-induced exhaustion of cytolytic cells [105]. This highlights the
importance of the local regulation of the melatonergic pathway across cell types, including
Treg, in shaping patterned immune responses in the tumor microenvironment.

2.6.3. γδ t Cells

γδ t cells have been relatively little explored in comparison to other immune cells.
γδ t cells have a number of different phenotypes, including IFN-γ or IL-17 producing
(γδ17 t cells) phenotypes, with γδ17 t cells playing a pro-tumoral role [106]. γδ17 t cells
are associated with an increase in ROS and glycolytic metabolism [106]. As to whether
this is accompanied by alterations in the regulation of the mitochondrial melatonergic
pathway is unknown. γδ t cells can also have a distinctive ‘exhausted’ phenotype in
the tumor microenvironment in association with increases in PD-1 expression [107]. Gut
microbiome-derived histone deacetylase (HDAC) inhibitors suppress IL-17 production
from γδ17 t cells [108], indicating a significant role of the gut microbiome in the regulation
of γδ17 t cell effects and interactions in the tumor microenvironment.

2.6.4. Dendritic Cells

Dendritic cells (DCs), by activating antigen-specific T cells, can enhance the antitu-
mor effects of t cells. DCs are also important in tumor progression from premalignant
state [109]. DCs are an important interface between the innate and adaptive immune
systems. DC function is significantly determined by variations in mitochondrial function,
with obesity-associated deficits in DC mitochondrial function suppressing the antigen-
presenting capacity of these cells in association with heightened ROS production [110]. As
these changes in DC in obese patients can be rectified by antioxidants [110], the regulation
of the DC mitochondrial melatonergic pathway will be important to determine, including
in regard to the heightened risk and accelerated pathophysiology of cancer in obesity. As
the conversion of pyruvate to acetyl-CoA and OXPHOS are significant determinants of
DC activation and antigen-presenting capacity [111], it will be important to determine
the relevance of the mitochondrial melatonergic pathway in these cells, not only in can-
cers but in many other medical conditions. AhR activation in DCs leads to tolerogenic
DCs, which can increase Tregs [112]. TGFβ also induces a tolerogenic DC phenotype, and
therefore suppressed priming for activation of CD8+ t cells [113]. (See Figure 1). Mela-
tonin powerfully regulates DC function, including suppressing the ROS and enhancing
endogenous antioxidants [114], thereby preventing the suppressive effects of ROS on DC
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antigen-presenting capacity. As TrkB seems to have limited, if any, expression in human
DCs [115], any increase in the extracellular NAS/melatonin ratio is likely to significantly
impact on DC function via NAS/TrkB and how these cells drive the interactions of innate
and adaptive immune systems. Cancer cell-derived kynurenine activation of the AhR,
driving a decrease in melatonin will increase tolerogenic Tregs, whilst the loss of melatonin
optimization of DC function contributes to suppressed activation of CD8+ t cells in the
tumor microenvironment.

2.6.5. Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are stromal cells that can self-renew as well as having
the capacity to differentiate into multiple lineages and efflux large quantities of exosomes [3].
MSCs are present in almost all tissues, where they participate in tissue regeneration and
homeostasis, involving dynamic interactions with other cells that are dependent on cell
phenotype [116]. Given such physiological effects, MSC are important tumor microenvi-
ronment regulators, including via their capacity to increase tumor PD-L1 expression [117].
The capacity of MSC to release mitochondria, including within vesicles, as well as regu-
lating the mitochondrial function of other cells, makes MSC a significant treatment target.
Mitochondrial transfer into rodent tumors significantly modulates tumor progression and
patterned immune responses [118], highlighting the importance of core metabolic processes
in the intercellular interactions of the tumor microenvironment.

Melatonin is a significant regulator of MSC OXPHOS and sirtuins, as well as the
content of exosomes and vesicles, indicating the important role of alterations in the melaton-
ergic pathway in the tumor microenvironment in determining MSC intercellular effects [3].
BDNF at TrkB regulates MSC development, whilst the capacity of MSC to secrete BDNF
will have significant impacts in the tumor microenvironment. AhR activation is a signifi-
cant regulator of the many functions of MSC, including suppressing the proliferation of
bone marrow-derived MSCs, whilst enhancing mitochondrial function and mitochondrial
transcription factor A (TFAM) [119], indicating the tumor-derived kynurenine, via AhR
activation, will better optimize the mitochondrial function of MSC and attenuate MSC
proliferation. Given the AhR metabolizes melatonin and will increase the NAS/melatonin
ratio, it requires investigation as to whether the pre-existent state of the MSC melatonergic
pathway determines the consequences of AhR activation.

2.7. Melatonergic Pathway and Immune Cells

As indicated above, exogenous (and presumably pineal-derived circadian) melatonin
has significant impacts on tumor microenvironment immune and tumor cells, often with
some contrasting effects compared to TrkB activation by BDNF. However, to date the role
of the melatonergic pathway in tumor-relevant immune cells has only been investigated in
macrophages [4] and, in the case of CNS cancers, in microglia [5]. This urgently requires
rectification, given the apparent importance of the melatonergic pathway on immune
cell function and consequences of alterations in the melatonin/NAS ratio. The lack of
investigation regarding the mitochondrial melatonergic pathway in immune cells seems
to be a historical legacy in the defining of immune cell phenotypes by their expression of
plasma membrane receptors.

The roles of the melatonergic pathway and AhR in the tumor microenvironment are
given support by recent data derived from 33 different types of solid tumors, showing
the significance of increased CYP1B1 in the regulation of immune responses in the tumor
microenvironment and their association with patient clinical characteristics [120]. These
authors showed CYP1B1 to be correlated with tumor grade, clinical stage, immune cell
subtype infiltration, tumor mutation burden, and DNA sequence microsatellite instability,
as well as therapeutic resistance. Such changes are proposed to indicate CYP1B1 as a signif-
icant treatment target [120,121]. As noted above, CYP1B1 is downstream of AhR activation,
being associated with the upregulation of the NAS/melatonin, partly mediated via the
6-hydroxylation of melatonin, although melatonin can also undergo O-demethylation in
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association with an enhanced NAS/melatonin ratio [122]. Most of the effects of CYP1B1
across the 33 types of solid tumors investigated in this study, were reversed by the ap-
plication of exogenous melatonin, including angiogenesis marker CD31 expression, ki67
(proliferation marker), matrix metallopeptidase (MMP)9, as a metastasis marker, and
LY6G (neutrophil infiltration marker) [120]. Such data is supportive of the wide-ranging
consequences of tumor microenvironment interactions being powerfully determined by
variations in the mitochondrial melatonergic pathway across cell types.

2.8. MicroRNAs and Tumour Microenvironment

Alterations in numerous miRNAs have been associated with tumor pathophysiology,
as would be expected given their role in determining patterned gene expression. A number
of miRNAs are strongly associated with the regulation of the melatonergic pathway across
different cell types, including miR-7, miR-375, miR-451 and miR-709 [3,123–126]. All of
these miRNAs can regulate 14-3-3 isoforms, and therefore can impact on the melatonergic
pathway via the suppression of 14-3-3eta and 14-3-3zeta, which are the 14-3-3 isoforms that
stabilize TPH2 and AANAT, respectively. As with the exosomal transfer of 14-3-3 from
hepatocellular carcinoma cells to t cells [104], variations in these miRNAs in the different
cells of the tumor microenvironment, via 14-3-3 isoform regulation, can regulate the mi-
tochondrial melatonergic pathway. Consequently, exosomal miRNAs, as well as 14-3-3
isoforms, are another means by which cancer cells can regulate mitochondrial melatonergic
pathway in cells of the tumor microenvironment, thereby not only impacting on NAS and
melatonin production, but also on mitochondrial ROS, ROS-driven miRNAs and patterned
gene expression. All of these miRNAs have been linked to a plethora of gene variations
that have been proposed to drive their effects in the tumor microenvironment. However,
as indicated throughout, the impact of these miRNAs in different cells of the tumor mi-
croenvironment may be importantly determined by their influence on core mitochondrial
function, including the mitochondrial melatonergic pathway.

2.9. O-Linked-N-Acetylglucosaminylation (O-GlcNAcylation) and Tumour Microenvironment

O-GlcNAcylation is a form of glycosylation, where the monosaccharide, OGlcNAc,
is added to a serine or threonine residue of nuclear and/or cytoplasmic protein by O-
GlcNAc transferase (OGT), which can be readily reversed by O-GlcNAcase (OGA). O-
GlcNAcylation can significantly regulate cells and important transcription factors in the
tumor microenvironment, including the AhR, YY1, the NLRP3 inflammasome, MDSCs, NK
cells, and CD8+ t cells, as well as sirtuins and core metabolic processes [3]. The association
of O-GlcNAcylation may therefore be intimately linked to mitochondrial melatonergic
pathway regulation.

3. Tumor Mitochondria as Conductors of the Tumor Microenvironment
Mitochondrial Orchestra

Although alterations in metabolism have been appreciated as significant regulators of
tumor cell function and patterned gene expressions since the first publication by Warburg
a century ago, there is a growing appreciation that mitochondria are the major determinant
of coordinated cellular function, including in immune cells. The tumor microenvironment
can be conceived as a ‘domineering’ influence of tumor cells and cancer stem-like cells in
shaping the interactions of other cells in this environment by acting to regulate mitochon-
drial function in these cells. By suppressing the ability of cells to self-determine previously
established homeostatic regulation, tumors conduct this orchestra of cells to their preferred
tune, namely the survival and proliferation of tumor cells and cancer stem-like cells. This
is primarily achieved via mitochondrial melatonergic pathway regulation.

As melatonin induces apoptosis in all cancer cells to which it is applied, it is clearly
in the vested interest of the tumor to suppress the production and release of melatonin in
the tumor microenvironment. This can be achieved via tumor induction of IDO/TDO and
the conversion of tryptophan to kynurenine, which when released by the tumor activates
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the AhR to metabolize melatonin, whilst the O-demethylation of melatonin to NAS, allows
this BDNF mimic to activate TrkB, thereby increasing the proliferation and survival of
cancer cells and cancer stem-like cells. Such effects make the mitochondrial melatonergic
pathway a crucial target for the tumor to shape the microenvironment mitochondrial
orchestra to its own requirements. Although requiring investigation in most of the cells
of the tumor microenvironment, all cells investigated to date show the presence of a
melatonergic pathway, mostly evident in mitochondria, but also to a much smaller degree
in the cytoplasm.

Optimized mitochondrial function is generally associated with OXPHOS, which is
importantly determined by the conversion of pyruvate to acetyl-CoA, thereby increasing
ATP production by the TCA cycle as well as being a necessary co-substrate for AANAT
and the initiation of the melatonergic pathway. The tumor can regulate a number of factors
to suppress the melatonergic pathway in other cells, including suppressing tryptophan
availability, and tryptophan uptake, as well as the conversion of tryptophan to serotonin,
which requires TPH, with TPH2 requiring 14-3-3e for its stabilization. TPH, and 14-3-3e
may therefore be other direct and/or indirect targets of the tumor in other cells of the tumor
microenvironment. The conversion of serotonin to NAS by AANAT requires the presence
of acetyl-CoA and 14-3-3z, making the regulation of acetyl-CoA and 14-3-3z other targets
to limit the melatonergic pathway in tumor microenvironment cells. As the tumor benefits
from the BDNF-mimicking effects of NAS, factors that increase the NAS/melatonin ratio,
including the AhR, P2Y1r and mGluR5 become other direct and indirect targets of the
tumor in its quest for survival.

As highlighted above, although requiring investigation in most tumor microenviron-
ment cells, it is clear that alterations occur in these cells in factors known to regulate the
mitochondrial melatonergic pathway. From the tumor’s perspective, the many undesir-
able effects of melatonin can occur in most of the cells of the tumor microenvironment,
such as melatonin increasing dendritic cell function and antigen-presenting capacity, and
thereby enhancing CD8+ t cell cytotoxicity against the tumor. Given that the intracrine
and autocrine effects of melatonin regulate endogenous antioxidants, OXPHOS and gene
patterning, the suppression of melatonin production limits the capacity of these cells to
homeostatically self-regulate. Presumably, this is a long-established evolutionary effect
that allows particular cells to determine the nature of the homeostatic status quo to be
established, and may well date back to 2 million years ago when ancient bacteria in a single
cell organism interacted with other bacteria in a single cell organism in the etiology of
multi-cellular life [31], which may have contributed to the shaping of different cell types.

An important aspect of attenuated melatonin production is the increase in mito-
chondrial ROS, which drives ROS-regulated miRNAs, thereby impacting patterned gene
expression. Consequently, the suppressed capacity to upregulate the melatonergic pathway
in a given cell in the tumor microenvironment leads to a dramatic change in the genes
induced and thereby in the function of the given cell. Some of the detailed consequences
have been indicated above, and previously [3]. Given that the first ancient bacteria to creep
into a cell-like structure 2 billion years ago seems to have been a melatonin-producing
ancient bacteria, and that the melatonergic pathway seems to be evident in all 3 kingdoms
of multicellular life on earth (animals, plants and fungi), the melatonergic pathway is clearly
a crucial aspect of the capacity of multi-cellular organisms to maintain their survival over
the course of diverse evolutionary pressures. It is this core aspect of evolved physiological
function that the tumor seeks to control. The plethora of intra- and inter-cellular fluxes
that have been investigated in the tumor microenvironment may be seen as a consequence
of dysregulated mitochondrial melatonergic pathway activity in the course of the tumor
establishing a new homeostatic status quo favoring its survival and proliferation.

Although some details are highlighted above to strengthen the case for the importance
of the melatonergic pathway across cell types in the tumor microenvironment, it is clear
that the melatonergic pathway needs extensive investigation across different cell types.
For example, does the ten-fold decrease in pineal gland night-time melatonin production



Int. J. Mol. Sci. 2023, 24, 311 16 of 24

between the ages of 18 years and 80 years of age occur in other cell types? If so, does this
then change the capacity of a given cell to maintain an established homeostatic interaction
with other interacting cells over the course of ageing? There seems a never-ending pursuit
of looking at fluxes in cancers and the avoidance of core processes driving such fluxes. This
may be most typified in the investigation of immune cells and their classification on the
basis of plasma membrane receptor/channel/protein expression. This ‘judging the book
by its cover’ has avoided the challenge of looking at fundamental core processes for many
decades, which has been changing in recent years. Hopefully, the fact that melatonin kills
all cancers to which it is applied, would indicate that the melatonergic pathway should
be a priority for investigation in the regulation of metabolism in all cells of the tumor
microenvironment.

It should be noted that there has been some limited investigation of the melatonergic
pathway in cancer-like cell lines indicating that the accumulation of NAS in mitochondria
induces apoptosis in these cells [127]. Such data indicates the presence of the melatonergic
pathway in tumor-like cells and the significant impact that alterations in this pathway can
have, via mitochondrial CYP1B1 driving an increase in the mitochondrial NAS/melatonin
ratio in tumor cells [127]. As to whether this occurs in vivo in the complexity of the
tumor microenvironment will be important to determine, including as to the relevance
of exogenous melatonin’s conversion to NAS in the mitochondria of tumors. It would be
interesting if the NAS intracellular accumulation is toxic, whilst its extracellular effect at
TrkB is trophic in tumors. It would also suggest that the regulation of melatonin uptake
into mitochondria, via PEPT1/2 and OAT3, may be very important to cancer cell survival.

Overall, this could suggest, in the footsteps of tumors, that targeting the melatonergic
pathway in tumors will give clinicians an important control over the tumors influence on
other cells in the tumor microenvironment. However, it may be more practical to target
the melatonergic pathway in other cells in the tumor microenvironment, such as natural
killer cells and/or dendritic cells, likely involving antagonism of the AhR and probably
other targets identified by future research in this crucial area of core physiological function.
The above provides a frame of reference that allows the incorporation, and reframing of
effects, of a number of genetic, epigenetic and environmental factors relevant to tumor
pathoetiology and pathophysiology.

4. Future Research

1. Of fundamental importance, is NAS effluxed from any tumor microenvironment cell
to activate TrkB on cancer cells and cancer stem-like cells?

2. Is the melatonergic pathway evident in all cells of the tumor microenvironment?
3. Glyphosate-based herbicides (GBH) have recently been associated with an increased

risk of cancer, especially subtypes of non-Hodgkin’s lymphoma. Recent work indi-
cates that GBH may significantly contribute to the pathoetiology and pathophysiology
of amyotrophic lateral sclerosis [95], with effects relevant to alterations in the mito-
chondrial melatonergic pathway, both directly and via gut dysbiosis. Is GBH exposure
relevant more widely in cancer pathophysiology?

4. Does melatonin inhibit PD-1 [30] via the suppression of miRNAs that induce PD-1
and/or the induction of miRNAs that suppress PD-1, such as miR-138? As miR-138
also suppresses PDK1, and therefore increases PDC, in some cells [35] this would
suggest that the impacts of melatonin in mitochondria will determine ROS-driven
miRNA patterning, and therefore have an impact on crucial patterned gene inductions.

5. Does the COX2/PGE2/BDNF-NAS/TrkB activation pathway, in driving alterations
in core mitochondrial processes, underpin the complex variations in the effects of
AhR activation in macrophages, and in other cell types? Is the complexity of AhR
effects, and the mixed results arising, intimately linked to unmeasured variations in
the melatonergic pathway?

6. Are the AhR interactions with NF-kB and the melatonergic pathway relevant to
variations in macrophage phenotype induction in the tumor microenvironment?
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7. Is the melatonergic pathway evident in neutrophils, including within the cytoplasm
and/or mitochondria? Would the autocrine and paracrine effects of NAS vs. mela-
tonin significantly regulate the neutrophil phenotype and neutrophil interactions with
other cells in the tumor microenvironment?

8. How are melatonergic pathway regulating factors, such as 14-3-3 proteins, serotonin,
LAT1 and acetyl-CoA in neutrophils modulated by intercellular processes in the tumor
microenvironment?

9. Can the platelet melatonergic pathway be induced and/or upregulated to utilize
stored serotonin or serotonin taken up into platelets?

10. What is the role of the mitochondrial melatonergic pathway and CYP1B1, following
AhR activation, in the dramatic induction of MDSCs [100]?

11. Do all cancer cells transfer 14-3-3zeta in exosomes to t cells in order to upregu-
late AANAT, which, when coupled to kynurenine activation of the AhR, increases
the NAS/melatonin ratio, as indicated by data in hepatocellular carcinoma exo-
somes [104]?

12. Are the metabolic changes and increased ROS associated with the γδ17 t cells [106],
indicative of alterations in the regulation of the mitochondrial melatonergic pathway?

13. Are there interactions in the effects of melatonin and AhR agonists in the regulation of
MSCs? How important is the melatonergic pathway in MSCs, including in determin-
ing mitochondrial function, exosomal content and the functioning of the exosomal
mitochondria transferred to other cells?

14. Given the AhR metabolizes melatonin and will increase the NAS/melatonin ratio,
does the pre-existent state of the mitochondrial melatonergic pathway determine the
consequences of AhR activation? Are the plethora of contrasting results regarding
AhR activation in different cells a consequence of baseline and subsequent changes in
the melatonergic pathway, including from interactions of the AhR and NF-kB?

15. Is platelet derived serotonin utilized to synthesize NAS in the tumor microenvi-
ronment? In what cells? Does such platelet serotonin/NAS/TrkB activation not
only increase survival and proliferation of cancer stem-like cells, but also increase
macrophage TGFβ, thereby driving wider changes compatible with tumor survival,
such as the induction of tolerogenic dendritic cells?

16. Does tumor-derived kynurenine drive platelet AhR/CYP1B1 to increase the NAS/
melatonin ratio, with the autocrine effects of NAS activating the truncated TrkB-T,
leading to platelet release of pro-inflammatory cytokines and pro-angiogenic fac-
tors [92]? Is this mediated via alterations in platelet mitochondria, including ROS and
ROS-driven miRNAs, leading to a distinct activated platelet phenotype?

17. Does melatonin prevent the ‘exhausted’ γδ t cell phenotype in the tumor microenvi-
ronment, including the heightened PD-1 expression in this phenotype [107]?

18. What regulates PEPT1/2 and OAT3 on the tumor mitochondrial membrane? Can the
tumor suppress the expression of these melatonin transporters on the mitochondrial
membrane?

5. Treatment Implications

1. Given the current phase 1 trials looking at the utility of AhR antagonists in the
management of tumor microenvironment responses, it would be interesting to better
investigate the utility of AhR inhibiting nutriceuticals, such as epigallocatechin gallate
(EGCG), including intravenously. This is likely to require melatonin as an adjunctive
to prevent the hepatic side-effects of relatively high-dose AhR antagonists, including
those in current clinical trials.

2. As some of the potential benefits of AhR antagonism may be mediated via a de-
crease in the NAS/melatonin ratio, there may be some utility in utilizing pre-existing
compounds that inhibit the P2y1r and mGluR5.

3. Given the role of platelet mitochondrial function in many ageing-associated conditions,
including cancers [85], it will be interesting to determine the relevance of available
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SOD2 inducers/mimetics, via a targeted mitochondrial oxidant decrease, in the regu-
lation of not only platelets, but wider cells within the tumor microenvironment. Can
platelets be targeted to decrease serotonin supply to the tumor microenvironment?

4. Would anti-CYP1B1 immunotherapy be useful across a host of diverse cancers, as
some data would suggest [120,121]? Are the potential treatment implications of ongo-
ing AhR antagonists’ phase one clinical trials mediated, at least partly, via CYP1B1
and the NAS/melatonin ratio across different cells of the tumor microenvironment?

5. As to how the melatonergic pathways are regulated in MSCs, including by exogenous
melatonin and AhR ligands may provide a basis for the utilization of these read-
ily proliferating cells in modulating the intercellular interactions within the tumor
microenvironment.

6. Conclusions

The mitochondrial melatonergic pathway seems an evolutionary-derived core aspect
of physiological function and intercellular communication. As well as being evident in
tumors, the melatonergic pathway seems evident in all cells of the tumor microenviron-
ment, with this pathway being an important target for tumors and cancer stem-like cells in
their quest to maintain survival by establishing a new intercellular homeostasis. Tumor
cell release of kynurenine and its activation of the AhR is the most investigated aspect of
how tumors act to regulate the mitochondrial melatonergic pathway in other cells of the
tumor microenvironment. However, other targets exist including tryptophan availability
and uptake, 14-3-3 isoforms and acetyl-CoA availability. The attenuation of melatonin
production leads to cells in the tumor microenvironment being unable to maintain their
preferred optimal function as they engage in a new homeostatic status quo. In contrast,
the extracellular availability of NAS, being a BDNF mimic at TrkB, can aid the prolifer-
ation and survival of tumors and cancer stem-like cells. The wide array of dynamically
regulated fluxes in the tumor microenvironment are downstream from the alterations in
homeostatic regulation driven by tumor cell influence on mitochondrial function in other
cells, an important aspect of which is the melatonergic pathway. Future research within
this conceptualization should provide more targeted and less toxic treatments.
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α7nAChR alpha 7 nicotinic acetylcholine receptor
AANAT aralkylamine N-acetyltransferase
AhR aryl hydrocarbon receptor
ASMT acetylserotonin methytransferase
BACE1 beta-site amyloid precursor protein cleaving enzyme 1
BDNF rain-derived neurotrophic factor
CYP cytochrome P450
DC dendritic cell
EAAT excitatory amino acid transporter
EMT epithelial-mesenchymal transition
GBH glyphosate-based herbicides
HDAC histone deacetylase
HER2 human epidermal growth factor receptor 2
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HMGB high-mobility group box
hsp heat shock protein
IDO indoleamine 2,3-dioxygenase
IFN interferon
KYNA kynurenic acid
LPS lipopolysaccharide
MDSC myeloid-derived suppressor cell
mGluR5 metabotropic glutamate receptor
MSC mesenchymal stem cells
NAS N-acetylserotonin
NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells
NK natural killer cell
NMDA N-methyl-d-aspartate
OXPHOS oxidative phosphorylation
PDC pyruvate dehydrogenase complex
PDK pyruvate dehydrogenase kinase
RAGE receptor for advanced glycation end products
SOD superoxide dismutase
TCA tricarboxylic acid
TDO tryptophan 2,3-dioxygenase
TFAM mitochondrial transcription factor A
TLR Toll-like receptor
TMAO trimethylamine N-oxide
TNF tumor necrosis factor
TPH2 tryptophan hydroxylase 2
VDAC1 voltage-dependent anion channel
YKL-40 chitinase-3-like protein 1 (CHI3L1)

References
1. Warburg, O.; Wind, F.; Negelein, E. The metabolism of tumors in the body. J. Gen. Physiol. 1927, 8, 519–530. [CrossRef]
2. Kobayashi, H. Recent advances in understanding the metabolic plasticity of ovarian cancer: A systematic review. Heliyon 2022, 8,

e11487. [CrossRef]
3. Anderson, G. Tumour Microenvironment: Roles of the Aryl Hydrocarbon Receptor, O-GlcNAcylation, Acetyl-CoA and Melaton-

ergic Pathway in Regulating Dynamic Metabolic Interactions across Cell Types—Tumour Microenvironment and Metabolism. Int.
J. Mol. Sci. 2020, 22, 141. [CrossRef]

4. Muxel, S.M.; Pires-Lapa, M.A.; Monteiro, A.W.A.; Cecon, E.; Tamura, E.K.; Floeter-Winter, L.M.; Markus, R.P. NF-κB Drives the
Synthesis of Melatonin in RAW 264.7 Macrophages by Inducing the Transcription of the Arylalkylamine-N-Acetyltransferase
(AA-NAT) Gene. PLoS ONE 2012, 7, e52010. [CrossRef]

5. Markus, R.P.; Fernandes, P.A.; Kinker, G.S.; Cruz-Machado, S.D.S.; Marçola, M. Immune-pineal axis—Acute inflammatory
responses coordinate melatonin synthesis by pinealocytes and phagocytes. Br. J. Pharmacol. 2017, 175, 3239–3250. [CrossRef]

6. Wang, S.; Sun, J.; Dastgheyb, R.M.; Li, Z. Tumor-derived extracellular vesicles modulate innate immune responses to affect tumor
progression. Front. Immunol. 2022, 13, 1045624. [CrossRef]

7. Xavier, C.B.; Lopes, C.D.H.; Awni, B.M.; Campos, E.F.; Alves, J.P.B.; Camargo, A.A.; Guardia, G.D.A.; Galante, P.A.F.; Jardim,
D.L. Interplay between Tumor Mutational Burden and Mutational Profile and Its Effect on Overall Survival: A Pilot Study of
Metastatic Patients Treated with Immune Checkpoint Inhibitors. Cancers 2022, 14, 5433. [CrossRef]

8. Mesnage, R.; Antoniou, M.N. Computational modelling provides insight into the effects of glyphosate on the shikimate pathway
in the human gut microbiome. Curr. Res. Toxicol. 2020, 1, 25–33. [CrossRef]

9. Huo, X.; Wang, C.; Yu, Z.; Peng, Y.; Wang, S.; Feng, S.; Zhang, S.; Tian, X.; Sun, C.; Liu, K.; et al. Human transporters, PEPT1/2,
facilitate melatonin transportation into mitochondria of cancer cells: An implication of the therapeutic potential. J. Pineal Res.
2017, 62, e12390. [CrossRef]

10. Anderson, G.; Rodriguez, M.; Reiter, R.J. Multiple Sclerosis: Melatonin, Orexin, and Ceramide Interact with Platelet Activation
Coagulation Factors and Gut-Microbiome-Derived Butyrate in the Circadian Dysregulation of Mitochondria in Glia and Immune
Cells. Int. J. Mol. Sci. 2019, 20, 5500. [CrossRef]

11. Pagan, C.; Goubran-Botros, H.; Delorme, R.; Benabou, M.; Lemière, N.; Murray, K.; Amsellem, F.; Callebert, J.; Chaste, P.; Jamain,
S.; et al. Disruption of melatonin synthesis is associated with impaired 14-3-3 and miR-451 levels in patients with autism spectrum
disorders. Sci. Rep. 2017, 7, 2096. [CrossRef]

12. Qiu, J.; Zhang, J.; Zhou, Y.; Li, X.; Li, H.; Liu, J.; Gou, K.; Zhao, J.; Cui, S. MicroRNA-7 inhibits melatonin synthesis by acting as
a linking molecule between leptin and norepinephrine signaling pathways in pig pineal gland. J. Pineal Res. 2019, 66, e12552.
[CrossRef]

http://doi.org/10.1085/jgp.8.6.519
http://doi.org/10.1016/j.heliyon.2022.e11487
http://doi.org/10.3390/ijms22010141
http://doi.org/10.1371/journal.pone.0052010
http://doi.org/10.1111/bph.14083
http://doi.org/10.3389/fimmu.2022.1045624
http://doi.org/10.3390/cancers14215433
http://doi.org/10.1016/j.crtox.2020.04.001
http://doi.org/10.1111/jpi.12390
http://doi.org/10.3390/ijms20215500
http://doi.org/10.1038/s41598-017-02152-x
http://doi.org/10.1111/jpi.12552


Int. J. Mol. Sci. 2023, 24, 311 20 of 24

13. Su, X.; Wang, W.; Ma, S.; Ning, H.; Chen, J. Regulation effect of miR-7 on intervening colorectal cancer rats with HP infection
through Akt/GSK-3β/β-catenin pathway. Cell. Mol. Biol. 2022, 68, 135–139. [CrossRef]

14. Wu, K.; Liu, F.; Zhang, T.; Zhou, Z.; Yu, S.; Quan, Y.; Zhu, S. miR-375 suppresses the growth and metastasis of esophageal
squamous cell carcinoma by targeting PRDX1. Cell Mol. Biol. 2022, 13, 2154–2168. [CrossRef]

15. Du, Y.; Miao, Z.; Qiu, L.; Lv, Y.; Wang, K.; Guo, L. Clinical Potential of miR-451 and miR-506 as a Prognostic Biomarker in Patients
with Breast Cancer. J. Healthc. Eng. 2022, 2022, 9578788. [CrossRef]

16. Le, H.T.T.; Murugesan, A.; Candeias, N.R.; Yli-Harja, O.; Kandhavelu, M. Functional characterization of HIC, a P2Y1 agonist, as a
p53 stabilizer for prostate cancer cell death induction. Future Med. Chem. 2021, 13, 1845–1864. [CrossRef]

17. Kou, W.; Huang, H.; Dai, S.; Tan, X.; Chen, Q.; Huang, R.; Zou, H. mGluR5 promotes the progression of multiple myeloma in vitro
via Ras–MAPK signaling pathway. Adv. Clin. Exp. Med. 2022, 31, 881–888. [CrossRef]

18. Liu, Y.; Liang, X.; Dong, W.; Fang, Y.; Lv, J.; Zhang, T.; Fiskesund, R.; Xie, J.; Liu, J.; Yin, X.; et al. Tumor-Repopulating Cells Induce
PD-1 Expression in CD8+ T Cells by Transferring Kynurenine and AhR Activation. Cancer Cell 2018, 33, 480–494. [CrossRef]

19. Kanno, Y.; Saito, N.; Yamashita, N.; Ota, K.; Shizu, R.; Hosaka, T.; Nemoto, K.; Yoshinari, K. Possible Involvement of the
Upregulation of ∆Np63 Expression Mediated by HER2-Activated Aryl Hydrocarbon Receptor in Mammosphere Maintenance.
Int. J. Mol. Sci. 2022, 23, 12095. [CrossRef]

20. Li, M.; Hao, B.; Zhang, M.; Reiter, R.J.; Lin, S.; Zheng, T.; Chen, X.; Ren, Y.; Yue, L.; Abay, B.; et al. Melatonin enhances
radiofrequency-induced NK antitumor immunity, causing cancer metabolism reprogramming and inhibition of multiple pul-
monary tumor development. Signal Transduct. Target. Ther. 2021, 6, 330. [CrossRef]

21. Zhang, Z.; Du, J.; Xu, Q.; Xing, C.; Li, Y.; Zhou, S.; Zhao, Z.; Mu, Y.; Zhao, Z.; Cao, S.; et al. Adiponectin Suppresses Metastasis of
Nasopharyngeal Carcinoma through Blocking the Activation of NF-κB and STAT3 Signaling. Int. J. Mol. Sci. 2022, 23, 12729.
[CrossRef] [PubMed]

22. Fu, X.; Ji, F.; He, Q.; Qiu, X. A Systematic Pan-Cancer Analysis of YY1 Aberrations and their Relationship with Clinical Outcome,
Tumor Microenvironment, and Therapeutic Targets. J. Immunol. Res. 2022, 2022, 5826741. [CrossRef] [PubMed]

23. Bernard, M.; Voisin, P. Photoreceptor-specific expression, light-dependent localization, and transcriptional targets of the zinc-finger
protein Yin Yang 1 in the chicken retina. J. Neurochem. 2008, 105, 595–604. [CrossRef] [PubMed]

24. Anderson, G.; Reiter, R.J. Glioblastoma: Role of Mitochondria N-acetylserotonin/Melatonin Ratio in Mediating Effects of
miR-451 and Aryl Hydrocarbon Receptor and in Coordinating Wider Biochemical Changes. Int. J. Tryptophan Res. 2019, 12,
1178646919855942. [CrossRef]

25. Jang, S.-W.; Liu, X.; Pradoldej, S.; Tosini, G.; Chang, Q.; Iuvone, P.M.; Ye, K. N -acetylserotonin activates TrkB receptor in a
circadian rhythm. Proc. Natl. Acad. Sci. USA 2010, 107, 3876–3881. [CrossRef]

26. Malekan, M.; Nezamabadi, S.S.; Samami, E.; Mohebalizadeh, M.; Saghazadeh, A.; Rezaei, N. BDNF and its signaling in cancer. J.
Cancer Res. Clin. Oncol. 2022, 1–16. [CrossRef]

27. Moriwaki, K.; Wada, M.; Kuwabara, H.; Ayani, Y.; Terada, T.; Higashino, M.; Kawata, R.; Asahi, M. BDNF/TRKB axis provokes
EMT progression to induce cell aggressiveness via crosstalk with cancer-associated fibroblasts in human parotid gland cancer. Sci.
Rep. 2022, 12, 17553. [CrossRef]

28. Samanta, S. Melatonin: A Potential Antineoplastic Agent in Breast Cancer. J. Environ. Pathol. Toxicol. Oncol. 2022, 41, 55–84.
[CrossRef]

29. Cucielo, M.S.; Cesário, R.C.; Silveira, H.S.; Gaiotte, L.B.; dos Santos, S.A.A.; Zuccari, D.A.P.D.C.; Seiva, F.R.F.; Reiter, R.J.; Chuffa,
L.G.D.A. Melatonin Reverses the Warburg-Type Metabolism and Reduces Mitochondrial Membrane Potential of Ovarian Cancer
Cells Independent of MT1 Receptor Activation. Molecules 2022, 27, 4350. [CrossRef]

30. Luo, X.; Chen, Y.; Tang, H.; Wang, H.; Jiang, E.; Shao, Z.; Liu, K.; Zhou, X.; Shang, Z. Melatonin inhibits EMT and PD-L1 expression
through the ERK1/2/FOSL1 pathway and regulates anti-tumor immunity in HNSCC. Cancer Sci. 2022, 113, 2232–2245. [CrossRef]

31. Tan, D.-X.; Manchester, L.C.; Liu, X.; Rosales-Corral, S.A.; Acuna-Castroviejo, D.; Reiter, R.J. Mitochondria and chloroplasts as the
original sites of melatonin synthesis: A hypothesis related to melatonin’s primary function and evolution in eukaryotes. J. Pineal
Res. 2012, 54, 127–138. [CrossRef] [PubMed]

32. Anderson, G.; Carbone, A.; Mazzoccoli, G. Tryptophan Metabolites and Aryl Hydrocarbon Receptor in Severe Acute Respiratory
Syndrome, Coronavirus-2 (SARS-CoV-2) Pathophysiology. Int. J. Mol. Sci. 2021, 22, 1597. [CrossRef] [PubMed]

33. ToVinh, M.; Hörr, G.; Dobrikova, K.; Gotter, C.; Rommel, C.; Hoffmeister, C.; Raabe, J.; Kaiser, K.M.; Finnemann, C.; Bischoff, J.;
et al. Mitochondrial Dysfunction Contributes to Impaired Cytokine Production of CD56bright Natural Killer Cells from Human
Immunodeficiency Virus–Infected Individuals Under Effective Antiretroviral Therapy. J. Infect. Dis. 2022, 226, 901–906. [CrossRef]
[PubMed]

34. Slattery, K.; Woods, E.; Zaiatz-Bittencourt, V.; Marks, S.; Chew, S.; Conroy, M.; Goggin, C.; MacEochagain, C.; Kennedy, J.; Lucas,
S.; et al. TGFβ drives NK cell metabolic dysfunction in human metastatic breast cancer. J. Immunother. Cancer 2021, 9, e002044.
[CrossRef]

35. Jiang, B.; Kang, X.; Zhao, G.; Lu, J.; Wang, Z. miR-138 Reduces the Dysfunction of T Follicular Helper Cells in Osteosarcoma via
the PI3K/Akt/mTOR Pathway by Targeting PDK1. Comput. Math. Methods Med. 2021, 2021, 2895893. [CrossRef]

36. Reiter, R.J.; Sharma, R.; Ma, Q.; Rorsales-Corral, S.; de Almeida Chuffa, L.G. Melatonin inhibits Warburg-dependent cancer by
redirecting glucose oxidation to the mitochondria: A mechanistic hypothesis. Cell. Mol. Life Sci. 2020, 77, 2527–2542. [CrossRef]

http://doi.org/10.14715/cmb/2022.68.6.22
http://doi.org/10.21037/jgo-22-929
http://doi.org/10.1155/2022/9578788
http://doi.org/10.4155/fmc-2021-0159
http://doi.org/10.17219/acem/130445
http://doi.org/10.1016/j.ccell.2018.02.005
http://doi.org/10.3390/ijms232012095
http://doi.org/10.1038/s41392-021-00745-7
http://doi.org/10.3390/ijms232112729
http://www.ncbi.nlm.nih.gov/pubmed/36361525
http://doi.org/10.1155/2022/5826741
http://www.ncbi.nlm.nih.gov/pubmed/35791393
http://doi.org/10.1111/j.1471-4159.2007.05150.x
http://www.ncbi.nlm.nih.gov/pubmed/18047560
http://doi.org/10.1177/1178646919855942
http://doi.org/10.1073/pnas.0912531107
http://doi.org/10.1007/s00432-022-04365-8
http://doi.org/10.1038/s41598-022-22377-9
http://doi.org/10.1615/JEnvironPatholToxicolOncol.2022041294
http://doi.org/10.3390/molecules27144350
http://doi.org/10.1111/cas.15338
http://doi.org/10.1111/jpi.12026
http://www.ncbi.nlm.nih.gov/pubmed/23137057
http://doi.org/10.3390/ijms22041597
http://www.ncbi.nlm.nih.gov/pubmed/33562472
http://doi.org/10.1093/infdis/jiac103
http://www.ncbi.nlm.nih.gov/pubmed/35313340
http://doi.org/10.1136/jitc-2020-002044
http://doi.org/10.1155/2021/2895893
http://doi.org/10.1007/s00018-019-03438-1


Int. J. Mol. Sci. 2023, 24, 311 21 of 24

37. Reiter, R.J.; Sharma, R.; Ma, Q.; Rosales-Corral, S.; Acuna-Castroviejo, D.; Escames, G. Inhibition of mitochondrial pyruvate
dehydrogenase kinase: A proposed mechanism by which melatonin causes cancer cells to overcome cytosolic glycolysis, reduce
tumor biomass and reverse insensitivity to chemotherapy. Melatonin Res. 2019, 2, 105–119. [CrossRef]

38. Bittencourt, V.Z.; Jones, F.; Tosetto, M.; A Doherty, G.; Ryan, E.J. Dysregulation of Metabolic Pathways in Circulating Natural
Killer Cells Isolated from Inflammatory Bowel Disease Patients. J. Crohn’s Colitis 2021, 15, 1316–1325. [CrossRef]

39. Calvo, J.R.; González-Yanes, C.; Maldonado, M.D. The role of melatonin in the cells of the innate immunity: A review. J. Pineal
Res. 2013, 55, 103–120. [CrossRef]

40. Perfilyeva, Y.; Ostapchuk, Y.O.; Abdolla, N.; Tleulieva, R.; Krasnoshtanov, V.C.; Belyaev, N.N. Exogenous Melatonin Up-Regulates
Expression of CD62L by Lymphocytes in Aged Mice under Inflammatory and Non-Inflammatory Conditions. Immunol. Investig.
2019, 48, 632–643. [CrossRef]

41. Lansdorp, P.M. Telomeres, Telomerase and Cancer. Arch. Med. Res. 2022, 53, 741–746. [CrossRef]
42. Arjona, A.; Sarkar, D.K. Circadian Oscillations of Clock Genes, Cytolytic Factors, and Cytokines in Rat NK Cells. J. Immunol. 2005,

174, 7618–7624. [CrossRef]
43. Mortezaee, K.; Potes, Y.; Mirtavoos-Mahyari, H.; Motevaseli, E.; Shabeeb, D.; Musa, A.E.; Najafi, M.; Farhood, B. Boosting immune

system against cancer by melatonin: A mechanistic viewpoint. Life Sci. 2019, 238, 116960. [CrossRef] [PubMed]
44. Lisci, M.; Barton, P.R.; Randzavola, L.O.; Ma, C.Y.; Marchingo, J.M.; Cantrell, D.A.; Paupe, V.; Prudent, J.; Stinchcombe, J.C.;

Griffiths, G.M. Mitochondrial translation is required for sustained killing by cytotoxic T cells. Science 2021, 374, eabe9977.
[CrossRef] [PubMed]

45. Mougiakakos, D.; Kahlfuss, S. “Moonlighting” at the power plant: How mitochondria facilitate serial killing by CD8+ cytotoxic T
cells. Signal Transduct. Target. Ther. 2021, 6, 436. [CrossRef]

46. Nobis, C.C.; Laramée, G.D.; Kervezee, L.; De Sousa, D.M.; Labrecque, N.; Cermakian, N. The circadian clock of CD8 T cells
modulates their early response to vaccination and the rhythmicity of related signaling pathways. Proc. Natl. Acad. Sci. USA 2019,
116, 20077–20086. [CrossRef]

47. Rahimi, S.B.; Mohebbi, A.; Vakilzadeh, G.; Biglari, P.; Jahromi, S.R.; Mohebi, S.R.; Shirian, S.; Gorji, A.; Ghaemi, A. Enhancement
of therapeutic DNA vaccine potency by melatonin through inhibiting VEGF expression and induction of antitumor immunity
mediated by CD8+ T cells. Arch. Virol. 2017, 163, 587–597. [CrossRef]

48. Huang, X.; Wang, L.; Guo, H.; Zhang, W. Macrophage membrane-coated nanovesicles for dual-targeted drug delivery to inhibit
tumor and induce macrophage polarization. Bioact. Mater. 2022, 23, 69–79. [CrossRef]

49. Kawaguchi, Y.; Ohshio, Y.; Watanabe, A.; Shiratori, T.; Okamoto, K.; Ueda, K.; Kataoka, Y.; Suzuki, T.; Hanaoka, J. Depletion of
tumor-associated macrophages inhibits the lung cancer growth and enhances the antitumor effect of cisplatin. Cancer Sci. 2022,
in press. [CrossRef]

50. Xun, X.; Zhang, C.; Wang, S.; Hu, S.; Xiang, X.; Cheng, Q.; Li, Z.; Wang, Y.; Zhu, J. Cyclooxygenase-2 expressed hepatocellular
carcinoma induces cytotoxic T lymphocytes exhaustion through M2 macrophage polarization. Am. J. Transl. Res. 2021, 13,
4360–4375.

51. Bi, C.; Fu, Y.; Zhang, Z.; Li, B. Prostaglandin E2 confers protection against diabetic coronary atherosclerosis by stimulating M2
macrophage polarization via the activation of the CREB/BDNF/TrkB signaling pathway. FASEB J. 2020, 34, 7360–7371. [CrossRef]
[PubMed]

52. Huang, Z.-B.; Hu, Z.; Lu, C.-X.; Luo, S.-D.; Chen, Y.; Zhou, Z.-P.; Hu, J.-J.; Zhang, F.-L.; Deng, F.; Liu, K.-X. Gut microbiota-derived
indole 3-propionic acid partially activates aryl hydrocarbon receptor to promote macrophage phagocytosis and attenuate septic
injury. Front. Cell. Infect. Microbiol. 2022, 12, 1015386. [CrossRef] [PubMed]

53. Park, S.-H.; Yoon, S.-J.; Choi, S.; Jung, J.; Park, J.-Y.; Park, Y.-H.; Seo, J.; Lee, J.; Lee, M.-S.; Lee, S.-J.; et al. Particulate matter
promotes cancer metastasis through increased HBEGF expression in macrophages. Exp. Mol. Med. 2022, 54, 1901–1912. [CrossRef]
[PubMed]

54. Selvam, P.; Cheng, C.-M.; Dahms, H.-U.; Ponnusamy, V.K.; Sun, Y.-Y. AhR Mediated Activation of Pro-Inflammatory Response of
RAW 264. 7 Cells Modul. Epithel.-Mesenchymal Transit. 2022, 10, 642. [CrossRef]

55. Aria, H.; Rezaei, M.; Nazem, S.; Daraei, A.; Nikfar, G.; Mansoori, B.; Bahmanyar, M.; Tavassoli, A.; Vakil, M.K.; Mansoori, Y.
Purinergic receptors are a key bottleneck in tumor metabolic reprogramming: The prime suspect in cancer therapeutic resistance.
Front. Immunol. 2022, 13, 947885. [CrossRef]

56. Merz, J.; Nettesheim, A.; von Garlen, S.; Albrecht, P.; Saller, B.S.; Engelmann, J.; Hertle, L.; Schäfer, I.; Dimanski, D.; König, S.; et al.
Pro- and anti-inflammatory macrophages express a sub-type specific purinergic receptor profile. Purinergic Signal. 2021, 17,
481–492. [CrossRef]

57. Xiong, T.; He, P.; Zhou, M.; Zhong, D.; Yang, T.; He, W.; Xu, Z.; Chen, Z.; Liu, Y.; Dai, S. Glutamate blunts cell-killing effects of
neutrophils in tumor microenvironment. Cancer Sci. 2022, 113, 1955–1967. [CrossRef]

58. Shanshiashvili, L.; Tsitsilashvili, E.; Dabrundashvili, N.; Kalandadze, I.; Mikeladze, D. Metabotropic glutamate receptor 5 may be
involved in macrophage plasticity. Biol. Res. 2017, 50, 4. [CrossRef]

59. Zhou, J.; Liu, H.; Jiang, S.; Wang, W. Role of tumor-associated neutrophils in lung cancer (Review). Oncol Lett. 2022, 25, 2.
[CrossRef]

60. Bock, K.W. Aryl hydrocarbon receptor (AHR) functions: Balancing opposing processes including inflammatory reactions. Biochem.
Pharmacol. 2020, 178, 114093. [CrossRef]

http://doi.org/10.32794/mr11250033
http://doi.org/10.1093/ecco-jcc/jjab014
http://doi.org/10.1111/jpi.12075
http://doi.org/10.1080/08820139.2019.1586918
http://doi.org/10.1016/j.arcmed.2022.10.004
http://doi.org/10.4049/jimmunol.174.12.7618
http://doi.org/10.1016/j.lfs.2019.116960
http://www.ncbi.nlm.nih.gov/pubmed/31629760
http://doi.org/10.1126/science.abe9977
http://www.ncbi.nlm.nih.gov/pubmed/34648346
http://doi.org/10.1038/s41392-021-00846-3
http://doi.org/10.1073/pnas.1905080116
http://doi.org/10.1007/s00705-017-3647-z
http://doi.org/10.1016/j.bioactmat.2022.09.027
http://doi.org/10.1111/cas.15671
http://doi.org/10.1096/fj.201902055R
http://www.ncbi.nlm.nih.gov/pubmed/32350920
http://doi.org/10.3389/fcimb.2022.1015386
http://www.ncbi.nlm.nih.gov/pubmed/36299625
http://doi.org/10.1038/s12276-022-00886-x
http://www.ncbi.nlm.nih.gov/pubmed/36352257
http://doi.org/10.3390/toxics10110642
http://doi.org/10.3389/fimmu.2022.947885
http://doi.org/10.1007/s11302-021-09798-3
http://doi.org/10.1111/cas.15355
http://doi.org/10.1186/s40659-017-0110-2
http://doi.org/10.3892/ol.2022.13588
http://doi.org/10.1016/j.bcp.2020.114093


Int. J. Mol. Sci. 2023, 24, 311 22 of 24

61. Liu, X.-Y.; Liu, Y.; Li, J.-F.; Yue, S.-J.; Shen, L.; Li, C.; Han, J.-Z.; Xu, J.-P.; Feng, D.-D.; Liu, H.-J.; et al. Activation of mGluRI in
neutrophils promotes the adherence of neutrophils to endothelial cells. Sheng Li Xue Bao 2010, 62, 219–224. [PubMed]

62. Collard, C.D.; Park, K.A.; Montalto, M.C.; Alapati, S.; Buras, J.A.; Stahl, G.L.; Colgan, S.P. Neutrophil-derived Glutamate Regulates
Vascular Endothelial Barrier Function. J. Biol. Chem. 2002, 277, 14801–14811. [CrossRef]

63. Zhang, X.; Zhao, W.; Zhao, Y.; Zhao, Z.; Lv, Z.; Zhang, Z.; Ren, H.; Wang, Q.; Liu, M.; Qian, M.; et al. Inflammatory macrophages
exacerbate neutrophil-driven joint damage through ADP/P2Y1 signaling in rheumatoid arthritis. Sci. China Life Sci. 2021, 65,
953–968. [CrossRef] [PubMed]

64. Cao, Z.; Zhao, M.; Sun, H.; Hu, L.; Chen, Y.; Fan, Z. Roles of mitochondria in neutrophils. Front. Immunol. 2022, 13, 934444.
[CrossRef] [PubMed]

65. Peng, S.; Gao, J.; Stojkov, D.; Yousefi, S.; Simon, H.U. Established and emerging roles for mitochondria in neutrophils. Immunol.
Rev. 2022. [CrossRef] [PubMed]

66. Sousa, W.O.; Fujimori, M.; Morais, T.C.; Santos, M.B.; Rodrigues, G.F.S.; Silva, K.P.G.; Torres, A.H.F.; Honorio-França, A.C.; França,
E.L. Effects of Modified Melatonin Release on Human Colostrum Neutrophils to Induce Death in the MCF-7 Cell Line. Int. J. Cell
Biol. 2022, 2022, 8069188. [CrossRef]

67. Naveenkumar, S.K.; Hemshekhar, M.; Jagadish, S.; Manikanta, K.; Ks, G.; Kemparaju, K.; Girish, K.S. Melatonin restores neutrophil
functions and prevents apoptosis amid dysfunctional glutathione redox system. J. Pineal Res. 2020, 69, e12676. [CrossRef]

68. Sakakura, Y.; Sato, H.; Shiiya, A.; Tamba, M.; Sagara, J.-I.; Matsuda, M.; Okamura, N.; Makino, N.; Bannai, S. Expression and
function of cystine/glutamate transporter in neutrophils. J. Leukoc. Biol. 2007, 81, 974–982. [CrossRef]

69. Xu, L.; Zhang, W.; Kwak, M.; Zhang, L.; Lee, P.C.W.; Jin, J.-O. Protective Effect of Melatonin Against Polymicrobial Sepsis Is
Mediated by the Anti-bacterial Effect of Neutrophils. Front. Immunol. 2019, 10, 1371. [CrossRef]

70. Hou, Y.; Yang, D.; Xiang, R.; Wang, H.; Wang, X.; Zhang, H.; Wang, P.; Zhang, Z.; Che, X.; Liu, Y.; et al. N2 neutrophils
may participate in spontaneous recovery after transient cerebral ischemia by inhibiting ischemic neuron injury in rats. Int.
Immunopharmacol. 2019, 77, 105970. [CrossRef]

71. Zheng, W.; Fan, X.; Yang, Z.; Shangguan, Y.; Jin, T.; Liu, Y.; Huang, J.; Ye, X.; Zhou, Q.; Li, X. Strong inflammatory signatures in
the neutrophils of PAMI syndrome. Front. Immunol. 2022, 13, 926087. [CrossRef] [PubMed]

72. Lin, J.; He, Y.; Wang, B.; Xun, Z.; Chen, S.; Zeng, Z.; Ou, Q. Blocking of YY1 reduce neutrophil infiltration by inhibiting IL-8
production via the PI3K-Akt-mTOR signaling pathway in rheumatoid arthritis. Clin. Exp. Immunol. 2018, 195, 226–236. [CrossRef]
[PubMed]

73. Léger, J.L.; Soucy, M.N.; Veilleux, V.; Foulem, R.D.; A Robichaud, G.; E Surette, M.; Allain, E.P.; Boudreau, L.H. Functional
platelet-derived mitochondria induce the release of human neutrophil microvesicles. EMBO Rep. 2022, 23, e54910. [CrossRef]
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