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Introduction
A plethora of intracellular processes, receptors, and epigenetic 
processes have been proposed to regulate glioblastoma multi-
forme (GBM)/glioblastoma stem cell (GSC) survival, prolifera-
tion, and migration. Consequently, there is a wide array of 
disparate data for this poorly managed condition, including 
alterations in microRNAs (miRNAs), 14-3-3 proteins, AMP-
activated protein kinase (AMPK), mammalian target of rapamy-
cin (mTOR), sirtuins, aryl hydrocarbon receptor (AhR), 
endoplasmic reticulum (ER), mTOR, sphingosine-1-phosphate 
(S1P) receptors and levels, small GTPases, kynurenine pathway 
products, tyrosine receptor kinase B (TrkB), chromosome 4q35, 
purinergic signalling, shifting between glycolysis and oxidative 
phosphorylation, and alterations in the melatonergic pathway 
regulation.1 All of these changes have been linked to alterations 
in mitochondria functioning and the interaction of GBM/GSC 
with other cells in the tumour microenvironment.1

The microenvironments, both within and surrounding 
GBM/GSC, are important determinants of GBM/GSC gene 
expressions, which have been proposed to form ‘go or grow’ phe-
notypes. This suggests a shifting between proliferation and 
motility, an idea that has maintained popularity over a couple of 
decades.2 Microenvironments are clearly important, with unfa-
vourable environments, such as lower oxygen/nutrients, inducing 
migration in search of better conditions, while limiting 

proliferation capacity. Attempts at treatment can interact with 
such microenvironment-driven changes in GBM/GSC pheno-
types, with bevacizumab increasing the more migratory pheno-
type.3 As such, GBM/GSC expression patterns are in intimate 
interaction with the cells and fluxes of the local 
microenvironment.

This article reviews these commonly described changes 
that underpin the pathophysiological complexity of GBM/
GSC, before integrating these factors and processes in a 
model that highlights the underexplored role of the melaton-
ergic pathway in modulating, and mediating, the mitochon-
dria-driven changes in GBM/GSC and the tumour 
microenvironment.

Common Biochemical Changes in GBM/GSC
miR-451

A plethora of data show a role for alterations in the miRNA, 
miR-451, in the pathophysiology of GBM/GSC.4,5 Interestingly, 
the tumour microenvironment seems to modulate miR-451 lev-
els in GBM/GSC.6 Zhao and colleagues6 found miR-451 levels 
to be relatively low in central regions and high in peripheral 
regions of GBM, with higher miR-451 levels facilitating prolif-
eration, while repressing migration.6 Such data indicate the 
importance of miR-451 in determining GBM/GSC responses, 
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as well as highlighting how putative phenotypes may exemplify 
microenvironment-driven heterogeneity and plasticity of 
responses. Recent work suggests that the 14-3-3 protein, 
AMPK-mTOR pathway, and the small GTPase, Rac1, may be 
intimately associated with such alterations in miR-451 levels,6–8 
highlighting the role that miR-451 can play in the heterogene-
ous biological underpinnings of GBM/GSC. It is important to 
note that miR-451 represses levels of 14-3-3ζ protein, which is 
necessary for the stabilization of aralkylamine N-acetyltransferase 
(AANAT) and therefore for N-acetylserotonin (NAS) synthesis 
and the activation of the melatonergic pathways.9 Variations in 
miR-451 may therefore be associated with the differential regu-
lation of the melatonergic pathways.

miR-7

Another miRNA, miR-7, can inhibit both cell migration and 
proliferation in GBM/GSC,10 as well as increasing sensitivity to 
treatment in drug-resistant GBM cells.11 Such effects seem 
mediated by the regulation of the transcription factor, Yin Yang 
(YY)1.11 Interestingly, miR-7 inhibits NAS and melatonin syn-
thesis in the porcine pineal gland,12 while YY1 is a significant 
regulator of retinal NAS and melatonin synthesis.13 Importantly, 
miR-7 also downregulates 14-3-3ζ in glioma cell lines,14 sug-
gesting that some of the impacts of miR-7 may be via a decrease 
in the stability of AANAT and therefore of NAS synthesis.

14-3-3

Increased levels of various isoforms of 14-3-3 protein are asso-
ciated with apoptosis resistance and poorer survival rates in 
GBM/GSC patients.15,16 Downregulation of 14-3-3ζ sensi-
tizes human glioblastoma cells to apoptosis induction, with 
higher levels of 14-3-3ζ being associated with a higher grade of 
glioma.17 Higher levels of 14-3-3 are also evident in GSC.18

As indicated above, both miR-7 and miR-451 can repress 
14-3-3ζ in both tumour and nonneoplastic cells.8,14,19 The loss of 
14-3-3 sensitizes GBM/GSC to apoptosis as well as preventing 
NAS synthesis, thereby preventing any trophic effects of NAS via 
the TrkB. N-acetylserotonin is a brain-derived neurotrophic factor 
(BDNF) mimic and activates the BDNF receptor, TrkB, which is 
significant driver of GSC proliferation. As such, the miRNAs 
regulation of 14-3-3, which stabilizes AANAT and therefore 
NAS synthesis, is a significant modulator of TrkB-mediated GSC 
proliferation. It should also be noted that the conversion of NAS 
to melatonin may be prevented by a number of processes, allowing 
variations in the NAS/melatonin ratio to be regulated by GBM/
GSC processes, as detailed in the following.

Kynurenine and AhR

The AhR is also a known modulator of GBM/GSC, including 
contributing to genotoxic damage.20 These authors show that 
the activation of tryptophan-2,3-dioxygenase (TDO), leading 
to the production of AhR ligands, kynurenine, and kynurenic 

acid, is a major AhR activator in GBM/GSC.20 The AhR 
modulates, and can be modulated by, a number of miRNAs.21 
However, it requires investigation as to whether the AhR regu-
lates, or is regulated by, miRNAS that can increase the NAS/
melatonin ratio and therefore TrkB activation. It is also of note 
that the activation of the kynurenine pathways via TDO could 
decrease the levels of tryptophan availability for the synthesis 
of serotonin, NAS, and melatonin.

Interestingly, GBM-derived kynurenine can significantly 
modulate the immune responses in the tumour microenviron-
ment.22 These authors showed kynurenine to activate the AhR 
in tumour-associated macrophages, a process involving the 
suppression of macrophage NF-κB, in turn modulating mac-
rophage responses and the influence of macrophages on the 
activity of other immune cells in the tumour environment.22 It 
may be of note that NF-κB activation in macrophages is nec-
essary for the induction and release of melatonin by these cells, 
suggesting that TDO-induced kynurenine, via macrophage 
NF-κB inhibition, may act to inhibit the release and effects of 
melatonin in the tumour microenvironment.23 Melatonin may 
also act to inhibit the AhR.24

It should also be noted that the AhR-activating effects of 
kynurenine may be distinct from those of kynurenic acid in the 
tumour microenvironment. Although both TDO products can 
activate the AhR, kynurenic acid may significantly inhibit the 
effects of the high levels of glutamate released by GBM/
GSC,25 given that kynurenic acid inhibits N-methyl-d-
aspartate (NMDA) receptor activation.26 The high levels of 
NMDA receptor–mediated excitotoxic damage induced by 
GBM glutamate release is important in neighbour cell death 
and often thought to contribute to pathway clearance for pro-
liferating and migrating GBM/GSC. As such, kynurenine may 
be more likely to benefit GBM/GSC survival and migration.

AMP-activated protein kinase

AMP-activated protein kinase has an important role in cellular 
energy homeostasis, being generally associated with driving the 
uptake of glucose and fatty acids and increasing levels of oxida-
tion when cellular energy/mitochondria functioning levels are 
low. AMP-activated protein kinase has classically been seen as 
a tumour suppressor, with a large body of data showing AMPK 
to inhibit cell growth. However, such inhibition can be tran-
sient, allowing AMPK to provide cancer cells pro-survival flex-
ibility under different challenging conditions. Glioblastoma 
multiforme can hijack the AMPK-regulated stress response 
pathway, which is highly conserved in nonneoplastic cells, 
given the high levels of AMPK isoforms expressed in GBM.27 
These authors also show that AMPK inhibition reduces the 
viability of patient-derived GSCs.27

AMPK is also intimately linked to the regulation of miR-
451, which has been proposed to be a mechanism whereby 
GBM may adapt their cellular phenotype under different 
stress conditions4,28. AMPK/miR-451 are proposed to form a 
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negative reciprocal feedback loop, suggesting that miR-451 
may be finely regulated under different conditions.4 This may 
be complicated by the effects of miR-451 on AMPK regula-
tion and other processes in different cell types, with miR-451 
antagonism increasing AMPK activity in intestinal epithelial 
cells,29 while in GBM it is proposed that miR-451 mediates 
the shifting of GBM from proliferation to migration in 
response to different environmental conditions.6 This indi-
cates that AMPK and the synthesis of NAS may be dynami-
cally regulated in association with miR-451 levels.

mTOR

mTOR regulates cell metabolism and proliferation and is 
increased in aggressive tumours, including GBM/GSC, con-
tributing to heightened levels of glucose uptake and utiliza-
tion.30 It is proposed that a decrease in miR-451 in low-glucose 
environments contributes to an increase in AMPK and decrease 
in mTOR, which drives higher levels of migration, while rela-
tively increased miR-451 in higher glucose environments will 
lead to a decrease in AMPK and increase in mTOR leading to 
higher levels of proliferation.31 As such, alterations in the avail-
ability of glucose, via changes in miR-451, may be associated 
with the proliferation/migration balance via changes in the 
AMPK-mTOR pathway. Such a schema has readily lent itself 
to a perspective of 2 GBM/GSC phenotypes.4 As indicated 
above, miR-451 would also concurrently differentially regulate 
the melatonergic pathways in mitochondria, again indicating 
that the NAS synthesis and its activation of TrkB may be 
dynamically regulated in association with AMPK, mTOR, and 
miR-451, in response to different microenvironments.

Purinergic signalling

A number of studies have investigated the role of extracellular 
ATP, acting via the P2 receptors, in the pathophysiology of 
GBM/GSC. Interestingly, 10-150 μM ATP at the P2Y1 
receptor, or P2Y1 receptor agonists, increases GSC prolifera-
tion.32 These authors, and other research labs, have shown that 
significantly higher extracellular levels of ATP lead to a 
decrease in GSC proliferation and at dramatically higher levels, 
via the P2X7 receptor, may lead to apoptosis.33 As such, extra-
cellular ATP can have variable concentration-dependent 
effects via distinct purinergic receptors. It should be noted that 
the P2Y1 receptor can also act to significantly increase the 
NAS/melatonin ratio, as shown in pinealocytes,34 indicating 
that P2Y1 receptor activation will also increase NAS effects at 
the TrkB, as detailed in the following.

S1P and small GTPases

It would seem likely that GBM/GSC proliferation and migra-
tion arises from an increase in S1P receptor-induced small 
GTPase35 and that variations in migration may be linked to 

alterations in the levels of S1P receptor subtypes and sphingo-
sine kinase–induced S1P36 in rearranged rafts, paralleling such 
changes in neurogenesis.37 As to whether the P2Y1 receptor 
modulates the S1P receptors and small GTPases as in platelets 
requires investigation in GBM/GSC,38 including as to whether 
any concurrent changes in the NAS/melatonin ratio are evi-
dent. Rearranged lipid rafts, and associated receptor clusters, 
are an integral aspect of the plasticity of GBM/GSC, especially 
in response to tumour environment changes. Recent work 
showing that dysregulating cholesterol synthesis and uptake in 
the tumour microenvironment is damaging to GBM/GSC 
likely reflects such alterations in raft-associated receptors and 
the changes in intracellular pathways that occur, including in 
S1P receptor subtype–driven small GTPases.39 As such, altera-
tions in S1P receptor subtypes in rearranged rafts will be coor-
dinated with alterations in AMPK/mTOR/miR-451 and the 
regulation of NAS levels and effects at TrkB.

TrkB

TrkB is a neurotrophin receptor, which mediates many of the 
trophic effects of BDNF. TrkB is expressed on mitochondria 
membranes, suggesting that TrkB is well placed to be activated 
by mitochondria TrkB ligands, such as NAS.40 TrkB increases 
the proliferation of GSC.41 GBM/GSC exosomes containing 
TrkB are also important in transferring aggressiveness to 
neighbouring GBM,42 suggesting that trophic activation of 
TrkB is important to the pathophysiology of GBM/GSC. As 
noted, the melatonin precursor, NAS, has BDNF mimicking 
effects via the TrkB,43 suggesting that NAS synthesis and 
release could be an important factor in the initiation of aggres-
sive processes in GBM/GSC. It may also be of note that NAS 
can increase BDNF synthesis and release, as shown in the 
murine dentate gyrus.44 The induction of BDNF seems of 
some importance in GBM, and maybe especially GSC, with a 
decrease in miR-210 contributing to increased BDNF expres-
sion in GSC.45 Anti-TrkB pharmaceuticals show some promise 
in tumour management in rodent models.46

4q35

Chromosome region 4q35 is a not an uncommon deletion in 
GBM and some other cancers, often in association with the 
tumour suppressor gene, FAT1,47 which is sited at 4q35.48 It is also 
of note that the melatonin MT1 receptor, which is frequently 
silenced in many different tumours,49 is also sited at 4q35.50 As 
well as the inhibition of melatonin synthesis, melatonin’s effects 
via the MT1 receptor may also be prevented in some GBM/GSC.

Sirtuins

Most sirtuins are NAD+-dependent deacetylases and linked 
to cell survival, longevity, and optimized mitochondria func-
tioning in nonneoplastic cells. Being NAD+ dependent links 
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sirtuin activity to the availability of cellular NAD+, including 
its induction at the end of the kynurenine pathway. A number 
of different sirtuins have been associated with the regulation 
of GBM/GSC. Sirtuin-3, which is predominantly mitochon-
dria-located, interacts with the mitochondrial chaperone, 
TRAP1, to modulate the mitochondria response to stress and 
maintain the ‘stemness’ of GSC.51 Factors that act to inhibit 
sirtuin-3 lead to a decrease in the viability of GBM,52 with 
factors acting to increase sirtuin-3 leading to an increased 
radioresistance in GBM cell lines.53 Melatonin and sirtuin-3 
are proposed not only to interact but also to have coevolved in 
mitochondria, suggesting that the putative loss of melatonin 
synthesis in mitochondria may modulate the functions and 
effects of sirtuin-3. As such, an increase in the NAS/mela-
tonin ratio leads to the loss of melatonin’s mitochondria 
effects, as well as the trophic effects of NAS.

In contrast, the induction of sirtuin-1 leads to apoptosis in 
some GBM cell lines,54 while other data indicate that sirtuin-1 
inhibition is important for apoptosis via its regulation of p53.55 
Such superficially conflicting data highlight the importance of 
other concurrent changes in tumour cells. Data indicate that 
some of the effects of sirtuin-1 may be mediated by its deacety-
lation of sirtuin-3,56 which, as noted above, may be at least 
partly dependent on the synthesis of melatonin within mito-
chondria. It requires investigation as to how the regulation of 
the melatonergic pathways in GBM/GSC interacts with the 
levels and effects of different sirtuins, including as to how 
increased NAS synthesis and TrkB activation interact with sir-
tuin-1 effects in GBM/GSC.

Overall, the above highlights the complex sets of data that 
have been collected on the pathophysiological processes evident 
in GBM/GSC. These factors and processes may be determined 
by core changes involving the AhR, IDO, and kynurenine 
metabolites in the upregulation of the NAS/melatonin ratio 
and consequent TrkB activation by NAS. The integration of the 
wider bodies of data of GBM/GSC in the following is medi-
ated via their association with these key processes.

Integrative Model
There are many conflicting results as to the pathophysiological 
changes occurring in GBM/GSC, with a plethora of intracel-
lular processes, receptors, and epigenetic processes shown to 
occur and have relevance to GBM/GSC survival, proliferation, 
and migration. This arises to some degree due to differences in 
cell lines and in primary samples used, as well as dynamic inter-
actions of GBM/GSC with an ever-changing microenviron-
ment. As to whether the orchestrated changes in response to 
local microenvironmental factors can be explained by oscilla-
tions between 2 phenotypes, migratory and proliferative, is 
probably simplistic. Intracellular heterogeneity is long appreci-
ated as an important factor in GBM, as in most other tumours.57 
GSC can show considerable variability in energy production 
and metabolism, with some showing a predominant utilization 

of glycolysis, while others use oxidative phosphorylation.58 It 
would seem more likely that such a gradation of reactive 
responses reflects plasticity responses to microenvironment 
changes. It would also seem that alterations in mitochondria 
functioning are at the core of such plasticity responses.

Recent work suggests that many, if not all, mitochondria-
containing cells produce NAS and melatonin, quite likely 
within mitochondria, including within glia, neurons, and 
immune cells.59–61 This has still to be determined within 
GBM/GSC. However, the presence of melatonin within 
GBM/GSC is likely to prove problematic, given that mela-
tonin in these cells, as in most tumours, inhibits proliferation 
and migration as well as inducing apoptosis.62 This would sug-
gest that GBM/GSC, as with most tumours, would have their 
behaviour and survival threatened unless they are able to sup-
press melatonin synthesis and/or melatonin’s effects. The syn-
thesis and presence of melatonin within mitochondria would 
be expected to modulate many of the key mitochondria pro-
cesses that underpin the changes in transcription and patterned 
gene expressions as well as the variable proliferation and migra-
tory responses that can occur in GBM/GSC.

It should be emphasized that NAS, as well as being the 
immediate precursor of melatonin synthesis, is usually also co-
released with melatonin and has many similar attributes to 
melatonin, including being a powerful antioxidant and anti-
inflammatory. However, NAS has some distinct effects, includ-
ing the activation of the neurotrophin receptor, TrkB.43 Given 
that TrkB is an important regulator of GBM/GSC survival 
and of the spread of aggressiveness, at least in part via GBM/
GSC exosomes,42 variations in the regulation of the NAS/
melatonin ratio may be of some importance. A wide array of 
previously disparate data in GBM/GSC may be intimately 
linked to the regulation of NAS and melatonin synthesis and 
uptake in GBM/GSC, including data on miRNAs, PEPT1/2, 
14-3-3 proteins, AMPK, mTOR, sirtuins, AhR, and S1P as 
well as the small GTPases, Rac1, and RhoA (see Figure 1).

A number of factors are known to increase the NAS/mela-
tonin ratio. Melatonin can be converted back to NAS by a pro-
cess of O-demethylation, which may be driven by CYP2C19.63 
Perhaps more important in GBM/GSC, and many other 
tumours, melatonin can be directly converted back to NAS by 
CYP1B1, with CYP1B1 being predominantly present in mito-
chondria.64,65 As noted above, the AhR is an important regula-
tor of GBM/GSC. In nonneoplastic cells, AhR-induced 
CYP1B1 in mitochondria leads to increased oxidative stress 
and suboptimal mitochondria functioning,65 highlighting the 
clear impact that CYP1B1 can have on core mitochondria pro-
cesses. Importantly, CYP1B1 is highly overexpressed in a wide 
array of different tumours, including lung, breast, hepatic, kid-
ney, skin, gastrointestinal, prostate, bladder, and ovarian can-
cers, while CYP1B1 is absent or shows very low expression in 
healthy tissue.66–73 Clearly, the dramatic increase in mitochon-
dria CYP1B1 in GBM/GSC and most other cancers suggests 



Anderson and Reiter	 5

a significant role for CYP1B1 in mitochondria functioning in 
tumour cells.

Interestingly, CYP1B1 is powerfully induced by the AhR in 
inflammatory breast cancer stem cells,67 suggesting that AhR 
activation in cancer stem cells may be significant regulators of 
CYP1B1 and therefore of the NAS/melatonin ratio. This 
would suggest that TDO induction and consequent kynure-
nine and kynurenic acid activation of the AhR may dramati-
cally increase the NAS/melatonin ratio, via CYP1B1, while 
also decreasing the levels of tryptophan available for NAS and 
melatonin synthesis. This could suggest lower levels of NAS 
and melatonin, but a dramatic increase in the NAS/melatonin 
ratio. CYP1B1 is inhibited by miR-187-5p in non-small-cell 
lung cancers,69 and it requires investigation as to whether miR-
187-5p, or other miRNAs, modulate GBM/GSC, including 
via the regulation of CYP1B1.

AhR induction of mitochondria CYP1B1 suggests that 
many of the other processes regulated by the AhR and altered 

in GBM may be coordinated with an increase in CYP1B1 and 
NAS/melatonin ratio. Transforming growth factor (TGF)-β 
levels are raised in GBM/GSC, being associated with increased 
proliferation and migration.74 TGF-β may also be intimately 
associated with cholesterol regulation in GBM/GSC, with the 
putative efficacy of statins in GBM/GSC treatment being 
mediated via a decrease in TGF-β.75 These authors found 
statins to reduce TGF-β activity, cell viability and invasiveness, 
small GTPase activity, and Smad3 phosphorylation and activ-
ity, as well as the expression of TGF-β targets ZYX and 
SERPINE1 in GBM and GSC cells. The AhR is a major 
determinant of TGF-β levels and effects in GBM, at least in 
part via the regulation of integrins and their interaction with 
the extracellular matrix.76 As such, AhR induction of mito-
chondria CYP1B1 may be linked to not only changes in the 
melatonergic pathways and other GBM/GSC factors but also 
to alterations in the intercellular interactions that occur in the 
tumour microenvironment.

Figure 1.  The activation of TDO, and possibly IDO, leads to an increase in kynurenine and kynurenic acid, which can activate the AhR, leading to a 

number of important changes in GBM/GSC, including the dramatic increase in CYP1B1 in mitochondria. Mitochondria CYP1B1 leads to the conversion of 

melatonin to NAS, which can then activate TrkB directly as well as via BDNF induction. This can increase the proliferation and migration of GBM/GSC. 

Such an increase in the NAS/melatonin ratio may also be mediated by CYP2C19, P2Y1 receptor, and mGluR. A number of microRNAs, including miR-451 

and miR-7, via 14-3-3 regulation, will also modulate NAS and melatonin synthesis, given 14-3-3 is necessary for the stabilization of AANAT. The loss of 

melatonin and increase in NAS will have impacts on sirtuins, AMPK-mTOR, GLUT1, S1P-small GTPases, and ECM-integrin interactions. Such changes 

have significant impacts on mitochondria functioning and therefore in responses to the dynamic alterations evident in the tumour microenvironment, 

including ECM interactions with the integrins and the regulation of cholesterol uptake and membrane lipid rafts. Sites for treatment targets are highlighted 

in yellow. AANAT indicates aralkylamine N-acetyltransferase; AhR, aryl hydrocarbon receptor; AMPK, AMP-activated protein kinase; BDNF, brain-derived 

neurotrophic factor; CYP, cytochrome P450; ECM, extracellular matrix; GBM, glioblastoma multiforme; GSC, glioblastoma stem-like cells; GLUT1, glucose 

transporter 1; HIOMT, N-Acetylserotonin O-methyltransferase; IDO, indoleamine 2,3-dioxygenase; KAT, kynurenine aminotransferase; mGluR, 

metabotropic glutamate receptor; NAS, N-acetylserotonin; P2Y1, purinergic receptor; S1P, sphingosine-1-phosphate; TDO, tryptophan 2,3-dioxygenase; 

TrkB, tyrosine receptor kinase B.
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It is also of note that AANAT, which generates NAS, has 
been found in different mitochondria compartments, namely, 
the matrix and intermembrane space, as reviewed in Tan and 
Reiter.59 It is unclear as to why this should be the case, although 
these authors propose that AANAT is active when within the 
matrix, primarily as there is a ready availability of N-acetyl-
coenzyme A substrate within the matrix, with localization in 
the mitochondria intramembrane space indicating AANAT 
that is either in the process of being transported to the matrix 
or stored there for when required and/or is being silenced by its 
reverse transport from the matrix. The putative transporters, 
and factors that could act to regulate such transport, between 
mitochondria compartments have still to be investigated, 
which may be important to determine, given the relevance of 
the melatonergic pathways to the regulation of GBM/GSC 
mitochondria functioning.

As well as CYP1B1 and CYP2C19 impacts on melatonin 
conversion to NAS, other factors and processes may also mod-
ulate the NAS/melatonin ratio. In pinealocytes, ATP via the 
P2Y1 receptor potentiates NE-induced NAS, which is also 
associated with an inhibition of NAS conversion to mela-
tonin.34 Interestingly, 10-150 μM ATP at the P2Y1 receptor, 
or P2Y1 receptor agonists, increases GSC proliferation.32 
These authors, and other researcher labs, have shown that sig-
nificantly higher extracellular levels of ATP lead to a decrease 
in GSC proliferation and at dramatically higher levels via the 
P2X7 receptor may lead to apoptosis.33 It requires investigation 
of GSC as to whether such differential effects of different con-
centrations of ATP have similar impacts on the NAS/mela-
tonin ratio. It will be important to determine the intracellular 
processes involved in ATP’s concentration-dependent regula-
tion of the NAS/melatonin ratio, including as to whether this 
involves the upregulation of CYP1B1 or as to whether the 
P2Y1 receptor is another route whereby GBM/GSC may act 
to regulate the NAS/melatonin ratio.

There is little data on the role of the P2Y1 receptor in the 
regulation of GBM/GSC, although in some cell types P2Y1 
receptor activation induces protein kinase C (PKC)δ, with 
PKCδ being an important regulator of many GBM/GSC pro-
cesses.77,78 The P2Y1 receptor is also associated with the regula-
tion of astrocyte AMPK,79 mTOR-associated migratory 
effects,80 and astrocyte excitability,81 suggesting impacts on pro-
cesses that are important to the pathophysiology of GBM/GSC, 
as well as indicating a role for P2Y1 receptors in the wider 
tumour microenvironment. The high levels of glutamate efflux 
by GBM/GSC would also increase CYP1B1 in astrocytes, via 
the metabotropic glutamate receptor (mGluR)5.82 There is 
increasing interest in the roles of mGluRs in GBM/GSC,83 
which may include paracrine and autocrine effects on CYP1B1 
and an increased NAS/melatonin ratio, as well as the classical 
role of glutamate in excitotoxicity-driven ‘pathway clearance’.25

Although the synthesis and uptake of melatonin would 
seem dangerous to the survival of GBM/GSC, both GBM 

and GSC have high levels of proton-driven oligopeptide 
transporter (PEPT1/2),84 which can uptake melatonin into 
mitochondria in cancer cells.85 This could suggest that mito-
chondria in GSC, as with other cancer cells, may be capable 
of high melatonin uptake.85 It is also of note that other factors 
are also taken up by PEPT1/2, including 5-aminolevulinic 
acid (5-ALA)-induced protoporphyrin IX, which is highly 
expressed in GSC.84 The presence of high levels of PEPT1/2 
on the mitochondria of GSC could suggest that these cells 
may be importantly regulated by melatonin, including that 
released by neighbouring cells. The heightened expression of 
PEPT1/2 in GBM/GSC has driven the search for peptides 
that may be useful in the treatment of GBM/GSC and most 
other cancers.86

Another means by which melatonin production in the 
tumour microenvironment may act to regulate GBM/GSC is 
via the regulation of glucose uptake. Melatonin can be taken up 
by the glucose transporter (GLUT1), with melatonin uptake 
being upregulated by the presence of glucose.87 Melatonin also 
lowers levels of glucose uptake and modifies GLUT1 trans-
porter expression levels, as shown in prostate cancer cells.88 It is 
important to note that in these cells, glucose supplementation 
promotes prostate cancer progression, with melatonin attenu-
ating this glucose-induced tumour progression.88 This may 
have some relevance to the survival rates in GBM patients, 
given that hyperglycaemia is associated with a lower survival 
duration.89 Melatonin reduced lactate labelling in prostate can-
cer cells as well as decreasing tricarboxylic acid cycle metabo-
lites and ATP production.88

Such alterations in energy availability are likely to have sig-
nificant impacts on mitochondria functioning in GBM/GSC, 
with melatonin’s inhibition of glucose uptake via the GLUT1 
likely to contribute to the suppression of melatonin synthesis in 
these cells. It is also likely that this will impact on the contents 
of vesicles and exosomes produced by GBM/GSC, such as 
miRNAs, with consequences for regulation of glia and immune 
cells in the tumour microenvironment.90

As such, alterations in the NAS/melatonin ratio have links 
to longstanding ideas regarding the nature of the tumour 
microenvironment and its influence on tumour survival, indi-
cating that GBM/GSC may have a number of means in shap-
ing this tumour microenvironment, including variations in the 
NAS/melatonin ratio. This suggests a dynamic 2-way interac-
tion of tumour and tumour microenvironment, which would be 
modulated by levels of melatonin synthesis and uptake.

It should be noted that CYP1B1 modulates oestrogen 
effects, suggesting that some of its effects in hormone-modu-
lated cancers, such as breast cancer, may confound its putative 
effects via the NAS/melatonin ratio, especially as melatonin 
has some negative regulatory effects on the oestrogen receptor-
alpha.91 It is also of note that the conversion of melatonin to 
NAS by CYP1B1 has been proposed to induce apoptosis in 
neural cancer cells.64 Clearly, this is an area needing extensive 
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investigation across different cancer cell types, including as to 
confounding by oestrogen regulation and TrkB expression. It 
should also be noted that CYP1B1, like CYP1A1 and 
CYP1A2, can be localized to the ERs, as well as mitochondria, 
as shown in the mouse.92 Mitochondria reticulae and ER are in 
a close and dynamic spatial and functional relationship, espe-
cially around the nucleus, with these interfaces, referred to as 
mitochondria-associated membranes (MAM). Mitochondria-
associated membranes regulate a plethora of functions, includ-
ing lipid metabolism, Ca2+ signalling, mitochondrial 
maintenance regulation, and programmed cell death/survival,93 
with the ER also proposed to have a role in the cause and pro-
gression of GBM/GSC.94 The relevance of the putative shift in 
the NAS/melatonin ratio and increased expressions of CYP1 
to alterations in the spatiotemporal and functional interactions 
of mitochondria and ERs requires investigation.

Alterations in ER functioning are relevant to GSC sur-
vival, with stearoyl CoA desaturase (SCD1) being essential 
for ER homeostasis and GSC survival and proliferation.94 
The pharmacological inhibition of SCD1 is toxic to GSC 
due to saturated fatty acids accumulation, which exacerbates 
ER stress, impairs DNA repair, and increases apoptosis. 
These authors found SCD1 inhibition to provide a 25%-
100% survival rate in xenograft mouse models. The ER sen-
sor inositol-requiring enzyme 1 (IRE1) drives the shift to 
apoptosis in these GSC cells when SCD1 induction is pre-
vented.94 Interestingly, melatonin may act to suppress the 
induction of SCD1.95

It is also notable that sodium butyrate induces senescence 
and inhibits GBM invasiveness.96 Other studies show sodium 
butyrate to increase the differentiation of U87 glioblastoma 
cell lines into cholinergic neurons97 and to increase the radio-
sensitivity of another GBM cell line.98 Such effects have been 
attributed to the histone deacetylase (HDAC) inhibitory 
effects of sodium butyrate.99 However, it should be noted that 
sodium butyrate can also induce an increase in AANAT, 
N-acetylserotonin O-methyltransferase (HIOMT), and 
therefore NAS and melatonin synthesis, as shown in intestinal 
epithelial cells.100 As to how relevant such effects are in GBM/
GSC will be important to determine. Sodium butyrate can 
also increase the sensitivity of tumour cells to natural killer 
cells,101 while also regulating autophagy via AMPK signal-
ling.102 Sodium butyrate can increase levels of CYP1A1 in 
colon cancers.103 It requires investigation as to whether sodium 
butyrate would have any impact on the levels of mitochon-
dria-associated CYP1B1 in GBM/GSC. Sodium butyrate is 
the commercially available salt version of the short-chain fatty 
acid produced by the intestinal microbiome, butyrate. This 
could suggest a role for alterations in the gut microbiome to 
the cause and/or course of GBM/GSC, given that butyrate 
readily crosses into the general circulation, where it acts on 
mitochondria, including immune cells, mimicking many of 
the effects of melatonin.

Conclusions
As indicated above, there are a plethora of disparate bodies of 
data on the biochemical alterations occurring in GBM/GSC, 
without any clear framework whereby such data could be inte-
grated. Consequently, pharmaceutical treatment targets have 
been inadequately guided by research to date. This article pro-
vides a framework that links a wide array of previously disparate 
data and provides a rationale for the distinct cellular organiza-
tions and intracellular processes that are evident in GBM/GSC 
and other cancers. It is proposed that the normally highly benefi-
cial effects of melatonin in mitochondria are toxic in GBM/GSC 
and other cancers, with many of the cellular organization and 
inductions driven by the need to shift melatonin to NAS synthe-
sis, leading to trophic effects of NAS on TrkB, which increases 
GBM/GSC survival and proliferation. A core aspect of this 
framework is the TDO induction of kynurenine and kynurenic 
acid, which activates the AhR, leading to a dramatic increase in 
mitochondria CYP1B1, in turn dramatically increasing the NAS/
melatonin ratio. Many of the risk factors and alterations in expres-
sion can be linked to such processes, including miR-451, AMPK/
mTOR, 14-3-3 proteins, purinergic signalling, sirtuins, trypto-
phan 2,3-dioxygenase, and the kynurenine pathways. Such a con-
ceptualization provides a framework for the development of more 
effective treatment for this poorly managed condition.
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