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Parkinson’s disease (PD) is the second most common neurodegenerative disease worldwide. The loss of
nigrostriatal dopaminergic neurons produces its characteristic motor symptoms, but PD patients also have
non-motor symptoms such as constipation and orthostatic hypotension. The pathological hallmark of PD is the
presence of a-synuclein-containing Lewy bodies and neurites in the brain. However, the PD pathology is
observed in not only the central nervous system (CNS) but also in parts of the peripheral nervous system such as
the enteric nervous system (ENS). Since constipation is a typical prodromal non-motor symptom in PD, often
preceding motor symptoms by 10-20 years, it has been hypothesized that PD pathology propagates from the
ENS to the CNS via the vagal nerve. Discovery of pharmacological and other methods to halt this progression
of neurodegeneration in PD has the potential to improve millions of lives. Astrocytes protect neurons in the
CNS by secretion of neurotrophic and antioxidative factors. Similarly, astrocyte-like enteric glial cells (EGCs)
are known to secrete neuroprotective factors in the ENS. In this article, we summarize the neuroprotective
function of astrocytes and EGCs and discuss therapeutic strategies for the prevention of neurodegeneration in
PD targeting neurotrophic and antioxidative molecules in glial cells.
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arkinson’s disease (PD) is the second most com-

mon neurodegenerative disease worldwide. The
characteristic pathology is the loss of dopamine (DA)
neurons in the substantia nigra pars compacta (SNpc)
and the appearance of a-synuclein (a-Syn)-containing
cytoplasmic inclusion Lewy bodies in the surviving
neurons. When the number of nigral DA neurons is
reduced by 30%, motor symptoms such as akinesia/
bradykinesia, tremor, rigidity, and postural instability
appear [1]. In addition, PD patients also exhibit
non-motor symptoms such as constipation, hyposmia,
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orthostatic hypotension, depression, anxiety, halluci-
nations, and sleep disorders, which often precede
motor symptoms [2]. Braak et al. reported that Lewy
pathology in the central nervous system (CNS) appears
first in the brainstem and olfactory bulb, and then
spreads progressively through the SN and amygdala to
reach the cerebral cortex [3]. Furthermore, several
studies have reported that PD pathology was detected
early in the peripheral nervous system including
Auerbach’s and Meissner’s plexuses in the gut [4,5].
Therefore, it is hypothesized that PD pathology propa-
gates from the enteric nervous system (ENS) to the
CNS, in part, via the vagal nerve [6]. Indeed, epide-
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miological studies reported that vagotomy reduced the
risk of PD [7]. Clearly, it is desirable to find approaches
that inhibit the progression of neurodegeneration in
both the CNS and ENS.

Astrocytes are the most abundant glial cells in the
CNS and play an important role in the maintenance of
the neuronal environment: specifically, regulation of
extracellular ion concentration and energy supply [8].
Astrocytes secrete neurotrophic and antioxidative fac-
tors and prevent neurodegeneration. Indeed, various
studies have demonstrated the neuroprotective effects of
astrocytes in models of neurodegenerative diseases. We
recently reported astrocyte-targeting dopaminergic
neuroprotection in PD models [9,10]. In the ENS,
astrocyte-like enteric glial cells (EGCs) play important
roles in protecting enteric neurons by secretion of neu-
rotrophic and antioxidative factors [11-13]. In this
review, we summarize the neuroprotective functions of
astrocytes and EGCs in the CNS and ENS, respectively,
especially focusing on neurotrophic and antioxidative
molecules.

Astrocyte-Mediated Dopaminergic
Neuroprotection in the CNS

Neuroprotection by neurotrophic factors secreted by
astrocytes.  Astrocytes secrete neurotrophic factors
such as glial cell line-derived neurotrophic factor
(GDNF), brain-derived neurotrophic factor (BDNF),
nerve growth factor (NGF), mesencephalic astrocyte-
derived neurotrophic factor (MANF), and cerebral
dopamine neurotrophic factor (CDNF) [9,14]. GDNF
is a protein consisting of 134 amino acids that belongs to
the transforming growth factor (TGF)-p superfamily
[15,16]. It is found in cultured cells derived from mes-
encephalic neurons and is a potent dopaminergic neu-
roprotective factor [17]. GDNEF is expressed mainly in
neurons in the normal condition; conversely, astro-
cytes express and secrete the protein in diseased brains
[11]. It was reported that GDNF overexpression increased
the number of dopaminergic neurons in the SNpc and
dopaminergic nerve terminals in the striatum of mice
[18]. Intracerebroventricular injection of GDNF
up-regulated DA content in neurotoxin 6-hydroxydo-
pamine (6-OHDA)-treated PD model rats [19]. In
addition, GDNF restored DA levels in the midbrain
and ventral tegmental area and improved motor symp-
toms in rhesus monkeys of PD model induced by injec-
tion of 1-methyl-4-phenyl-1,2, 3, 6-tetrahydropyridine
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(MPTP) [20]. Thus, GDNEF could be a potent neuro-
protectant in PD. However, GDNF cannot pass through
the blood-brain barrier (BBB); therefore, research on
GDNF delivery using viral vectors is underway.
Lentiviral vector-based delivery of GDNF showed neu-
roprotection against 6-OHDA-induced neurotoxicity
[21]. In addition, it is reported that several DA D1 and
D2 agonists up-regulate the expression of GDNF in
astrocytes [22,23].

MANF and CDNF are the known neurotrophic fac-
tors secreted by astrocytes [24,25]. Under normal con-
ditions these proteins are primarily localized in the
endoplasmic reticulum (ER) and are secreted in
response to ER stress [26]. MANF and CDNF reduce
ER stress and exert pro-survival effects on neurons. It
has been reported that overexpression or chronic treat-
ment with CDNF or MANF prevents dopaminergic
neurodegeneration in 6-OHDA-injected PD models
[27-29]. As a potential therapeutic target, CDNF has
the advantage of a wide distribution in the brain [30].

Neuroprotection by antioxidative molecules pro-
duced by astrocytes.  Astrocytes are also known to
produce antioxidative molecules such as glutathione
(GSH) and metallothionein (MT)-1,2 [31,32]. GSH is
a well-known intrinsic antioxidant against reactive oxy-
gen species. Previous studies reported that GSH levels
were decreased in the SN of PD patients [33,34].
Therefore, up-regulation of GSH could be a neuropro-
tective treatment for PD. GSH is a tripeptide composed
of glutamate, cysteine, and glycine. Neurons need to
take up cysteine for GSH synthesis. However, extracel-
lular cysteine is readily oxidized to the oxidized
homodimer cystine [35], and neurons lack the cystine/
glutamate exchange transporter (xCT), the main pro-
tein for bringing cystine into cells [36,37]. Astrocytes
do express xCT for cystine uptake, and reduce it to
cysteine for the synthesis of GSH [38]. Astrocytes
release the synthesized GSH into the extracellular space
via multidrug resistance-associated protein 1 (MRP1)
[39,40]. The extracellular GSH is then reduced by
disulfide-exchanging or peptidase reactions to produce
cysteine, which is taken up by neighboring neurons and
used for GSH synthesis in neurons [9]. Thus, GSH syn-
thesis in neurons is dependent on cystine uptake by
astrocytes and their synthesis and release of GSH
[9,41]. We previously reported that the antiepileptic
drugs, zonisamide and levetiracetam, upregulated xCT
expression followed by GSH synthesis in astrocytes and
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protected dopaminergic neurons in parkinsonian mod-
els [42,43]. Tt is also reported that stimulation of D2
receptors on astrocytes promotes GSH synthesis via
activation of nuclear factor erythroid 2-related factor 2
(Nrf2) and protects neurons against MPTP-induced
dopaminergic neurotoxicity in vitro and in vivo [44].
Nrf2 is a master transcription factor to produce various
phase II-detoxifying enzymes and antioxidative mole-
cules including GSH and MT-1,2 [45,46].
Metallothioneins bind to heavy metals such as cop-
per, cadmium, and zinc, and function in metal
homeostasis and detoxification [47,48]. MTs contain
20-cysteine residues and exert antioxidative properties
[49]. There are four isoforms, MT-1, -2, -3 and -4;
MT-1,2 are expressed in most organs including the
brain, and the proteins are mainly produced by astro-
cytes [50]. MT-1,2 expression is increased in astrocytes
in the SN of PD patients [51]. Our previous studies
demonstrated that astrocytes produced MT-1,2 in
response to oxidative stress, and extracellular MT-1,2
prevented dopaminergic neurotoxicity [45]. Further-
more, we previously reported that stimulation of sero-
tonin (5-HT) 1A receptors on astrocytes promoted
astrocyte proliferation and expression/secretion of
MT-1,2 in/from astrocytes [52]. Taken together,
upregulation of MT-1,2 and 5-HT1A stimulation in
astrocytes could be a target of neuroprotection in PD.

Novel Neuroprotective Agents Targeting
Astrocytic 5-HT1A Receptors

Rotigotine, a DA agonist, is used to treat PD.
Rotigotine binds to DA D1-D5 receptors, with a partic-
ularly high affinity for D2, D1 and D3 receptors, in that
order [53]. In addition, rotigotine possesses 5-HT1A
partial agonistic properties [54]. Our recent study
demonstrated dopaminergic neuroprotective effects of
rotigotine via 5-HT1A receptors in PD models [55].
Rotigotine treatment promoted astrocyte proliferation
and MT-1,2 expression in astrocytes. The rotigotine-
induced upregulation of MT-1,2 in astrocytes was
mediated by Nrf2 activation. Pretreatment with condi-
tioned medium from rotigotine-treated astrocytes
inhibited 6-OHDA-induced dopaminergic neurotoxic-
ity via astrocytic 5-HT1A receptors and secretion of
MT-1,2. Furthermore, daily subcutaneous adminis-
tration of rotigotine increased MT-1,2 expression in
astrocytes and prevented the reduction of dopaminergic
neurons in the SNpc of 6-OHDA-injected PD model
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mice. These effects were blocked by co-administration
with a 5-HT1A receptor antagonist. These results sug-
gest that rotigotine exerts neuroprotective effects by
upregulation of MT-1,2 expression in astrocytes via
5-HT1A receptors.

Mirtazapine is a noradrenergic and specific seroto-
nergic antidepressant (NaSSA). It increases extracellu-
lar levels of noradrenaline and 5-HT by blocking pre-
synaptic a2 adrenergic receptors on noradrenergic and
serotonergic nerve terminals. In addition, mirtazapine
inhibits 5-HT2 and 5-HT3 receptors to indirectly stim-
ulate 5-HT1A receptors. We have demonstrated the
neuroprotective effects of mirtazapine by upregulation
of MT-1,2 expression in astrocytes via 5-HT1A recep-
tors [56]. A previous study demonstrated that 5-HT1A
receptor agonists improved motor dysfunction and
L-dopa-induced dyskinesia in PD model animals [57].
Mirtazapine also improves motor- and non-motor
symptoms in PD patients [58,59]. These results suggest
that mirtazapine could be a possible disease-modifying
agent for PD [56].

As mentioned above, rotigotine also upregulated
antioxidative molecules in astrocytes and ameliorated
dopaminergic neurodegeneration via 5>-HT1A receptors
[55]. Taken together with these experimental results,
targeting the 5-HT1A receptor on astrocytes may be a
possible strategy for neuroprotection in PD [9].

Role of Glial Cells in the ENS

EGCs are counterparts of astrocytes in the CNS.
EGCs express GFAP and represent the morphological
features of astrocytes [60]. The astrocytic glial cells that
support neurons and nerve fibers in the ENS were first
described by Dogiel in 1899 [61]. EGCs are classified
into 1-4 subtypes based on their morphology and dis-
tribution [60]. EGCs interact with neurons and epithe-
lial cells by secreting neurotrophic factors and bioactive
molecules [62]. Calcium imaging studies demonstrated
EGC activation in response to neuronal activity in the
ENS [63]. These Ca**-mediated interactions between
EGCs and neurons can modulate intestinal motility
[64]. Furthermore, it is reported that EGCs are acti-
vated in response to the release of neurotransmitters
such as acetylcholine (ACh) and 5-HT [65-67].
Collectively, these reports suggest that the interaction
between EGCs and enteric neurons may regulate intes-
tinal motility. It is also reported that EGCs are involved
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in maintaining the mucosal lining and repairing barrier
function by secreting several mediators [62,68]. A
study of EGC-knockdown mice showed that their intes-
tinal cell permeability was increased, although intesti-
nal motility was significantly decreased [69]. These
results indicate that EGCs work to maintain intestinal
permeability. EGCs are activated by inflammation and
secrete GDNF to improve the barrier function of the
intestine [70]. In addition, EGCs express major histo-
compatibility complex IT (MHCII), respond to noxious
inputs via toll-like receptors (TLR)-2 and -4, and regu-
late immune function in the ENS via the release of
pro-inflammatory cytokines [71]. Furthermore, EGCs
themselves function as antigen-presenting cells for both
innate and acquired immune systems [72]. Thus, EGCs
have an important role in intestinal motility, mucosal
lining, and immune responses in the ENS. As men-
tioned above, accumulation of a-Syn has been observed
in the ENS of PD patients with gastrointestinal disor-
ders such as constipation. Moreover, the proportion of
EGCs expressing GFAP was increased in the ENS [73].
EGCs could be involved in the pathogenesis of neuro-
degenerative diseases, but their role is rather complex.

Enteric Neuroprotection Mediated by
EGCs in PD Models

EGC-mediated enteric neuroprotection in the rote-
none-injected PD model. =~ The ENS-neuroprotective
roles of EGCs have been studied from several angles.
Abdo et al. demonstrated that the neuroprotective
effects of EGCs against oxidative stress occur via the
release of reduced GSH [74]. In addition, the pesticide
rotenone causes loss of the enteric plexus and decreased
gastrointestinal motility [75]; thus, we examined
changes in MT-1,2 expression in the colonic myenteric
plexus of rotenone-injected PD model mice [76].
Subcutaneous administration of rotenone (50 mg/kg/
day) for 6 weeks increased MT expression and activated
glial cells not only in the striatum but also in the colonic
myenteric plexus. Furthermore, rotenone-induced
neuronal loss of the myenteric plexus was aggravated in
MT-1,2 knockout mice compared to wild-type mice,
suggesting the neuroprotective effects of MT expression
in the EGCs [76]. In addition, upregulation of antioxi-
dative molecules, such as GSH and MT, in EGCs can
provide neuroprotection in the ENS in PD. Our previ-
ous study demonstrated that administration with caffeic
acid (CFA) or chlorogenic acid (CGA), polyphenol
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components of coffee, inhibited the reduction in
MT-1,2 expression in EGCs and prevented the loss of
enteric plexus in low-dose rotenone-treated PD mice
[77]. Several studies have reported that CFA and CGA
activate the Kelch-like ECH-associated protein 1
(Keap1)-Nrf2 pathway [78,79]. Therefore, activation of
the Nrf2 signaling pathway could be a target of neuro-
protection in the ENS. Finally, CDNF is also important
as a neuroprotectant in the ENS. CDNF knockout mice
exhibited loss of intestinal Meissner’s plexus, but not of
nigral dopaminergic neurons [80].

Further investigation of the effects of rotenone found
that it activates GFAP-positive glial cells in the ENS to
cause impairment of intestinal motility [81]. In addi-
tion, in the rotenone model using C. elegans, dysfunc-
tion of mitochondrial complex I activated the innate
immune response pathway via the p38 MAPK/ATEF-7
pathway and prevented dopaminergic denervation in
the intestine [82]. Neuroprotection by p38 MAPK/
ATF-7 requires the autophagy mechanism and PINK-1,
suggesting that p38 MAPK-mediated immunity acti-
vates mitophagy and results in neuroprotection. These
reports suggest that EGCs are activated by inflamma-
tory responses in the intestine and may be involved in
the protection of enteric neurons and regulation of
intestinal motility in the intestine.

Involvement of gut microbiota in the protection of
enteric plexus.  Recent studies have reported interac-
tions between gut microbiota and neurodegenerative
diseases such as multiple sclerosis, Alzheimer’s disease,
and PD [83]. The mammalian gut microbiota is com-
posed of bacteria, viruses, yeasts, and bacteriophages
[84]. The gut microbiota plays important roles in food
digestion, vitamin synthesis, angiogenesis, epithelial
cell maturation and development, education of the host
immune system, and protection against pathogens. The
gut microbiota synthesizes neurotransmitters such as
ACh, y-aminobutyric acid (GABA), and 5-HT, which
can directly and indirectly affect physiological function
in the CNS [85-87]. In addition, short-chain fatty acids
(SCFAs) produced by the gut microbiota in the presence
of indigestible fiber maintain intestinal homeostasis by
promoting the intestinal lining and mucus production
as a barrier, and promoting a pro-inflammatory per-
missive response; they also migrate to the CNS to
restore the integrity of the BBB [88]. In PD patients,
the composition of SCFAs was changed due to a
decrease in butyrate acidophilic bacteria [89].
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Transplantation of microbiota from PD patients into
a-Syn-overexpressing mice enhanced motor disability
compared with transplantation of microbiota from
healthy human donors [90]. These findings suggest that
gut bacteria can influence motor function in mice and
that alterations in the human microbiome could be a
risk factor for PD. Recently, it was reported that the
addition of restraint stress (RS) to rotenone treatment
enhanced rotenone-induced oxidative stress and
increased expression of a-Syn, GFAP, and IL-1p in the
intestine, as well as dopaminergic neuronal loss and
microglial activation in SN [91]. In this experiment,
changes in the gut microbiota were also examined; RS
decreased Lactobacillus populations and RS-plus-
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rotenone treatment increased Akkermansia popula-
tions. RS with or without rotenone also showed a
decreasing trend of butyric acid content in feces, which
correlated with the data of PD patients. These reports
clarified the relationship between PD and intestinal
inflammation, or PD and EGC activation. However,
the direct connection between intestinal inflammation
and EGC activation in PD is still obscure.

Conclusion
Astrocytes in the CNS and EGCs in the ENS provide

neuroprotection by secretion of neurotrophic and anti-
oxidative molecules (Fig.1). Therefore, up-regulation
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Fig. 1
secretion of neurotrophic and antioxidative molecules.

Neuroprotection by glial cells in the CNS and ENS. Astrocytes in the CNS and EGCs in the ENS provide neuroprotection by
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of these molecules in astrocytes or glial cells could be a
possible target of neuroprotection. Since enteric mani-
festations of PD often precede motor dysfunction by
10-20 years, a neuroprotective approach in the ENS
could be a potent therapeutic strategy to inhibit the ini-
tial enteric pathogenesis and progression of PD.

10.

1.

12.

13.

14.

15.

16.

17.

18.

References

Cheng HC, Ulane CM and Burke RE: Clinical progression in Parkinson
disease and the neurobiology of axons. Ann Neurol (2010) 67: 715-725.
Poewe W: Non-motor symptoms in Parkinson’s disease. Eur J Neurol
(2008) 15: 14-20.

Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN and Braak
E: Staging of brain pathology related to sporadic Parkinson’s disease.
Neurobiol Aging (2003) 24: 197-211.

Stokholm MG, Danielsen EH, Hamilton-Dutoit SJ and Borghammer P:
Pathological a-synuclein in gastrointestinal tissues from prodromal
Parkinson disease patients. Ann Neurol (2016) 79: 940-949.
Wakabayashi K, Takahashi H, Takeda S, Ohama E and lkuta F: Parkinson’s
disease: the presence of Lewy bodies in Auerbach’s and Meissner’s plex-
uses. Acta Neuropathol (1988) 76: 217-221.

Braak H, Rub U, Gai WP and Del Tredici K: Idiopathic Parkinson’s dis-
ease: possible routes by which vulnerable neuronal types may be subject
to neuroinvasion by an unknown pathogen. J Neural Transm (Vienna)
(2003) 110: 517-536.

Svensson E, Horvath-Puhé E, Thomsen RW, Djurhuus JC, Pedersen L,
Borghammer P and Serensen HT: Vagotomy and subsequent risk of
Parkinson’s disease. Ann Neurol (2015) 78: 522-529.

Sofroniew MV and Vinters HV: Astrocytes: biology and pathology. Acta
Neuropathol (2010) 119: 7-35.

Miyazaki | and Asanuma M: Serotonin 1A Receptors on Astrocytes as a
Potential Target for the Treatment of Parkinson’s Disease. Curr Med
Chem (2016) 23: 686-700.

Miyazaki | and Asanuma M: Neuron-Astrocyte Interactions in Parkinson’s
Disease. Cells (2020) 9: 2623.

Duarte Azevedo M, Sander S and Tenenbaum L: GDNF, A Neuron-
Derived Factor Upregulated in Glial Cells during Disease. Journal of clin-
ical medicine (2020) 9: 456.

Morel L, Domingues O, Zimmer J and Michel T: Revisiting the Role of
Neurotrophic Factors in Inflammation. Cells (2020) 9: 865.

Seguella L, Samnelli G and Esposito G: Leaky gut, dysbiosis, and enteric
glia activation: the trilogy behind the intestinal origin of Parkinson’s dis-
ease. Neural Regen Res (2020) 15: 1037-1038.

Miyazaki I, Isooka N, Imafuku F, Sun J, Kikuoka R, Furukawa C and
Asanuma M: Chronic Systemic Exposure to Low-Dose Rotenone Induced
Central and Peripheral Neuropathology and Motor Deficits in Mice:
Reproducible Animal Model of Parkinson’s Disease. Int J Mol Sci (2020)
21: 3254.

Airaksinen MS and Saarma M: The GDNF family: signalling, biological
functions and therapeutic value. Nat Rev Neurosci (2002) 3: 383-394.
Lin LF, Doherty DH, Lile JD, Bektesh S and Collins F: GDNF: a glial
cell line-derived neurotrophic factor for midbrain dopaminergic neurons.
Science (1993) 260: 1130-1132.

Barker RA, Bjorklund A, Gash DM, Whone A, Van Laar A, Kordower
JH, Bankiewicz K, Kieburtz K, Saarma M, Booms S, Huttunen HJ,
Kells AP, Fiandaca MS, Stoessl AJ, Eidelberg D, Federoff H,
Voutilainen MH, Dexter DT, Eberling J, Brundin P, Isaacs L, Mursaleen
L, Bresolin E, Carroll C, Coles A, Fiske B, Matthews H, Lungu C,
Wyse RK, Stott S and Lang AE: GDNF and Parkinson’s Disease: Where
Next? A Summary from a Recent Workshop. J Parkinsons Dis (2020) 10:
875-891.

Kumar A, Kopra J, Varendi K, Porokuokka LL, Panhelainen A, Kuure S,

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Acta Med. Okayama Vol. 75, No. 5

Marshall P, Karalija N, Harma MA, Vilenius C, Lillevali K, Tekko T,
Mijatovic J, Pulkkinen N, Jakobson M, Jakobson M, Ola R, Pam E,
Lindahl M, Strémberg 1, Voikar V, Piepponen TP, Saarma M and
Andressoo JO: GDNF Overexpression from the Native Locus Reveals its
Role in the Nigrostriatal Dopaminergic System Function. PLoS Genet
(2015) 11: e1005710.

Bowenkamp KE, Lapchak PA, Hoffer BJ, Miller PJ and Bickford PC:
Intracerebroventricular  Glial Cell Line-Derived Neurotrophic Factor
Improves Motor Function and Supports Nigrostriatal Dopamine Neurons in
Bilaterally 6-Hydroxydopamine Lesioned Rats. Exp Neurol (1997) 145:
104-117.

Gash DM, Zhang Z, Ovadia A, Cass WA, Yi A, Simmerman L, Russell D,
Martin D, Lapchak PA, Collins F, Hoffer BJ and Gerhard GA: Functional
recovery in parkinsonian monkeys treated with GDNF. Nature (1996)
380: 252-255.

Dowd E, Monville C, Torres EM, Wong LF, Azzouz M, Mazarakis ND
and Dunnett SB: Lentivector-mediated delivery of GDNF protects com-
plex motor functions relevant to human Parkinsonism in a rat lesion
model. Eur J Neurosci (2005) 22: 2587-2595.

Ahmadiantehrani S and Ron D: Dopamine D2 receptor activation leads to
an up-regulation of glial cell line-derived neurotrophic factor via G 8
y-Erk1/2-dependent induction of Zif268. J Neurochem (2013) 125: 193-
204.

Ohta M, Mizuta |, Ohta K, Nishimura M, Mizuta E, Hayashi K and Kuno
S: Apomorphine up-regulates NGF and GDNF synthesis in cultured
mouse astrocytes. Biochem Biophys Res Commun (2000) 272: 18-22.
Petrova PS, Raibekas A, Pevsner J, Vigo N, Anafi M, Moore MK,
Peaire AE, Shridhar V, Smith DI, Kelly J, Durocher Y and Commissiong
JW: MANF. J Mol Neurosci (2003) 20: 173-187.

Zhang Y, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal PD,
Vogel H, Steinberg GK, Edwards MS, Li G, Duncan JA, 3rd, Cheshier
SH, Shuer LM, Chang EF, Grant GA, Gephart MG and Barres BA:
Purification and Characterization of Progenitor and Mature Human
Astrocytes Reveals Transcriptional and Functional Differences with
Mouse. Neuron (2016) 89: 37-53.

Lindahl M, Saarma M and Lindholm P: Unconventional neurotrophic fac-
tors CDNF and MANF: Structure, physiological functions and therapeu-
tic potential. Neurobiol Dis (2017) 97: 90-102.

Cordero-Llana O, Houghton BC, Rinaldi F, Taylor H, Yanez-Muroz RJ,
Uney JB, Wong LF and Caldwell MA: Enhanced efficacy of the CDNF/
MANF family by combined intranigral overexpression in the 6-OHDA rat
model of Parkinson’s disease. Mol Ther (2015) 23: 244-254.

Hao F, Yang C, Chen SS, Wang YY, Zhou W, Hao Q, Lu T, Hoffer B,
Zhao LR, Duan WM and Xu QY: Long-term protective effects of AAV9-
mesencephalic astrocyte-derived neurotrophic factor gene transfer in par-
kinsonian rats. Exp Neurol (2017) 291: 120-133.

Lindholm P, Voutilainen MH, Laurén J, Peranen J, Leppanen VM,
Andressoo JO, Lindahl M, Janhunen S, Kalkkinen N, Timmusk T,
Tuominen RK and Saarma M: Novel neurotrophic factor CDNF protects
and rescues midbrain dopamine neurons in vivo. Nature (2007) 448: 73—
77.

Voutilainen MH, De Lorenzo F, Stepanova P, Back S, Yu LY, Lindholm P,
Porsti E, Saarma M, Mannistd PT and Tuominen RK: Evidence for an
Additive Neurorestorative Effect of Simultaneously Administered CDNF and
GDNF in Hemiparkinsonian Rats: Implications for Different Mechanism of
Action. eNeuro (2017) 4: e0117-0116.

Chung RS, Adlard PA, Dittmann J, Vickers JC, Chuah MI and West AK:
Neuron-glia communication: metallothionein expression is specifically
up-regulated by astrocytes in response to neuronal injury. J Neurochem
(2004) 88: 454-461.

Steele ML, Fuller S, Maczurek AE, Kersaitis C, Ooi L and Munch G:
Chronic inflammation alters production and release of glutathione and
related thiols in human U373 astroglial cells. Cell Mol Neurobiol (2013)
33: 19-30.

Hwang O: Role of oxidative stress in Parkinson’s disease. Exp Neurobiol
(2013) 22 11-17.



October 2021

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Umeno A, Biju V and Yoshida Y: In vivo ROS production and use of oxi-
dative stress-derived biomarkers to detect the onset of diseases such as
Alzheimer’s disease, Parkinson’s disease, and diabetes. Free Radic Res
(2017) 51: 413-427.

Lu SC: Regulation of glutathione synthesis. Mol Aspects Med (2009) 30:
42-59.

Cho Y and Bannai S: Uptake of glutamate and cysteine in C-6 glioma
cells and in cultured astrocytes. J Neurochem (1990) 55: 2091-2097.
Seib TM, Patel SA and Bridges RJ: Regulation of the system x(C)- cys-
tine/glutamate exchanger by intracellular glutathione levels in rat astro-
cyte primary cultures. Glia (2011) 59: 1387-1401.

Shih AY, Erb H, Sun X, Toda S, Kalivas PW and Murphy TH: Cystine/
glutamate exchange modulates glutathione supply for neuroprotection
from oxidative stress and cell proliferation. J Neurosci (2006) 26: 10514-
10523.

Chowdhury T, Allen MF, Thorn TL, He Y and Hewett SJ: Interleukin-18
Protects Neurons against Oxidant-Induced Injury via the Promotion of
Astrocyte Glutathione Production. Antioxidants (Basel) (2018) 7: 100.
Leier I, Jedlitschky G, Buchholz U, Center M, Cole SP, Deeley RG and
Keppler D: ATP-dependent glutathione disulphide transport mediated by
the MRP gene-encoded conjugate export pump. Biochem J (1996) 314
(Pt 2): 433-437.

Johnson WM, Wilson-Delfosse AL and Mieyal JJ: Dysregulation of gluta-
thione homeostasis in neurodegenerative diseases. Nutrients (2012) 4:
1399-1440.

Asanuma M, Miyazaki |, Diaz-Corrales FJ, Kimoto N, Kikkawa Y,
Takeshima M, Miyoshi K and Murata M: Neuroprotective effects of zoni-
samide target astrocyte. Ann Neurol (2010) 67: 239-249.

Miyazaki |, Murakami S, Torigoe N, Kitamura Y and Asanuma M:
Neuroprotective effects of levetiracetam target xCT in astrocytes in par-
kinsonian mice. J Neurochem (2016) 136: 194-204.

Wei Y, LuM, Mei M, Wang H, Han Z, Chen M, Yao H, Song N, Ding X,
Ding J, Xiao M and Hu G: Pyridoxine induces glutathione synthesis via
PKM2-mediated Nrf2 transactivation and confers neuroprotection. Nat
Commun (2020) 11: 941.

Miyazaki I, Asanuma M, Kikkawa Y, Takeshima M, Murakami S, Miyoshi
K, Sogawa N and Kita T: Astrocyte-derived metallothionein protects
dopaminergic neurons from dopamine quinone toxicity. Glia (2011) 59:
435-451.

Shih AY, Johnson DA, Wong G, Kraft AD, Jiang L, Erb H, Johnson JA
and Murphy TH: Coordinate regulation of glutathione biosynthesis and
release by Nrf2-expressing glia potently protects neurons from oxidative
stress. J Neurosci (2003) 23: 3394-3406.

Maret W: Molecular aspects of human cellular zinc homeostasis: redox
control of zinc potentials and zinc signals. Biometals (2009) 22: 149-
157,

Sakulsak N: Metallothionein: An Overview on its Metal Homeostatic
Regulation in Mammals. Int J Morphol (2012) 30: 1007-1012.

Kumari MV, Hiramatsu M and Ebadi M: Free radical scavenging actions
of metallothionein isoforms | and Il. Free Radic Res (1998) 29: 93-101.
Juarez-Rebollar D, Rios C, Nava-Ruiz C and Méndez-Armenta M:
Metallothionein in Brain Disorders. Oxid Med Cell Longev (2017) 2017:
5828056.

Michael GJ, Esmailzadeh S, Moran LB, Christian L, Pearce RK and
Graeber MB: Up-regulation of metallothionein gene expression in parkin-
sonian astrocytes. Neurogenetics (2011) 12: 295-305.

Miyazaki I, Asanuma M, Murakami S, Takeshima M, Torigoe N,
Kitamura Y and Miyoshi K: Targeting 5-HT(1A) receptors in astrocytes to
protect dopaminergic neurons in Parkinsonian models. Neurobiol Dis
(2013) 59: 244-256.

Wood M, Dubois V, Scheller D and Gillard M: Rotigotine is a potent
agonist at dopamine D1 receptors as well as at dopamine D2 and D3
receptors. Br J Pharmacol (2015) 172: 1124-1135.

Scheller D, Ullmer C, Berkels R, Gwarek M and Lubbert H: The in vitro
receptor profile of rotigotine: a new agent for the treatment of Parkinson’s
disease. Naunyn Schmiedebergs Arch Pharmacol (2009) 379: 73-86.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

Glia for Neuroprotection in Parkinson's Disease 555

Isooka N, Miyazaki |, Kikuoka R, Wada K, Nakayama E, Shin K,
Yamamoto D, Kitamura Y and Asanuma M: Dopaminergic neuroprotec-
tive effects of rotigotine via 5-HT1A receptors: Possibly involvement of
metallothionein expression in astrocytes. Neurochem Int (2020) 132:
104608.

Kikuoka R, Miyazaki I, Kubota N, Maeda M, Kagawa D, Moriyama M,
Sato A, Murakami S, Kitamura Y, Sendo T and Asanuma M: Mirtazapine
exerts astrocyte-mediated dopaminergic neuroprotection. Sci Rep (2020)
10: 20698.

Muroz A, Carlsson T, Tronci E, Kirik D, Bjérklund A and Carta M: Serotonin
neuron-dependent and -independent reduction of dyskinesia by 5-HT1A
and 5-HT1B receptor agonists in the rat Parkinson model. Exp Neurol
(2009) 219: 298-307.

Kadoguchi N, Okabe S, Yamamura Y, Shono M, Fukano T, Tanabe A,
Yokoyama H and Kasahara J: Mirtazapine has a therapeutic potency in
1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-induced mice model
of Parkinson’s disease. BMC Neurosci (2014) 15: 79.

Meco G, Fabrizio E, Di Rezze S, Alessandri A and Pratesi L: Mirtazapine
in L-dopa-induced dyskinesias. Clin Neuropharmacol (2003) 26: 179-181.
Benvenuti L, D’Antongiovanni V, Pellegrini C, Antonioli L, Bernardini N,
Blandizzi C and Forai M: Enteric Glia at the Crossroads between Intestinal
Immune System and Epithelial Barrier: Implications for Parkinson Disease.
Int J Mol Sci (2020) 21: 9199.

Pochard C, Coquenlorge S, Freyssinet M, Naveilhan P, Bourreille A,
Neunlist M and Rolli-Derkinderen M: The muiltiple faces of inflammatory
enteric glial cells: is Crohn’s disease a gliopathy? Am J Physiol Gastrointest
Liver Physiol (2018) 315: G1-G11.

Vergnolle N and Cirillo C: Neurons and Glia in the Enteric Nervous
System and Epithelial Barrier Function. Physiology (Bethesda) (2018) 33:
269-280.

Broadhead MJ, Bayguinov PO, Okamoto T, Heredia DJ and Smith TK:
Ca2+ transients in myenteric glial cells during the colonic migrating
motor complex in the isolated murine large intestine. J Physiol (2012)
590: 335-350.

McClain JL, Fried DE and Gulbransen BD: Agonist-evoked Ca(2+) sig-
naling in enteric glia drives neural programs that regulate intestinal motil-
ity in mice. Cell Mol Gastroenterol Hepatol (2015) 1: 631-645.
Boesmans W, Cirillo C, Van den Abbeel V, Van den Haute C,
Depoortere I, Tack J and Vanden Berghe P: Neurotransmitters involved
in fast excitatory neurotransmission directly activate enteric glial cells.
Neurogastroenterol Motil (2013) 25: e151-160.

Delvalle NM, Fried DE, Rivera-Lopez G, Gaudette L and Gulbransen
BD: Cholinergic activation of enteric glia is a physiological mechanism
that contributes to the regulation of gastrointestinal motility. Am J Physiol
Gastrointest Liver Physiol (2018) 315: G473-G483.

Gulbransen BD and Sharkey KA: Purinergic neuron-to-glia signaling in
the enteric nervous system. Gastroenterology (2009) 136: 1349-1358.
Gulbransen BD and Sharkey KA: Novel functional roles for enteric glia in
the gastrointestinal tract. Nat Rev Gastroenterol Hepatol (2012) 9: 625-
632.

Aubé AC, Cabarrocas J, Bauer J, Philippe D, Aubert P, Doulay F,
Liblau R, Galmiche JP and Neunlist M: Changes in enteric neurone phe-
notype and intestinal functions in a transgenic mouse model of enteric
glia disruption. Gut (2006) 55: 630-637.

Hagbom M, De Faria FM, Winberg ME, Westerberg S, Nordgren J,
Sharma S, Keita AV, Loitto V, Magnusson KE and Svensson L:
Neurotrophic Factors Protect the Intestinal Barrier from Rotavirus Insult in
Mice. mBio (2020) 11: e02834-02819.

Cabarrocas J, Savidge TC and Liblau RS: Role of enteric glial cells in
inflammatory bowel disease. Glia (2003) 41: 81-93.

da Silveira AB, de Oliveira EC, Neto SG, Luquetti AO, Fujiwara RT,
Oliveira RC and Brehmer A: Enteroglial cells act as antigen-presenting
cells in chagasic megacolon. Hum Pathol (2011) 42: 522-532.

Devos D, Lebouvier T, Lardeux B, Biraud M, Rouaud T, Pouclet H,
Coron E, Bruley des Varannes S, Naveilhan P, Nguyen JM, Neunlist M
and Derkinderen P: Colonic inflammation in Parkinson’s disease. Neurobiol



556

74.

75.

76.

7.

78.

79.

80.

81.

82.

Isooka et al.

Dis (2013) 50: 42-48.

Abdo H, Derkinderen P, Gomes P, Chevalier J, Aubert P, Masson D,
Galmiche JP, Vanden Berghe P, Neunlist M and Lardeux B: Enteric glial
cells protect neurons from oxidative stress in part via reduced glutathione.
FASEB J (2010) 24: 1082-1094.

Drolet RE, Cannon JR, Montero L and Greenamyre JT: Chronic rotenone
exposure reproduces Parkinson’s disease gastrointestinal neuropathology.
Neurobiol Dis (2009) 36: 96-102.

Murakami S, Miyazaki |, Sogawa N, Miyoshi K and Asanuma M: Neuro-
protective effects of metallothionein against rotenone-induced myenteric
neurodegeneration in parkinsonian mice. Neurotox Res (2014) 26: 285—
298.

Miyazaki I, Isooka N, Wada K, Kikuoka R, Kitamura Y and Asanuma M:
Effects of Enteric Environmental Modification by Coffee Components on
Neurodegeneration in Rotenone-Treated Mice. Cells (2019) 8: 221.

Bao L, Li J, Zha D, Zhang L, Gao P, Yao T and Wu X: Chlorogenic
acid prevents diabetic nephropathy by inhibiting oxidative stress and
inflammation through modulation of the Nrf2/HO-1 and NF-kB pathways.
Int Immunopharmacol (2018) 54: 245-253.

Pang C, Zheng Z, Shi L, Sheng Y, Wei H, Wang Z and Ji L: Caffeic
acid prevents acetaminophen-induced liver injury by activating the Keap1-
Nrf2 antioxidative defense system. Free Radic Biol Med (2016) 91: 236-
246.

Lindahl M, Chalazonitis A, Palm E, Pakarinen E, Danilova T, Pham TD,
Setlik W, Rao M, Voikar V, Huotari J, Kopra J, Andressoo JO,
Piepponen PT, Airavaara M, Panhelainen A, Gershon MD and Saarma M:
Cerebral dopamine neurotrophic factor-deficiency leads to degeneration of
enteric neurons and altered brain dopamine neuronal function in mice.
Neurobiol Dis (2020) 134: 104696.

Perez-Pardo P, Grobben Y, Willemsen-Seegers N, Hartog M, Tutone M,
Muller M, Adolfs Y, Pasterkamp RJ, Vu-Pham D, van Doornmalen AM,
van Cauter F, de Wit J, Sterrenburg JG, Uitdehaag JCM, de Man J,
Buijsman RC, Zaman GJR and Kraneveld AD: Pharmacological valida-
tion of TDO as a target for Parkinson’s disease. FEBS J (2021) 288:
4311-4331.

Chikka MR, Anbalagan C, Dvorak K, Dombeck K and Prahlad V: The
Mitochondria-Regulated Immune Pathway Activated in the C. elegans
Intestine Is Neuroprotective. Cell Rep (2016) 16: 2399-2414.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Acta Med. Okayama Vol. 75, No. 5

Scheperjans F, Aho V, Pereira PA, Koskinen K, Paulin L, Pekkonen E,
Haapaniemi E, Kaakkola S, Eerola-Rautio J, Pohja M, Kinnunen E,
Murros K and Auvinen P: Gut microbiota are related to Parkinson’s dis-
ease and clinical phenotype. Mov Disord (2015) 30: 350-358.

Dave M, Higgins PD, Middha S and Rioux KP: The human gut micro-
biome: current knowledge, challenges, and future directions. Transl Res
(2012) 160: 246-257.

Pokusaeva K, Johnson C, Luk B, Uribe G, Fu Y, Oezguen N,
Matsunami RK, Lugo M, Major A, Mori-Akiyama Y, Hollister EB, Dann
SM, Shi XZ, Engler DA, Savidge T and Versalovic J: GABA-producing
Bifidobacterium dentium modulates visceral sensitivity in the intestine.
Neurogastroenterol Motil (2017) 29: e12904.

Skonieczna-Zydecka K, Jakubczyk K, Maciejewska-Markiewicz D, Janda
K, Kazmierczak-Siedlecka K, Kaczmarczyk M, toniewski | and Marlicz
W: Gut Biofactory-Neurocompetent Metabolites within the Gastrointestinal
Tract. A Scoping Review. Nutrients (2020) 12: 3369.

Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, Nagler CR,
Ismagilov RF, Mazmanian SK and Hsiao EY: Indigenous bacteria from
the gut microbiota regulate host serotonin biosynthesis. Cell (2015) 161:
264-276.

Rutsch A, Kantsjo JB and Ronchi F: The Gut-Brain Axis: How Microbiota
and Host Inflammasome Influence Brain Physiology and Pathology. Front
Immunol (2020) 11: 604179.

Keshavarzian A, Green SJ, Engen PA, Voigt RM, Nagib A, Forsyth CB,
Mutlu E and Shannon KM: Colonic bacterial composition in Parkinson’s
disease. Mov Disord (2015) 30: 1351-1360.

Sampson TR, Debelius JW, Thron T, Janssen S, Shastri GG, llhan ZE,
Challis C, Schretter CE, Rocha S, Gradinaru V, Chesselet MF,
Keshavarzian A, Shannon KM, Krajmalnik-Brown R, Wittung-Stafshede P,
Knight R and Mazmanian SK: Gut Microbiota Regulate Motor Deficits
and Neuroinflammation in a Model of Parkinson’s Disease. Cell (2016)
167: 1469-1480. E1412.

Dodiya HB, Forsyth CB, Voigt RM, Engen PA, Patel J, Shaikh M,
Green SJ, Nagib A, Roy A, Kordower JH, Pahan K, Shannon KM and
Keshavarzian A: Chronic stress-induced gut dysfunction exacerbates
Parkinson’s disease phenotype and pathology in a rotenone-induced
mouse model of Parkinson's disease. Neurobiol Dis (2020) 135: 104352.



