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Abstract: An array of diverse processes and factors have been linked to the pathoetiology and pathophysiology
of Parkinson’s disease (PD), including systemic CNS factors. This article reviews some of the many processes
and factors linked to the emergence and progression of PD that culminates in the loss of substantia nigra pars
compacts (SNpc) in PD patients. It is proposed that SNpc astrocytes may be a key hub, with numerous systemic
and CNS factors acting to suppress the astrocyte tryptophan-melatonin pathway, leading to a loss of astrocyte
melatonin and lactate for SNpc dopamine neurons. Consequently, dopamine neurons show an increase in a-
synuclein, oxidative stress and suboptimal mitochondrial function, partly due to the loss of melatonin induced
PTEN-associated kinase (PINK)l/parkin and mitophagy. This leads to an increase in the major
histocompatibility (MHC)-1 and the chemoattraction of CD8+ T cells that destroy SNpc dopamine neurons in
an ‘autoimmune’/ immune-mediated” manner. The upstream processes driving the end-point ‘chaos’ of SNpc
dopamine neuron loss are proposed to be driven by the suppression of night-time pineal melatonin, gut
microbiome derived butyrate and possibly bcl2-associated athanogene (BAG)-1, which all act to suppress the
glucocorticoid receptor (GR) translocation to the nucleus in all systemic and CNS cells, thereby potentiating
the effects of the rising levels of cortisol over the night and accelerated rise in the course of the cortisol
awakening response (CAR). The potentiation of cortisol effects at the GR has consequences for the homeostatic
regulation of the diverse array of systemic and CNS microenvironments, as well as a distinct regulation of
different immune and glia cells. The morning CAR is classically proposed to ‘prepare the body for the coming
day’. However, the differential regulation of the GR over the circadian rhythm at night would indicate that
such preparation for the coming day may be powerfully determined by night-time factors and processes. The
article integrates this systemic, night-time pathoetiology with the ‘immune-mediated” processes that ultimately
drive SNpc dopamine neuron loss. This has a number of novel future research and treatment implications.

Keywords: a-synuclein; Parkinson’s disease; mitochondria; melatonin; glucocorticoid receptor; aryl
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1. Introduction

The pathoetiology and pathophysiology of Parkinson’s disease (PD) is still the subject of intense
investigation, with an array of diverse processes and factors, including systemic and CNS, proposed
to play significant roles in driving the loss of dopamine neurons in the substantia nigra pars compacts
(SNpc) in PD patients. Such pathophysiological processes include alterations in the gut microbiome,
oxidative and nitrosative stress, the tryptophan-melatonin pathway, and the tryptophan-kynurenine
pathway [1]. A suppressed capacity to produce melatonin in glia, neurons and gut cells has been
proposed to underpin the CNS and systemic changes evident in PD pathophysiology [1], paralleling
the systemic and CNS pathophysiology of Alzheimer’s disease [2,3]. As elevated a-synuclein level is
a core aspect of PD pathophysiology, systemic and circadian processes may ultimately impact on a-
synuclein regulation, with relevance to other synucleinopathies [4].

Heightened a-synuclein levels driven by systemic processes may ultimately drive neuronal loss
via ‘immune-mediated’ processes, thereby overlapping PD pathophysiology with the processes
classically attributed to ‘autoimmune’ disorders [5]. A growing number of diverse medical conditions
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are now proposed to be ‘autoimmune’/ immune-mediated” disorders, including Alzheimer’s disease
[3,6] and amyotrophic lateral sclerosis (ALS) [7], as well as PD [8]. Recent work indicates that
alterations in mitochondrial interactions in a given microenvironment can leave one cell type
susceptible to elimination by ‘immune-mediated” processes, which is typically mediated by CD8* T
cells and to a lesser extent by natural killer (NK) cells [9]. Such cell elimination arises from a decrease
in mitophagy in association with suppressed levels of PTEN-induced kinase (PINK)1 and parkin,
leading to an increase in oxidative stress induction of major histocompatibility complex (MHC)-I,
which triggers the chemoattraction of CD8* T cells to eliminate SNpc dopamine neurons [9]. This is
parsimonious with preclinical investigations showing intestinal Gram-negative bacteria, via toll-like
receptor (TLR)4 activation, driving PD-like symptoms that can be successfully treated with L-DOPA
in a PINK1 ko murine PD model [10].

The redefining of end-point cell loss as driven by immune-mediated processes opens avenues
for more refined conceptualization of the data collected on PD pathoetiology and pathophysiology,
including the processes underpinning the dysregulation of a-synuclein levels, fibrillization and
effects. Recent work highlights the importance of a suppressed tryptophan-melatonin pathway in
mediating the vulnerability of a particular cell type to elimination in a given microenvironment [11].,
indicating the relevance of such microenvironment homeostatic regulation in the cells interacting
with SNpc dopamine neurons Alterations in the levels of melatonin and its receptors have long been
recognized in the SNpc of PD patients [12]. Given the growing appreciation of the importance of the
melatonergic pathway in PD, the tryptophan-melatonin pathway will be briefly reviewed before
detailing how this pathway may be an intricate aspects of PD pathophysiology, including in a-
synuclein regulation and the initiation of ‘immune-mediated” SNpc dopamine neuron cell
destruction.

2. Tryptophan-melatonin pathway

Tryptophan is primarily derived from diet, although seems capable of being produced by the
shikimate pathway of the mammalian gut microbiome. Tryptophan is taken up into cells by the large
amino acids transporters (LAT), predominantly by LAT-1 present in astrocytic end-feet at the blood-
brain barrier (BBB). Astrocyte tryptophan hydroxylase (TPH)2 converts tryptophan to 5-
hydroxytryptophan (5-HTP), with TPH2 and body TPH1 needing to be stabilized by 14-3-3 isoforms,
including 14-3-3¢, for 5-HTP to be produced. Aromatic-L-amino acid decarboxylase (AACD) then
converts 5-HTP to serotonin (5-HT). The conversion of serotonin to N-acetylserotonin (NAS) is the
first enzymatic stage of the melatonergic pathway, being mediated by aralkylamine N-
acetyltransferase (AANAT), which also requires stabilization by 14-3-3 isoforms, including 14-3-3C,
as well as the presence of acetyl-coenzyme A (acetyl-CoA). NAS is then converted by acetylserotonin
methyltransferase (ASMT) to melatonin (reviewed in [7,9]). See Figure 1.
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Figure 1. Shows the tryptophan-melatonin pathway. Gut and shikimate derived tryptophan is taken
up from the circulation by the astrocyte large amino acids transporter (LAT)-1. Astrocyte tryptophan
hydroxylase (TPH)2, stabilized by 14-3-3, converts tryptophan to 5-hydroxytryptophan (5-HTP), with
5-HTP converted by Aromatic-L-amino acid decarboxylase (AACD) to serotonin (5-HT). Serotonin is
converted to N-acetylserotonin (NAS) by 14-3-3 stabilized aralkylamine N-acetyltransferase
(AANAT) in the presence of acetyl-coenzyme A (acetyl-CoA). NAS is then converted by
acetylserotonin methyltransferase (ASMT). Abbreviations: 5-HT: 5-hydroxytryptamine; 5-HTTP: 5-
hydroxytryptophan; AACD: aromatic-L-amino acid decarboxylase; AANAT: aralkylamine N-
acetyltransferase; acetyl-CoA: acetyl-coenzyme A; ASMT: acetylserotonin methyltransferase; LAT:
large amino acids transporter; NAS: N-acetylserotonin.

By requiring acetyl-CoA, the initial enzymatic reaction in the melatonergic pathway involving
the AANAT conversion of serotonin to NAS may be intimately linked to mitochondrial function,
given that the predominant source of acetyl-CoA arises from the conversion of pyruvate to acetyl-
CoA by the pyruvate dehydrogenase complex (PDC). PDC activation increases ATP production by
the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS), whilst decreasing
oxidant production by the electron transport complexes. As melatonin seems primarily produced in
mitochondria, its production in cells seems intimately linked to the capacity of mitochondria to
initiate the optimization of mitochondrial function by PDC. It is important to note that the
mitochondrial melatonergic pathway is evident in all body cells so far investigated and is proposed
to be present in all mitochondria-containing cells across the three kingdoms of multicellular life on
planet Earth (animals, plants and fungi) [13].

3. Integrating the tryptophan-melatonin pathway in PD pathophysiology

The tryptophan-melatonin pathway is intimately linked to, and regulated by, factors and
processes showing alterations in PD, including the gut microbiome. The gut microbiome derived
short chain fatty acid, butyrate, is decreased in PD [14]. Butyrate induces sirtuin-3, as does pineal
melatonin, thereby deacetylating and disinhibiting the PDC to increase the conversion of pyruvate to
acetyl-CoA in the process of optimizing mitochondrial function [15]. Sirtuin-3 is dramatically reduced
in the SNpc dopamine neurons of PD patients [16], with these authors also showing sirtuin-3 in
preclinical PD models to negatively correlate with a-synuclein levels [16]. Sirtuin-3 is decreased over
the course of aging and linked to many aging associated disorders, as well as human longevity [17],
highlighting the importance of sirtuin-3 across different cell types in aging-associated medical
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conditions, such as PD. Another mitochondria and sirtuin-3 related change over the course of aging
is the gradual 10-fold decrease in pineal melatonin production from adolescence to the ninth decade
of life [18]. Melatonin significantly inhibits the induction and fibrillation of a-synuclein [19]. This
would indicate that two of the major systemic inducers of sirtuin-3, namely butyrate and melatonin,
are decreased in PD, with significant consequences for mitochondrial function and a-synuclein
regulation. It is unknown whether the 10-fold decrease in pineal melatonin is also evident in other
CNS and body cells, suggesting that local melatonin production [20], including in SNpc neurons
and/or astrocytes, may also be significantly suppressed over the course of aging. If the attenuation of
the tryptophan-melatonin pathway is evident across body and CNS cells, this would indicate not
only the loss of the antioxidant, anti-inflammatory and mitochondria optimizing effects of melatonin,
but also a suppressed capacity of local, cellular melatonin to induce sirtuin-3. Suppressed pineal and
local melatonin production may therefore be significant aspects of wider PD pathophysiology arising
from, and contributing to, suboptimal mitochondrial function.

Suboptimal mitochondrial function is widely recognized as a core aspect of PD
pathophysiology. Most of the genes mutated in hereditary PD, including a-synuclein, PINK1, parkin,
and DJ-1 impact on mitochondrial function, typically associated with mitochondrial oxidant
upregulation [21], with raised a-synuclein levels and fibrilization upregulating Complex 1 oxidant
production in SNpc neurons [22]. Suboptimal mitochondrial function in PD is therefore a crucial
aspect of PD pathophysiology, with the suppression of pineal melatonin, local melatonin, sirtuin-3,
and gut microbiome derived butyrate [16,23,24] contributing to suboptimal mitochondrial function
in SNpc dopamine neurons in association with raised a-synuclein levels. Alterations in the gut
microbiome and intestinal nervous system that increase gut permeability also allow for intestinal
epithelial cell derived microRNAs (miRNAs) to enter the circulation, directly and/or within
microvesicles/exosomes, and thereby impact on CNS mitochondrial function [25], including via the
regulation of 14-3-3 and the mitochondrial melatonergic pathway, as in other medical conditions [26].
The changes in the SNpc mitochondrial function and the tryptophan-melatonin pathway are
intimately linked to alterations in the gut microbiome given that butyrate not only increases sirtuin-
3 but also increases the mitochondrial melatonergic pathway, as shown in intestinal epithelial cells
[27]. This provides direct links of suppressed butyrate production in PD to suppressed levels of
sirtuin-3 and mitochondrial melatonin that negatively regulate mitochondrial function, in association
with raised a-synuclein levels in PD.

The tryptophan-melatonin pathway may therefore be intimately associated with core
pathophysiological features of PD, including mitochondrial dysfunction, circadian dysregulation, a-
synuclein upregulation, and gut dysregulation. Alterations in the tryptophan-melatonin pathway
may also link wider bodies of data pertaining to PD pathophysiology.

4. Integrating wider Parkinson’s disease pathophysiology with the tryptophan-melatonin
pathway

By conceptualizing the tryptophan-melatonin pathway as an integral aspect of core cellular
function via its interactions with mitochondrial metabolism, and therefore in the regulation of
oxidant/antioxidant ratio, ROS-driven microRNAs (miRNAs) and therefore patterned gene
expression as well as ATP production, mitophagy regulation and a-synuclein levels/fibrillization, the
tryptophan-melatonin pathway is intimately linked to wider aspects of PD pathophysiology.

4.1. Platelets and Erythrocytes

Importantly, wider systemic cells may be similarly dysregulated in PD, with relevance to a-
synuclein production, including erythrocytes [28] and platelets [29]. Both erythrocytes and platelets
are significant producers of a-synuclein, with erythrocyte a-synuclein proposed to seed the increase
in gut a-synuclein in PD [28], thereby initiating alterations in the gut microbiome and gut
permeability, whilst also providing a-synuclein to be retrogradely transported via the vagal nerve to
the CNS [1]. There is a growing appreciation of the role of platelets in neurodegenerative disorders
and other medical conditions, including cancer [30]. Importantly, like SNpc dopamine neurons,
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platelets are regulated by systemic processes, including circadian melatonin and gut microbiome-
derived butyrate and lipopolysaccharide (LPS), with platelet-derived serotonin being an important
serotonin source for the initiation of the melatonergic pathway across body and CNS
microenvironments [30]. Platelet function may therefore be synchronized with wider changes in PD
via regulation by systemic processes as well as genetic factors and epigenetic processes. Platelets are
also a significant source of sphingosine-1-phosphate (51P), which regulates enteric glial cell function
and lymphocyte chemotaxis to the gut [30], as well as attenuating SNpc dopamine neuron loss [31].
The enteric nervous system [32], and especially enteric glial cells may be crucial regulators of the
interface of the gut, immunity and vagal nerve in PD, as in other gut-linked medical conditions [9].

4.2. Stress, HPA axis and morning cortisol awakening response

As with many other medical conditions, stress exacerbates PD pathophysiology, including via
glucocorticoid receptor (GR) effects on motor and non-motor PD symptoms, as shown in preclinical
PD models [33]. Stress induced hypothalamus-pituitary-adrenal (HPA) axis activation is classically
associated with the emergence of psychiatric conditions, especially depression, in PD [34,35] and
many other medical conditions [36,37]. However, there is a growing realization that such psychiatric
presentations do not simply represent comorbidities. Rather these conditions emerge in association
with pathophysiological changes relevant to classical PD pathophysiology, including from
cortisol/GR effects [33]. Importantly, cortisol/GR effects do not arise solely from stress-linked HPA
axis activation but also from the morning cortisol awakening response (CAR). The morning CAR
surge starts just before awakening and lasts for 30 minutes. The morning CAR is an accentuation of
the rise in plasma cortisol seen typically over sleep at night [38,39], see Figure 2. Although cortisol/GR
activation regulates thousands of genes across all body cells, including immune cells, there is a
surprising lack of investigation as to the role of CAR. Generally, CAR, along with the corelease of
adrenal aldosterone, is proposed to increase respiration and blood pressure in ‘“preparation for the
coming day’ [40]. However, recent work indicates that CAR may be an important regulator of
pathophysiology across diverse medical conditions, including neurodegenerative conditions and
cancer, as well as aging [41,42].

3 < 3t

Plasma
concentration elatonin
V\/ = ~ = =Melatonin in elderly
Evening Night Morning

Figure 2. Shows typical variations in cortisol and melatonin over the evening, night (sleep) and
morning periods. Plasma cortisol gradually rises over the sleep period, with an accelerated rise
around wakening, known as the cortisol awakening response (CAR). Plasma melatonin rapidly rises
at night, slowly decreasing over the night and morning periods. The dramatic decrease in pineal
melatonin in the elderly is not matched by significant changes in the cortisol rhythm and CAR. The
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suppression of melatonin in the elderly attenuates melatonin’s suppression of the glucocorticoid
receptor nuclear translocation, thereby altering the consequences of cortisol effects at night and
during CAR.

The GR is typically held in a cytoplasmic complex with heat shock protein (hsp)90 and p23.
Following GR activation by cortisol, the GR is translocated to the nucleus where it binds to the
glucocorticoid response element (GRE) in the promotor of thousands of genes. The GR can also
interact with other transcription factors in the nucleus to significantly regulate their transcription
efficacy. Two of the factors shown to be decreased in PD, namely melatonin and butyrate, prevent
the GR nuclear translocation, thereby suppressing the consequences of both stress and CAR driven
GR activation [43,44]. Butyrate effects are mediated via its capacity of a HDACI, thereby acetylating
the GR and/or hso90 to prevent GR nuclear translocation [45]. It has been proposed that many
medical conditions may arise at night, involving aging-linked suppressed melatonin and therefore a
decrease in the immune- and antioxidant-dampening effects of melatonin at night [46,47]. The
suppression of night-time pineal and local melatonin as well as gut microbiome-derived butyrate will
therefore have consequences for how night-time processes shape the nature of how morning CAR
primes body and CNS cells/systems ‘for the coming day’. This may be of some importance given the
dramatic impact of cortisol/GR on thousands of genes in all cells.

Another factor intimately associated with the regulation of the GR as well as providing
protection in PD is bcl2-associated athanogene (BAG)-1. BAG-1 restores the function of the PARK?Y
gene protein, DJ-1, in an in vitro model of hereditary PD, whilst also attenuating a-synuclein toxicity
in PD models [48]. Two common medications, lithium and sodium valproate, show some efficacy in
PD clinical trials and models, with effects proposed to be mediated via increased antioxidants [49,50].
However, both lithium and valproate increase BAG-1 [51], suggesting a role of BAG-1 in their
efficacy. Like melatonin and butyrate, BAG-1 also prevents GR nuclear translocation [51], with recent
data indicating that BAG-1 may also translocate the GR to mitochondria, where it can cross into the
mitochondrial matrix to bind with IL-6 and PDC and thereby impacting on mitochondrial ATP
production [52]. As melatonin, via epigenetic processes and possibly directly, can increase BAG-1
[42], BAG-1 may be another factor to regulate stress-linked HPA axis activation and morning CAR,
with relevance to PD pathoetiology and pathophysiology.

In the absence of an attenuation of GR nuclear translocation by melatonin, butyrate and BAG-1,
no increase in cortisol production during stress or CAR would be necessary for an elevation in GR
nuclear translocation. Such relative enhancement of HPA axis and CAR driven GR activation of
thousands of genes with the GRE in their promotor will have significant wide-ranging consequences,
including for the tryptophan-melatonin pathway. GR activation of the GRE increases tryptophan 2,3-
dioxygenase (TDO), which is especially highly expressed in the liver and astrocytes, to drive the
conversion of tryptophan to kynurenine and other kynurenine pathway products, thereby depleting
the availability of tryptophan for the tryptophan-melatonin pathway. Circulating kynurenine is
readily taken up over the blood-brain barrier into the CNS, like tryptophan, via LAT-1 (figure 1). 60%
of CNS kynurenine is derived from the circulation, and therefore from cells out-with the CNS [53].
When taken up into the CNS, kynurenine can be converted to a number of powerfully
neuroregulatory factors, including the excitatory picolinic acid and the excitotoxic quinolinic acid, as
well as to kynurenic acid, which inhibits the N-methyl-d-aspartate (NMDA) receptor and activates
the aryl hydrocarbon receptor (AhR). All of these factors are relevant regulators of PD
pathophysiology [1]. Cortisol/GR/GRE effects therefore parallel the effects of the raised pro-
inflammatory cytokines evident in PD, which increase indoleamine 2,3-dioxygenase (IDO), with
similar consequence on the tryptophan/kynurenine ratio and kynurenine pathway products effects.
There is considerable interest in the role of the kynurenine pathway in PD pathophysiology [54,55]
and treatment [56]. Overall, the suppression of pineal melatonin, gut microbiome butyrate and BAG-
1in PD not only enhances stress-linked HPA activation of the GR, but also enhances the GR activation
following the morning CAR, thereby differentially regulating the how the morning CAR primes body
cells and systems (including immune and glial cells) ‘for the coming day’. Such differential priming
includes increased kynurenine pathway products regulating patterned neuronal activity as well as
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kynurenine and kynurenic acid activation of the AhR, thereby regulating patterned immune
responses [57].

4.3. Stress, a-synuclein, transcription factors and glutamatergic requlation

As well as suppressing pineal melatonin [58], stress, via CRH induction [59] and GR activation
[60], coupled to raised pro-inflammatory cytokines [1], increases gut permeability/dysbiosis, thereby
lowering butyrate levels and increasing circulating LPS, leading to enhanced activation of the
transcription factors, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and yin
yang 1 (YY1) [61]. Numerous studies link the TLR4/NF-kB pathway to PD pathophysiology [62],
including via exogenous a-synuclein activation of astrocyte TLR4/NF-kB leading to released
proinflammatory cytokines and oxidants [63]. TLR4 can also induce YY1, with astrocyte YY1 a
significant driver of PD pathophysiology [64], partly mediated via the suppression of the excitatory
amino acid transporter (EAAT)2, thereby increasing glutamate and excitatory neuronal damage [65].
Interestingly, erythrocyte extracellular vesicles containing a-synuclein can cross the blood-brain
barrier, with a-synuclein accumulating in astrocyte end-feet, in association with suppressed EAAT2
function [66], being another route whereby systemic factors and processes modulate PD
pathophysiology. Interestingly, both NF-kB and YY1 can increase the tryptophan-melatonin pathway
and melatonin release thereby allowing melatonin to have autocrine and paracrine effects that
dampen inflammation and oxidant induction, whilst optimizing mitochondrial function [67,68].

Astrocytes constitutively express and release melatonin, as first shown in 2007 [69], suggesting
that the suppressed capacity of astrocytes to upregulate the tryptophan-melatonin pathway and
melatonin efflux, may drive a maintained pro-inflammatory milieu, including from maintained YY1
suppression of EAAT2 [3]. As well as dysregulating glutamatergic activity in the SNpc, glutamatergic
dysregulation will also significantly modulate cognition in PD via changes in other regions, including
the hippocampal CA2 region [70]. Overall, the suppressed capacity of astrocytes to efflux melatonin
will dramatically alter the nature of the interactions of SNpc dopamine neurons with their immediate
microenvironment as well as in other CNS regions, coupled to the attenuation of melatonin’s
suppression of a-synuclein, thereby heightening a-synuclein toxicity presynaptically and in
mitochondria [71,72]. A number of studies suggest that a-synuclein spread in astrocytes and CNS
cells may be dependent upon the heightened levels of hyperlipidemia, perhaps especially raised 27-
hydroxycholesterol levels, and the 27-hydroxycholesterol modification of mitochondrial a-synuclein
[72]. Notably, melatonin decreases intestinal lipid absorption, cholesterol synthesis and
hyperlipidemia [73,74]. This may be of some importance to systemic alterations in PD, given that a-
synuclein accumulates in all body organs in PD, including in the liver in association fatty liver disease
[75]. Butyrate is also associated with the suppression of hyperlipidemia [76]. Overall, data indicate
a-synuclein has effects in the liver, as well as in the gut, in the modulation of CNS a-synuclein spread,
with the effects of melatonin and butyrate in other organs attenuating a-synuclein spread in the brain.

4.4. Astrocytes, a-synuclein, and neuronal mitochondrial metabolism

The suppression of astrocyte melatonin induction not only prolongs the pro-inflammatory
milieu in the SNpc but also prevents melatonin from inducing lactate dehydrogenase, as shown in
other cell types [77], thereby not only decreasing lactate as an energy substrate for SNpc dopamine
neurons but also increasing the requirement for astrocytes to upregulate their antioxidant protection
under challenge. The enhancement of astrocyte antioxidant protections seems to be mediated via
cystine-glutamate antiporter (System Xc) upregulation, whereby cystine is taken up in exchange for
glutamate efflux in the course of glutathione (GSH) synthesis. System X< upregulation increases
extracellular glutamate that contributes to excessive excitatory activity, especially when coupled to
the a-synuclein/LPS/HMGB1-TLR4-YY1 suppression of EAAT2. The loss of astrocyte melatonin,
coupled to suppressed EAAT2 levels, enhances extracellular glutamate and suppresses lactate for
neuronal mitochondrial energy production making SNpc neurons vulnerable to a variety of
challenge, especially the mitochondrial changes posed by various PD susceptibility genes. As the
suppression of astrocyte melatonin prevents melatonin from suppressing a-synuclein levels and
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toxicity, SNpc neurons are significantly challenged by a-synuclein, irrespective of its source, as well
as by the PD susceptibility genes that challenge mitochondrial function, including parkin, PINK1,
and DJ-1, as well as a-synuclein [21,22]. Astrocytes, and the astrocyte tryptophan-melatonin pathway
may therefore form an important hub for integrating CNS and systemic processes that ultimately
drive PD pathophysiology, including from the melatonin regulation of astrocyte BMAL1 and BAG-
3, which protects against both a-synuclein and hyperphosphorylated tau pathology [78].

The importance of the tryptophan-melatonin pathway, perhaps especially in astrocytes, in the
pathophysiology of PD is given some support by wider data. A number of factors indicate suppressed
melatonin production in the SNpc, including 1) decreased melatonin receptors in SNpc dopamine
neurons, which may be indicative of suppressed melatonin, given that melatonin induces its own
receptors [12]; 2) suppressed tryptophan levels and increased kynurenine pathway products in PD
[1]; and 3) the efficacy of monoamine oxidase inhibitors on PD motor symptom treatment [79].
Importantly, decreased levels of different 14-3-3 isoforms significantly potentiate SNpc neuron loss
with 14-3-3 isoforms attenuating a-synuclein aggregation and toxicity [80]. As noted, different 14-3-
3 isoforms are important determinants of the tryptophan-melatonin pathway function (see Figure 1),
with 14-3-3 isoforms proposed to modulate an array of processes linked to PD pathophysiology,
including: 1) LRRK2 mutant effects [81]; 2) 14-3-3e stabilization decreasing a-synuclein [82]; 3) 14-3-
3y haploinsufficiency decreases SNpc dopamine production and induces motor deficits [83]; 4) 14-3-
3C interacts with a-synuclein to maintain it in a monomeric form, thereby limiting a-synuclein
toxicity [84]; 5) 14-3-3 interacts with, and regulates, parkin [85], thereby having relevance to the
suppressed mitophagy, which is proposed to underpin the rise in MHC-1 and the chemoattraction of
CD8* T cells that drive SNpc dopamine neuron destruction, paralleling other
‘autoimmune’/immune-mediated” disorders [9].

The regulation of 14-3-3 isoforms may be intimately linked to the alterations in miRNAs evident
in PD. A number of miRNAs, including miR-7, miR-375 and miR-451 can repress 14-3-3 isoforms,
which is proposed to drive the suppression of the melatonergic pathway in intestinal epithelial cells,
platelets and pinealocytes in autism [86]. As many miRNAs are induced by ROS, it will be interesting
to determine whether the suboptimal mitochondrial function in PD drives ROS-regulated miRNAs
that act to suppress 14-3-3 isoforms that are crucial in driving the enzymatic processes of the
tryptophan-melatonin pathway (see Figure 1). The suppressed melatonergic pathway in astrocytes
may, via decreased melatonin and lactate, raise mitochondrial ROS levels to drive miRNAs that act
to suppress the melatonergic pathway in neurons. This is parsimonious with recent
conceptualizations of cell elimination in a given microenvironment, where other cells act to suppress
the melatonergic pathway in a cell to make it vulnerable to immune-mediated cell elimination [9,11].

The AhR and its activation by kynurenine is another factor that suppresses melatonin
availability. The AhR induction of cytochrome P450 (CYP)1A2, CYP1B1 and CYP1Al can suppress
melatonin availability by two processes, namely: 1) the O-demethylation of melatonin to its
immediate precursor NAS, which seems primarily mediated by CYP1A2 and CYP1B1; 2) the
hydroxylation of melatonin to 6-hydroxymelatonin, which may be mediated predominantly by
CYP1A1l and CYP1B1. The variable effects of these CYP1 isoforms arise from factors that bias the
protein-protein interactions of melatonin with these CYP1 isoforms [87,88]. The plethora of
endogenous and exogenous factors activating the AhR, such as air pollutants and kynurenine, may
therefore contribute to the suppression of melatonin availability, The stress/HPA axis and morning
CAR induction of TDO/kynurenine/AhR activation pathway allows heightened GR nuclear
translocation and TDO induction to suppress melatonin availability by a number of means, including
by decreasing the availability of tryptophan and by increasing melatonin hydroxylation and/or O-
demethylation.

The role of brain-derived neurotrophic factor (BDNF) activation of the tyrosine receptor kinase
(TrkB)-full length (FL) receptor is generally beneficial to neuronal survival and frequently
recommended as a treatment target in neurodegenerative conditions, including PD [89]. However,
TrkB also has a number of truncated forms, predominantly TrkB-T1, which generally has pro-
apoptotic effects, and is linked to PD pathophysiology [90]. TrkB effects are further complicated by
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the expression of both TrkB-FL and TrkB-T1 on the plasma membrane and/or mitochondrial
membrane [91]. This has consequences for AhR activation. As NAS is a BDNF mimic via TrkB
activation [92], the AhR/CYP1A2/CYP1B1 O-demethylation of melatonin to NAS will activate TrkB,
with differential consequences at the TrkB-FL vs TrkB-T1 and whether either form of TrkB is
expressed on the mitochondrial and/or plasma membrane. NAS therefore has potentially negative
consequences given the raised levels of the AhR evident in SNpc dopamine neurons and astrocytes
as well as in the striatum, as shown in PD models [93], coupled to the raised levels of circulating and
CNS kynurenine to activate the AhR [1]. As TrkB-T1 is induced under conditions of heightened ROS-
driven miRNAs [94] the raised levels of AhR induced NAS may contribute to SNpc dopamine neuron
loss in PD. Importantly, the heightened glutamatergic NMDAr activation evident in PD, including
as induced YY1 suppression of astrocyte EAAT?2 as well as by amyloid-{3, upregulates TrkB-T1 levels
[95].

The roles of TrkB and BDNF in neurodegenerative disorders may therefore also be intimately
intertwined with the wider regulation of the melatonergic pathway, including by the AhR.

4.5. Melatonergic pathway regulation of amyloid-p and tau interactions with a-synuclein

There is a growing appreciation of the interactions of a-synuclein, with pathophysiological
factors classically associated with Alzheimer’s disease, namely amyloid-3 and hyperphosphorylated
tau. Heightened amyloid-f3 levels that are evident in PD and Lewy Body diseases where they can
increase a-synuclein aggregation [96,97], indicating a role for excessive amyloid- and tau
production in the pathophysiology of PD, especially when associated with dementia, and other
tauopathies. Interestingly, melatonin affords powerful protection in dementia models where is it
decreases the TRL4/NF-kB/YY1 induction of p-site amyloid precursor protein-cleaving enzyme
(BACE)1 [98], whilst also preventing directly, and indirectly via decreased amyloid-f3, tau
hyperphosphorylation in neurons [99]. Melatonin also increases the non-amyloidogenic a-secretase
activities of ‘A disintegrin and metalloproteinase domain-containing protein 10" (ADAM10) and
ADAM]17, as well as suppressing the amyloidogenic 3- and y-secretases [100,101]. Such data would
indicate that the attenuation of the melatonergic pathway in astrocytes and neurons may be an
important commonality in the pathophysiological processes underpinning diverse
neurodegenerative conditions [3]. See Figure 3. Notably, the suppression of melatonin and butyrate
in PD allows plasma membrane GR activation to increase BACE1 and amyloid-f3 [102] whilst the GR
also upregulates presenilin (PSEN)1 assembly on the endoplasmic reticulum (ER), which allows
amyloid-B to accumulate on the ER mitochondrial associated membrane (MAM) [103]. It requires
experimental investigation as to the nature of melatonin and butyrate’s modulation of such GR
induced BACE1 and amyloid-f induction in the modulation of a-synuclein.

doi:10.20944/preprints202311.0301.v1
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Figure 3. Shows how many of the factors associated with PD pathophysiology may be intimately
linked to the tryptophan-melatonin pathway (green shade), with relevance for PD pathophysiology
in SNpc dopamine neurons but especially in SNpc astrocytes. The tryptophan-melatonin pathway is
regulated by a wide array of systemic and CNS processes, including: 1) Tryptophan availability from
diet and gut microbiome shikimate pathway. Cortisol-induced TDO and pro-inflammatory cytokine-
induced IDO suppress tryptophan availability by converting tryptophan to kynurenine, which has a
number of consequences including activating the AhR as directly and via other kynurenine pathway
products regulating the neuronal activity. The AhR (blue shade) O-demethylates melatonin to NAS
via CYP1A2 and CYP1B1, with NAS, like BDNF, activating TrkB receptors, with differential effects at
TrkB-FL, versus TrkB-T1, as well as when TrkB is on the mitochondrial, versus plasma, membrane.
Kynurenine activation of the AhR can therefore deplete cellular melatonin, whilst driving diverse
effects of NAS. 2) GR activation also suppresses pineal melatonin and increases gut permeability,
thereby increasing circulating LPS, whilst also inducing gut dysbiosis-linked decreases in butyrate.
The suppression of pineal melatonin and gut butyrate attenuates sirtuin-3 induction and therefore
inhibits mitochondrial ATP and acetyl-CoA production by the PDC. As acetyl-CoA is a necessary
cosubstrate for the initiation of the mitochondrial melatonergic pathway, this is one route whereby
heightened cortisol can suppress the melatonergic pathway, whilst also potentiating GR nuclear
translocation during morning CAR and stress-linked HPA axis activation. 3) Given the decrease in a
number of 14-3-3 isoforms in PD, it is notable that 14-3-3 isoforms are crucial to the regulation of the
tryptophan-melatonin pathway, via 14-3-3 stabilizing astrocyte TPH2 and AANAT. By suppressing
melatonin, such factors increase a-synuclein and contribute to wider PD pathophysiology, such as
decreased mitophagy. The suppressed levels of melatonin will also modulate the consequences of GR
and LPS as well as the association of increased NF-kB and YY1 induced BACE1 and amyloid-f as well
as hyperphosphorylated tau in PD pathophysiology, including dementia. Abbreviations: 5-HT:
serotonin; 5-HTP: 5-hydroxytryptophan; AADC: aromatic-L-amino acid decarboxylase; AANAT:
Aralkylamine N-acetyltransferase; AhR: aryl hydrocarbon receptor; ASMT: N-acetylserotonin O-
methyltransferase; BACE1: 3-site amyloid precursor protein-cleaving enzyme 1; BDNF: brain-derived
neurotrophic factor; CRH: corticotrophin releasing hormone; CYP: cytochrome P450: GR:
glucocorticoid receptor; HPA: hypothalamus-pituitary-adrenal; LAT-1: large amino acid transporter
1, LPS: lipopolysaccharide; NAS: N-acetylserotonin; NF-kB: nuclear factor kappa-light-chain-
enhancer of activated B cells; TLR: toll-like receptor; TrkB-FL: tyrosine receptor kinase B-full length;
TrkB-T1: tyrosine receptor kinase B-truncated.

5. Integrating Parkinson’s disease pathoetiology and pathophysiology
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Many PD prodromal symptoms, including REM sleep behavioral disorder and sleep/circadian
dysregulation, are evident at night, indicative of alterations in night-time processes in PD
pathoetiology [104,105]. As highlighted recently in other medical conditions, alterations in the night-
time interactions of melatonin, butyrate and BAG-1 with GR activation in the course of CAR and
stress-linked HPA axis activity may be important to the pathoetiology of diverse medical disorders,
including cancer, Alzheimer’s disease and amyotrophic lateral sclerosis [30]. A growing body of data
indicates the role of stress/trauma in the pathoetiology of REM sleep behavior disorder [106], with
most REM sleep behavior disorder patients being diagnosed within 10 years with an «-
synucleinopathy [107]. Notably, REM sleep behavior disorder is typically treated with melatonin
[107], which, as highlighted throughout, significantly inhibits a-synuclein levels and toxicity.
Cutting-edge research also indicates a significant role for decreased gut microbiome-derived butyrate
in the pathoetiology of REM sleep behavior disorder [108], as well as in PD. Given the prodromal
nature of REM sleep behavior disorder in PD susceptibility, such data strongly indicate a role for
decreased melatonin and butyrate and increased stress in PD pathoetiology. The data reviewed above
indicate that the pathoetiology of PD involves alterations in night-time processes, highlighting the
importance of decreased melatonin and butyrate that increases GR nuclear translocation during the
night and in the course of the morning CAR. The association of PD with aging would be parsimonious
with this, given the 10-fold decrease in pineal melatonin over the course of aging (figure 2).

The data reviewed throughout indicates a progressive pathophysiological course that
culminates with ‘immune-mediated” SNpc dopamine neuron destruction in PD. The suppression of
astrocyte (and SNpc neuronal) melatonin increases oxidative stress in SNpc dopamine neurons,
which is exacerbated by an array of genetic and epigenetic susceptibility factors. The attenuation of
astrocyte melatonin and lactate, coupled to increased glutamatergic excitatory activity suppresses
SNpc dopamine neuron’s mitochondrial function, leading to heightened oxidative stress. Suboptimal
mitochondrial function, enhanced excitatory activity and suppressed tryptophan-melatonin pathway
induction in SNpc dopamine neurons contribute to the suppression of PINK1/parkin/mitophagy,
thereby exacerbating mitochondria-derived oxidants and suboptimal mitochondrial metabolism.
This provides a pathophysiological course whereby wider systemic processes (pineal melatonin, gut
butyrate, cortisol/CAR GR) act on astrocytes to change their regulation of SNpc dopamine neurons.
The failure of astrocytes to resolve the challenges posed by SNpc dopamine neuron dysfunction will
lead to microglia chemoattraction and include microglia (expressing MHC-II [109]) as another
important cells in the SNpc microenvironment. Although mitochondrial dysregulation driving
MHC-1 upregulation in SNpc dopamine neurons may ultimately drive the chemoattraction of CD8*
T cells that destroy SNpc dopamine neurons, treatment of PD will require the monitoring and
targeting of systemic processes and the modulation of the astrocyte tryptophan-melatonin pathway.
This provides a conceptualization that may incorporate the roles of viral infections in PD
susceptibility.

5.1. Integrating the role of herpes simplex virus-1 in Parkinson’s disease

Parsimonious with defining PD as an ‘immune-mediated’ disorder, there is a growing body of
evidence implicating infections in PD pathophysiology, including cytomegalovirus (CMV), Epstein
Barr virus (EBV), Borrelia burgdorferi (B. burgdorferi), Chlamydophila pneumoniae (C.
pneumoniae) Helicobacter pylori (H. pylori) and especially herpes simplex virus type-1 (HSV-1)
infection [110]. These authors also found infectious burden to be positively associated with
heightened serum a-synuclein protein levels and the pro-inflammatory cytokines IL-1p and IL-6,
indicating infection impacts on PD pathoetiology and pathophysiology [110]. HSV-1 is also
significantly associated with Alzheimer’s disease risk and pathophysiology, including via increases
in amyloid-f3 plaques and hyperphosphorylated (p)-tau tangles [111]. As indicated above, both
amyloid-p and p-tau associate with PD and a-synuclein regulation as well as contributing to the
cognitive loss in PD [112], including social cognition [70]. Notably, recent work indicates that the
induction of both p-tau and amyloid-3 is proposed to arise as an antimicrobial and anti-threat
response, including to HSV-1 [11,113], indicating that, as in Alzheimer’s disease, amyloid-f and p-
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tau may be ‘too much of a good thing’, arising from the attenuated capacity of astrocytes to
upregulate the tryptophan-melatonin pathway [2].

HSV-1 shows cross-reactivity with human a-synuclein peptides to drive an enhanced humoral
response, indicating that HSV-1 stimulates immune cells against SNpc dopamine neurons expressing
heightened levels of a-synuclein [114], including heightened CD8* T cell and NK cell responses [115].
Such data has contributed to conceptualizations of PD as an ‘autoimmune’//immune-mediated’
disorder, driven a-synuclein being presented by MHC-1 on SNpc dopamine (and perhaps by
microglia MHC-I and -II [109]) leading to T cell activation and release of granzymes and
proinflammatory cytokines that eventually result in neuron destruction [116]. This may be primed
by a decrease in gut butyrate, leading to a decrease in the differentiation of T cells into regulatory T
(Treg) cells, with consequent heightened enteric glial cell activation leading to the induction of a-
synuclein (and prodromal PD gut symptomatology), eventually resulting in the retrograde transport
of gut a-synuclein along the vagal nerve [117]. The administration of butyrate producing bacteria
suppresses the impact of HSV-1 on gut-driven immune responses [118], suggesting a possible
preventative role of an optimized gut microbiome in limiting a-synuclein production in the gut and
its subsequent transport into the CNS. The importance of the gut microbiome is highlighted by data
on the gut bacteria, Akkermansia muciniphila, which may be associated with the upregulation of the
shikimate pathway in the gut microbiome [119] but is also capable of inducing mitochondrial
dysfunction in enteroendocrine cells leading to a-synuclein upregulation [120]. As the A. muciniphila
upregulation of the shikimate pathway would drive an increase in tryptophan, which is converted
by tryptophan decarboxylase to tryptamine that activates the AhR to seal the gut [121], it would seem
not unlikely that wider gut and gut microbiome dysregulation may prevent such protective A.
muciniphila effects.

As melatonin can suppress HSV-1 symptoms [122], as well as increase gut microbiome derived
butyrate in association with increased gut barrier integrity and decreased circulating LPS [123], the
interactions of pineal and gut melatonin with butyrate producing bacteria may be relevant
modulators of HSV-1 effects in PD, including HSV-1 effects in the gut and systemically, as well as in
the CNS. The effects of butyrate and melatonin on HSV-1 may be important to place in the context of
how these factors regulate the cortisol activation of the GR. Stress is a well-known mediator of HSV-
1 reactivation [124], partly mediated by stress-linked GR activation [125]. GR induction of HSV-1
reactivation involves the promotor GRE, indicating that GR effects are mediated via GR nuclear
translocation [126]. These authors show that the GR interacts with Slug, a stress-induced enhancer
box (E-box) binding protein, in HSV-1 reactivation [126]. Such data strongly suggests that the
inhibitory effects of melatonin and butyrate on HSV-1 reactivation and infection severity may be
partly mediated via their suppression of GR nuclear translocation. Whether this is of particular
relevance at night will be interesting to determine, with potential relevance to a wide array of other
viral infections, especially given the growing appreciation of the role of viral infections in the
pathoetiology of diverse medical conditions, including cancers and neurodegenerative disorders
[127,128].

6. Future research directions

Is cellular melatonin decreased over the course of aging across body cells, in association with
decreased pineal melatonin and sirtuin-3?

Does pineal and/or astrocyte melatonin induce lactate dehydrogenase in astrocytes, as shown in
Sertoli cells [77], thereby allowing melatonin to regulate the availability of lactate as a necessary
substrate for optimized neuronal mitochondrial metabolism?

Does suboptimal mitochondrial function in PD drive ROS-regulated miRNAs that inhibit 14-3-
3 isoforms and therefore suppress the tryptophan-melatonin pathway in SNpc astrocytes and
dopamine neurons?

As butyrate production is increased by the gut microbiome during fasting [129], are there any
alterations in butyrate levels in PD (and REM behavioral disorder) patients at night? Is late or mid-
sleep feeding relevant to PD pathoetiology?
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Given that melatonin increases gut butyrate, seals the gut barrier and suppresses circulating LPS
[123], is the production of butyrate at night intimately linked to variations in pineal melatonin
production and therefore to the dramatic decrease in pineal melatonin over aging [30]?

As both dopamine and melatonin at high doses can activate the AhR [130,131], how does this
impact on the role of the AhR in PD pathophysiology?

Is there any overlooked role of the hypothalamus in PD? Recent data indicates that pineal
melatonin is released via the pineal recess into the third ventricle, which is lined by tanycytes that
interact with hypothalamic astrocytes to regulate hypothalamic functions and peptide releases. As
the hypothalamus is a crucial site for the regulation of core processes, such as stress, metabolism, and
reproduction, and subject to ‘local stress’ regulation, as proposed for polycystic ovary syndrome
[132], alterations in the melatonin and butyrate regulation of the night-time cortisol/GR effects on
hypothalamic function may be an interesting avenue of novel research on PD pathophysiology.

7. Treatment implications

Extracellular vesicles, regulated exosomal contents, cell-penetrating peptides and miRNAs will
provide novel treatment approaches [133], especially when further investigation on more refined
pathophysiological processes have been identified in PD. As the above would suggest astrocytes are
a core hub in PD pathophysiology, more refined targeting of the astrocyte tryptophan-melatonin
pathway, will be an important target for novel treatment approaches e.g., via the contents of astrocyte
targeted exosomes.

The utilization of melatonin and butyrate, and factors acting to upregulate their production, may
provide some prodromal utility for people with PD susceptibility genes.

8. Conclusions

The above integrates a wide array of diverse data on PD pathoetiology and pathophysiology,
highlighting the importance of the systemic regulation of the tryptophan-melatonin pathway in
astrocytes and SNpc dopamine neurons. It is proposed that an aging-linked decrease in pineal (and
perhaps local) melatonin, coupled to suppressed gut microbiome derived butyrate and suppressed
BAG-1, lead to a heightened nuclear translocation of the cortisol-activated GR at night that shapes
how the microenvironments and systems across the body are primed for the ‘coming day’. This
provides a conceptualization that integrates previously disparate data on PD pathoetiology,
including the role of viral infections and prodromal night-time circadian and REM sleep behavioral
disorder. The astrocyte tryptophan-melatonin pathway may be an important hub in coordinating the
wide array of diverse data on PD pathophysiology, with the suppression of astrocyte melatonin and
lactate leading SNpc dopamine neurons vulnerable to oxidant and metabolic challenges. The
suppression of the tryptophan-melatonin pathway in SNpc neurons contributes not only to increased
a-synuclein levels and toxicity but also to the suppression of PINK1/parkin/mitophagy, leading to
MHC-1 upregulation that chemoattracts CD8+ T cells, which mediate SNpc dopamine neuron
destruction in an ‘autoimmune’//immune-mediated’ manner. This has a number of future research
and treatment implications.
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