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Abstract. Several large genome wide association studies have identified a locus in close proximity to the gene encoding
the enzyme aminocarboxymuconate-semialdehyde-decarboxylase (ACMSD) to be associated with the risk for Parkinson’s
disease (PD), tentatively suggesting that this enzyme might influence PD pathogenesis. Further support for this comes from
the recent identification of a disease-segregating stop codon mutation in ACMSD in a family with Parkinsonism, and a
missense mutation in the ACMSD gene predicted to disrupt enzyme function in an individual with typical PD. ACMSD
is part of the kynurenine pathway, responsible for the catalytic breakdown of tryptophan into NAD+ , generating several
neuroactive metabolites in the process. The enzyme is located at a key branch-point of the pathway, limiting the production
of the neurotoxin quinolinic acid, which has excitotoxic and inflammatory properties. In this review, we discuss the genetic
findings in light of the functions of ACMSD and its potential involvement in PD pathogenesis.
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INTRODUCTION
Parkinson’s disease (PD) neuropathology is characterized by loss of dopaminergic neurons in the
substantia nigra and the development of intracellular alpha-synuclein aggregates called Lewy bodies
and Lewy neurites [1]. It is estimated that as
many as 10 million individuals live with PD globally [2]. The classical motor symptoms include
resting tremor, bradykinesia and rigidity, but patients
frequently also exhibit a range of non-motor disturbances including constipation, hyposmia, depression
and cognitive decline. The motor symptoms are
believed to be largely related to the loss of nigral
dopamine neurons. Although the pathogenic process leading to death of nigral dopamine neurons is
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not fully elucidated, alpha-synuclein aggregation [3]
and neuroinflammation [4] both appear to play key
roles, with mitochondrial dysfunction [5], oxidative
stress [6] and excitotoxicity [7] also being implicated in the neurodegenerative process. By contrast,
the neuroanatomical underpinnings of non-motor
symptoms are less well defined but, once again,
neuroinflammation and alpha-synuclein aggregates
have been suggested to be important contributors
[8]. Notably, measures of inflammation are reported
to correlate to severity of non-motor symptoms in
PD [9].
Over the last decade, several heritable (autosomal
and recessive) disease-causing mutations have been
identified for PD, providing more insight into the
underlying pathogenesis in both familial and sporadic
disease. However, these monogenic forms account for
only a small fraction of familial PD cases, reflecting
the multifactorial etiology of the disease [10]. Several
large genome wide association studies (GWAS) have
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identified at least 41 loci harboring polymorphisms
that are associated with altered PD risk. Although
some of these loci are proximal to genes which have
a clear role in neuronal function and PD (e.g., the
genes encoding for alpha-synuclein and LRRK2),
for the majority it remains unclear precisely which
gene, or genes, are influenced by the polymorphisms.
To add to the challenge, the normal functions of
the proteins encoded by several of the genes in the
vicinity of the PD associated polymorphisms are not
known. Furthermore, because several of the polymorphisms appear to be in enhancer regions, they can
influence multiple downstream genes that are either
in cis (within 10 mega base-pairs of the polymorphism) or trans (more than one mega base-pair away,
and potentially even on a different chromosome).
Notwithstanding this complexity, in this context it
is worth pointing out that in depth analyses have suggested that several of the polymorphisms that alter
PD risk affect genes that are active in immune cells
[11, 12]. Supporting this, a recent study showed a significant genetic overlap between PD and autoimmune
disorders, suggesting shared mechanistic pathways in
these disorders [13]. These recent observations have
further increased the interest in research into protein
aggregation and neuroinflammation.
Among the genetic loci that were confirmed in two
large meta-analyses [14, 15] to significantly influence
PD risk, one is located near the gene encoding the
enzyme ACMSD, which is the focus of this review
article. This enzyme has a well-described biological
function in the kynurenine pathway, where it regulates and limits the formation of quinolinic acid. What
makes the potential role of ACMSD in PD risk particularly intriguing is that quinolinic acid is an NMDA
receptor agonist with excitotoxic properties that can
also modulate inflammatory responses. Therefore,
it is possible that ACMSD has an important functional role in PD pathogenesis, and that targeting the
enzyme might provide a novel therapeutic strategy.
The purpose of this review is threefold. First, we
describe evidence from genetics (both from GWAS
and mutations in the coding gene) and epigenetics
(altered enhancer methylation in PD brain) which
implicates ACMSD as a regulator of PD risk. Second, we review how ACMSD and quinolinic acid
could influence PD pathogenesis by regulating excitotoxicity. Third, we discuss the potential interplay
between a dysregulated kynurenine pathway and
other pathogenic mechanisms that are strongly implicated in PD, such as neuroinflammation and protein
aggregation.

THE GENETICS OF PARKINSON’S
DISEASE AND ACMSD
In 2011, Singleton and coworkers utilized five
GWAS data-sets to identify five novel loci that
modify PD risk, at the same time confirming variations in previously reported genes such as SNCA,
LRRK2, BST1, HLA-DRB5, GAK and MAPT [16].
One of the novel loci was ACMSD, where an SNP
(rs6710823) proximal to the ACMSD gene was found
to be significantly associated with PD risk. Several
GWAS have been undertaken in different populations since then, in order to identify new, as well as
confirm previously reported risk loci. At least four
different SNPs in the same region in close proximity
to ACMSD have been identified to be associated with
PD risk, demonstrating that variation in this region
genuinely affect PD risk [17–20]. In 2014, Nalls et al.
verified and replicated 28 risk variants for PD across
24 loci, with an SNP (rs6430538) close to ACMSD
being one among them (odds ratio (OR): 0.875), in a
combined patient cohort size of 13,708 PD patients
and 95,282 controls [15]. The most recent, very large
study [14] compared 26,035 PD cases with 403,190
controls (including both novel cohorts and metaanalysis) and verified the same SNP, rs6430538, in
proximity of ACMSD, to be significantly linked to
PD risk (OR:0.88). The study refers to the locus
as the TMEM163 locus because genetic variation at
this site was associated with variation in TMEM163
gene expression in normal brain tissue (in the GTex
eQTL database) [14]. Typically, promoters regulate
the expression of multiple genes, both in cis and trans
location, and therefore the same locus still might regulate ACMSD expression, as well as additional genes.
Notably, as noted by the authors of this study [14],
currently available eQTL data is insufficient to determine expression during diseases triggers and stages,
as well as in multiple cell types of importance. In
short, more in-depth transcriptomic and eQTL investigations in specific cell populations, under normal
and disease states, are required to determine whether
the implicated SNPs in this region increases PD risk
via differential ACMSD expression.
Notably, the SNP identified in the two largest
GWAS studies (rs6430538) [14, 15] is in a linkage
disequilibrium (LD) block that is both proximal and
upstream to the ACMSD gene (Fig. 1). In the adult
substantia nigra, the LD block overlaps chromatin
marks characteristic of active enhancers as well as
DNAse hypersensitivity sites. This indicates that the
chromatin is open, allowing active gene expression
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Fig. 1. Gene regulatory effects of a PD-associated SNP near the ACMSD gene. The SNP rs6430538, located upstream of the ACMSD gene,
was significantly associated with PD in two large GWAS meta-analyses [14, 15]. Eight SNPs (rs10928512, rs1942041, rs6741007, rs6751833,
rs6753334, rs4953936, rs6759811, rs6758044) were found to be in linkage-disequilibrium (LD) with rs6430538, as determined by the rAggr
program (http://raggr.usc.edu) with an R2 ≥ 0.8. The –Log10 (P-value) represents the significance of each SNP in the LD block, as reported
[15]. The LD block containing the PD-associated rs6430538 SNP exhibits 17 chromatin interactions, as identified by Hi-C analysis reported
on the 4DGenome (https://4dgenome.research.chop.edu). Chromatin states in the adult brain substantia nigra (blue) and fetal brain (pink)
tissue were determined by the NIH Epigenomics Roadmap.

at this locus, in the adult nigra. Furthermore, chromatin conformation analysis by Hi-C (an unbiased,
high throughput method to detect chromatin-looping
interactions between all loci in the genome) supports that the enhancer elements at this PD-associated
SNP interacts with the promoter area of both ACMSD
and the other nearby gene TMEM163. Interestingly,
in the substantia nigra there is a poised promoter at
the ACMSD gene. A poised promoter state allows
for rapid gene activation upon appropriate developmental and/or environmental cues. Hence ACMSD
expression in the brain is likely to be transient and
investigations (i.e., in cell models) examining allelespecific differences in ACMSD expression following
PD-relevant triggers will be important for understanding the contributions of genetic variation at
ACMSD to PD.
MUTATIONS OF ACMSD AND
PARKINSONISM
Two recent studies have indicated that mutations
in the ACMSD gene can be associated with neurological disease with features of parkinsonism. First,
Marti-Masso et al. used whole exome sequencing to
determine genetic variations in a Spanish family with
a history of focal myoclonic tremor, parkinsonism
and epilepsy. Upon screening individuals from three
generations they identified a disease-segregating
mutation in the ACMSD gene (p.Trp26Stop codon),

which was predicted to be pathogenic using two well
validated computational techniques [21]. Although
ACMSD is normally expressed in the liver, kidney and brain, the disease primarily manifests as
a neurological disorder in this family, suggesting
an important role for ACMSD in the brain. Second, a novel p.Glu298Lys mutation in ACMSD was
detected in a single individual with late onset (74
year-old) sporadic PD [22]. The individual was negative for other disease-causing mutations and had no
first degree family history of PD. Using software
that predicts the pathogenicity of amino acid substitutions (MutPred and SIFT, i.e., Sorting Tolerant
From Intolerant) algorithm and mutation taster, the
group predicted the mutation in the ACMSD gene
to be pathogenic as it is located at a site that is
expected to disrupt enzyme structure and function.
Taken together, the two reports of mutations in the
ACMSD gene that are associated with primary PD
and PD-like symptoms suggest that reduced ACMSD
function might confer PD risk. The fact that one
disrupted allele of ACMSD might be sufficient to
cause idiopathic PD in a patient is particularly strong
evidence, implicating a role for this enzyme in PD
pathogenesis [22]. However, there may be additional,
unknown risk factors that might have contributed to
PD pathology in this patient. Genetic studies need to
be followed by functional assays to characterize the
in-vivo role of this enzyme in the brain in order to
draw conclusions about causative mechanisms.
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FUNCTION OF ACMSD
ACMSD is part of the kynurenine pathway (Fig. 2),
which is comprised of a series of enzymes responsible for the metabolism of tryptophan. These enzymes
are expressed in immune cells and different tissues; including the liver, kidney, placenta and brain
[23–25]. The first step of the kynurenine pathway
results in the conversion of tryptophan into kynurenine via N-formyl kynurenine, catalyzed by the
enzymes indoleamine 2,3-dioxygenase (IDO) 1 or
2, or tryptophan 2,3-dioxygenase (TDO). Kynurenine is next metabolized into 3–hydroxykynurenine
by kynurenine monoxygenase (KMO), to anthranilic
acid by kynureninase, or to kynurenic acid by kynurenine amino transferase (KAT) (Fig. 2). Interestingly,
the enzymes of the kynurenine pathway are expressed
in different cell types in the CNS. For example,
microglia cells are known to produce quinolinic acid
[26], whereas astrocytes contain the enzymes KAT,
making them capable of diverting the metabolite production from the generation of quinolinic acid to
kynurenic acid [27], via an early branch in the pathway (Fig. 2). However, the knowledge about the
tissue- and disease specific expression and activity of
the kynurenine pathway enzymes is still in its infancy.
ACMSD is a decarboxylase that was first cloned in
2002 [28], and later confirmed to contain a zinc metaldependent hydrolase and amidohydrolase domain
[29]. Its expression in different tissue types and disease conditions has still not been fully characterized,
although it is highly expressed in the liver, kidney
and to a lower degree in brain under physiological
conditions [30]. The enzyme is primarily cytosolic and is positioned at a critical branching point
in the kynurenine pathway, wherein it influences
the fate of the precursor 2-amino-3-carboxymuconic6-semialdehyde (ACMS). Quinolinic acid results
from the spontaneous conversion of ACMS. However, when the enzyme ACMSD is present, it instead
catalyzes the conversion of ACMS to aminomuconic
semialdehyde (AMS) [23]. Thus, ACMSD limits and
regulates the formation of quinolinic acid (Fig. 2).
The product of ACMSD, AMS, can enter another
metabolic pathway, acting as a substrate for the
formation of glutaryl-CoA and subsequently acetylCoA, which then enters the citric acid cycle [31].
Concordant with this, the expression of the enzyme
ACMSD is known to be upregulated in response
to metabolic conditions such as animal models of
diabetes [32]. Picolinic acid is a stable end-product
formed from AMS that is not further metabo-

Fig. 2. Simplified diagram of the enzymes and metabolites of the
kynurenine pathway. IDO, indoleamine-2,3-dioxygenase; TDO,
tryptophan-2,3-dioxygenase; KATs, kynurenine aminotrans
ferases; KMO, kynurenine-3-monooxygenase; 3-HAO, 3-hydroxyanthranilate-3,4-dioxygenase;
ACMSD,
aminocarbox
ymuconate-semialdehyde decarboxylase; QPRT, quinolinate phosphoribosyltransferase; NAD, nicotinamide adenine
dinucleotide.

lized. This metabolite is a metal chelator that has
been suggested to protect neurons against quinolinic
acid-induced toxicity [33–35], but the underlying
mechanism has not been determined. Thus, ACMSD
is located at a key branching site of the kynurenine
pathway, where it limits the metabolism of tryptophan
into NAD+ by preventing the formation of quinolinic acid. Instead, ACMSD catalyzes the production
of metabolites that subsequently enter the citric acid
cycle, or can form picolinic acid.
Quinolinic acid is an NMDA receptor agonist with
selectivity for receptors containing NR1, NR2A and
NR1, NR2B subunits, with an affinity comparable
to that of glutamate [36]. The distribution of these
receptor subtypes is brain region specific [37, 38]. In
the substantia nigra, NMDA receptors of the NR2B
subunit type are present on dopaminergic neurons
[39, 40]. Like NMDA, two molecules of quinolinic acid are required for receptor activation, and
quinolinic acid binding to NMDA receptor evokes
a calcium-dependent depolarizing current [41, 42].
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Hyperactivation of NMDA receptors is an important
mechanism for quinolinic acid-induced neurotoxicity. Sustained hyperactivation of NMDA receptors
by quinolinic acid leads to increased calcium influx,
with altered calcium flux within mitochondria and
endoplasmic reticulum as immediate consequences,
and elevated oxidative stress, apoptosis and neuronal
death as downstream outcomes if the toxicity is sustained [43]. At physiologically high concentrations
(0.3–10 mM) quinolinic acid also potentiates glutamate release from synapses, as well as inhibits
glutamate uptake from astrocytes, events that could
collectively contribute to overstimulation of NMDA
receptors and excitotoxicity [44].
A POTENTIAL ROLE FOR ACMSD IN PD
PATHOGENESIS
Genetic and environmental risk factors, as well
as normal ageing, influence PD pathogenesis. All
of these elements are believed to affect interdependent molecular mechanisms that cluster into four
domains: protein aggregation, energy failure, oxidative stress and neuroinflammation. We propose that
ACMSD may mitigate the PD pathogenesis by limiting the formation of quinolinic acid. The notion that
the kynurenine pathway and quinolinic acid could be
involved in PD is well established and the evidence
for this has already been comprehensively reviewed
in excellent articles [45, 46]. The novel feature that
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we are proposing is that genetic variations in ACMSD
might play a pivotal role in PD pathology. In our
conceptual model, ACMSD deficiency resulting from
mutations in the gene or polymorphisms in putative
regulatory elements will promote inflammation and
excitotoxicity which in turn can drive mitochondrial
failure and protein aggregation, ultimately leading to
neuronal death (Fig. 3). These events can be initiated
by exposure to environmental toxins, infections or a
dysfunctional gut microbiome, and are exacerbated
by age. Enhancing ACMSD function could serve to
inhibit or delay these processes and as a result, reduce
the vulnerability of nigral neurons (Fig. 4).
We propose that there are at least three distinct
avenues through which altered ACMSD levels, and
concomitant changes in the formation of quinolinic
acid, can influence the development and progression
of PD (Fig. 3). First, increased levels of quinolinic acid, due to reduced ACMSD activity, could
potentially act as a primary trigger of excitotoxic
neuronal death in PD [7, 47, 48], or augment an
ongoing cell death process that is the consequence
of other triggers (described in more detail below).
Second, quinolinic acid can directly trigger neuroinflammation by activating microglial cells [49].
Neuroinflammation can also arise as a consequence
of initial cell damage due to excitotoxicity, and
contribute to establish a vicious cycle with further
increased production of quinolinic acid, exacerbated
by ACMSD deficiency. Third, recently the activation

Fig. 3. A. Schematic diagram depicting the interrelationships between putative triggers of Parkinson’s disease (PD) and three pathogenetic
mechanism that are believed to contribute to the development of neuropathology. We suggest that these events are enhanced by aging. In this
model, we propose that ACMSD activity can reduce the likelihood that potential disease triggers actually lead to PD. B. Physiological state.
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Fig. 4. Schematic diagram describing a model for possible interactions between quinolinic acid and different cell types in the brain,
when it comes to pathogenetic mechanisms that are highly relevant to Parkinson’s disease. In this model, we propose that a relative
lack of ACMSD increases the levels of quinolinic acid and consequently elevates the risk for excitotoxicity and neuroinflammation.
Maroon arrows depict an increase activity of a molecular pathway,
and the green T-bar illustrates inhibition.

of microglia was shown to trigger (through the release
of Il-1␣, TNF-␣ and C1q) the conversion of quiescent
astrocytes into an activated form (recently named A1
astrocytes) that is neurotoxic to neighboring neurons
[50, 51]. Through these three pathways, it is possible that reduced ACMSD activity either initiates a
primary neuroinflammatory response or exacerbates
an ongoing detrimental inflammation, secondary to
e.g., neuronal death, in the brain. In the following
sections, we highlight prior work suggesting that
excitotoxicity is important in PD as well as studies
showing that neuroinflammation is a salient feature
of the neurodegenerative process in PD, and we highlight the role of ACMSD and quinolinic acid in these
processes.

A POTENTIAL ROLE FOR QUINOLINIC
ACID AND NEUROTOXICITY IN PD
For decades, excitotoxicity has been discussed
as a possible contributing factor to the pathogenesis of idiopathic PD. The evidence for this has
been reviewed extensively elsewhere [7, 47, 48,

52]. Briefly, excitotoxicity involves impaired calcium
homeostasis. Elevated intracellular calcium levels
activates nitric oxide synthase and reactive oxygen
species which impacts ATP synthesis via impairment
of the electron transport chain, resulting in mitochondrial damage and cell death. Quinolinic acid is a
direct agonist of the NMDA receptor, binding to the
glutamate site. The NMDA receptors are ionotropic,
ligand-dependent and responsible for fast excitatory
neurotransmission, and NMDA receptors containing
the NR2B subunit, which binds quinolinic acid and is
implicated in excitotoxicity, are present on dopaminergic neurons in the substantia nigra [53]. Excess
activation of the NMDA receptor leads to surplus
calcium entry into neurons, triggering production
of ROS, which in turn inactivates mitochondrial
complex I activity. These events collectively impair
mitochondrial function and trigger oxidative stress,
which has been suggested to cause dopaminergic
neuron death in PD [54]. Several lines of evidence from clinical neuropathology of PD [55–57],
as well as toxin [58–62] and genetic [53] models of
PD implicate excitotoxicity in the death of dopamine
neurons. It is beyond the scope of this review to
describe each of these findings in detail, so we refer
the reader to the original articles cited above, as well
as to other recent reviews that describe this topic in
detail [7, 47, 52].

ACMSD AND NEUROINFLAMMATION
IN PD
Inflammation is another prominent biological
feature of PD with activated microglia present in several brain areas, e.g., such as the olfactory bulb, basal
ganglia and cortex [63–67]. Furthermore, interleukin2 (IL-2) and infiltrating immune cells are increased
in PD brain [67] and IL-6 is elevated in plasma [68].
High levels of pro-inflammatory cytokines in CSF
are associated with more severe fatigue, cognitive
difficulties and depression in PD [9]. Thus, ample evidence links intracerebral and systemic inflammation
to PD. In addition, numerous animal models of PD
also exhibit inflammation [69]. Importantly, inflammation and the kynurenine pathway are directly
linked. For example, interferon-␥ (IFN-␥) and IL-6
increase the activity of IDO (indoleamine-2, 3 dioxygenase), the rate-limiting enzyme of the pathway.
Elevated IDO activity promotes conversion of tryptophan to kynurenine, which is further metabolized
to quinolinic acid (see Fig. 1). Because ACMSD
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limits the formation of quinolinic acid by catalyzing the production of another metabolite, ACMSD
can potentially reduce neurodegeneration that occurs
during neuroinflammation. High levels of quinolinic
acid have also been observed during neurotropic
infections [70–73]. Interestingly, epidemiological
studies have linked neurotrophic infections and PD
[74, 75]. Notably, alpha-synuclein is suggested to
serve to protect neurons against pathogen infections [76, 77]. Viral infection of neurons can result
in increased alpha-synuclein expression and genetic
deletion of alpha-synuclein can lead to increased viral
titer in the brain and exacerbated neuronal injury
in experimental models of viral encephalitis [78].
Induction of alpha-synuclein by viral pathogens is
not just restricted to the central nervous system.
Stolzenberg et al. demonstrated that alpha-synuclein
expression within the enteric nervous system was
induced by norovirus and associated with mucosal
inflammation in the small intestine [79]. Additionally, alpha-synuclein exhibits both antibacterial and
anti-fungal activity, and it can protect neurons against
Escherichia coli, Staphylococcus aureus and several
strains of fungi [80]. Of direct relevance to these findings, the gut microbiome is increasingly implicated
in PD pathogenesis [81]. Alterations in the gut microbiota has been suggested to initiate a chronic immune
response and increase trafficking of alpha-synuclein
aggregates via the vagus nerve to the brain stem,
thereby triggering PD pathology in the brain via a
prion-like mechanism [82, 83]. Recently, transfer of
gut microbiome from PD patients was found to accelerate the development of microglial activation, alphasynuclein pathology and motor deficits in mice overexpressing alpha-synuclein [84]. Altogether, these
studies connect inflammation and alpha-synuclein
aggregation pathology, and suggest that microbial
pathogens might play a role as triggers of PD.

SUMMARY
This review highlights novel genetic findings linking ACMSD to the risk for PD, and describes how it
may exert a critical regulatory effect on excitotoxic
and inflammatory pathways in the CNS. Furthermore,
neuroinflammation and excitotoxicity are involved
in other neurological and neuropsychiatric conditions such as Huntington’s disease, multiple sclerosis,
depression and suicide, and as such specific roles for
the kynurenine pathway enzymes have been proposed
in the pathogenesis of these conditions [85–87].
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Therefore, future studies should evaluate the potential
role of ACMSD in these disorders.
We here propose that by limiting the formation of
quinolinic acid, a well-known neurotoxin, ACMSD
plays a key role specifically under circumstances of
challenge, such as inflammation, infection, or exposure to environmental toxins. Under such conditions,
ACMSD may serve as a “brake”, limiting the damaging effects of inflammation, excitotoxicity and ROS
formation. Importantly, the role of quinolinic acid
and ACMSD in PD is yet to be fully characterized.
Studies are warranted in order to determine quinolinic acid levels in the plasma, CSF and brain from
PD patients as well as to characterize the ACMSD
expression in PD brains. Furthermore, disease relevant animal models are required to help understand
the molecular mechanisms associated with ACMSD
gene regulation in neurodegeneration, and will help
validate the role of ACMSD as a relevant therapeutic
target in PD.
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Carrillo-Mora P, González-Herrera IG, Garcı́a E, Colı́nBarenque L, Pedraza-Chaverrı́ J, & Santamarı́a A (2011)
Protective effect of L-kynurenine and probenecid on
6-hydroxydopamine-induced striatal toxicity in rats: Implications of modulating kynurenate as a protective strategy.
Neurotoxicol Teratol, 33, 303-312.
Imamura K, Hishikawa N, Sawada M, Nagatsu T, Yoshida
M, & Hashizume Y (2003) Distribution of major histocompatibility complex class II-positive microglia and cytokine
profile of Parkinson’s disease brains. Acta Neuropathol, 106,
518-526.
Doorn KJ, Goudriaan A, Blits-Huizinga C, Bol JG,
Rozemuller AJ, Hoogland PV, Lucassen PJ, Drukarch B,
van de Berg WD, & van Dam AM (2014) Increased amoeboid microglial density in the olfactory bulb of Parkinson’s
and Alzheimer’s patients. Brain Pathol, 24, 152-165.
Mogi M, Harada M, Riederer P, Narabayashi H, Fujita K, &
Nagatsu T (1994) Tumor necrosis factor-alpha (TNF-alpha)
increases both in the brain and in the cerebrospinal fluid from
parkinsonian patients. Neurosci Lett, 165, 208-210.

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

McGeer PL, Itagaki S, Boyes BE, & McGeer EG (1988)
Reactive microglia are positive for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s disease brains.
Neurology, 38, 1285-1291.
Rydbirk R, Elfving B, Andersen MD, Langbol MA, Folke
J, Winge K, Pakkenberg B, Brudek T, & Aznar S (2017)
Cytokine profiling in the prefrontal cortex of Parkinson’s
disease and multiple system atrophy patients. Neurobiol Dis,
106, 269-278.
Lindqvist D, Kaufman E, Brundin L, Hall S, Surova Y,
& Hansson O (2012) Non-motor symptoms in patients
with Parkinson’s disease – correlations with inflammatory
cytokines in serum. PLoS One, 7, e47387.
Joers V, Tansey MG, Mulas G, & Carta AR (2017)
Microglial phenotypes in Parkinson’s disease and animal
models of the disease. Prog Neurobiol, 155, 57-75.
Eastman CL, Urbanska E, Love A, Kristensson K, &
Schwarcz R (1994) Increased brain quinolinic acid production in mice infected with a hamster neurotropic measles
virus. Exp Neurol, 125, 119-124.
Holtze M, Asp L, Schwieler L, Engberg G, & Karlsson
H (2008) Induction of the kynurenine pathway by neurotropic influenza A virus infection. J Neurosci Res, 86,
3674-3683.
Heyes MP, Ellis RJ, Ryan L, Childers ME, Grant I, Wolfson T, Archibald S, Jernigan TL, & Center HGHNR (2001)
Elevated cerebrospinal fluid quinolinic acid levels are associated with region-specific cerebral volume loss in HIV
infection. Brain, 124, 1033-1042.
Formisano S, Hornig M, Yaddanapudi K, Vasishtha M,
Parsons LH, Briese T, Lipkin WI, & Williams BL
(2017) Central nervous system infection with borna disease virus causes kynurenine pathway dysregulation and
neurotoxic quinolinic acid production. J Virol, 91, pii:
e00673-17.
Boyd JT, Wangensteen KJ, Krawitt EL, & Hamill RW
(2016) Hepatitis C virus infection as a risk factor for Parkinson disease: A nationwide cohort study. Neurology, 87,
342-342.
Bu XL, Wang X, Xiang Y, Shen LL, Wang QH, Liu
YH, Jiao SS, Wang YR, Cao HY, Yi X, Liu CH, Deng
B, Yao XQ, Xu ZQ, Zhou HD, & Wang YJ (2015) The
association between infectious burden and Parkinson’s disease: A case-control study. Parkinsonism Relat Disord, 21,
877-881.
Massey AR, & Beckham JD (2016) Alpha-synuclein, a
novel viral restriction factor hiding in plain sight. DNA Cell
Biol, 35, 643-645.
Labrie V, & Brundin P (2017) Alpha-synuclein to
the rescue: Immune cell recruitment by alpha-synuclein
during gastrointestinal infection. J Innate Immun, 9,
437-440.
Beatman EL, Massey A, Shives KD, Burrack KS,
Chamanian M, Morrison TE, & Beckham JD (2015) Alphasynuclein expression restricts RNA viral infections in the
brain. J Virol, 90, 2767-2782.
Stolzenberg E, Berry D, Yang, Lee EY, Kroemer A, Kaufman S, Wong GCL, Oppenheim JJ, Sen S, Fishbein T,
Bax A, Harris B, Barbut D, & Zasloff MA (2017) A role
for neuronal alpha-synuclein in gastrointestinal immunity.
J Innate Immun, 9, 456-463.
Park SC, Moon JC, Shin SY, Son H, Jung YJ, Kim NH, Kim
YM, Jang MK, & Lee JR (2016) Functional characterization of alpha-synuclein protein with antimicrobial activity.
Biochem Biophys Res Comm, 478, 924-928.

K. Thirtamara-Rajamani et al. / Is the Enzyme ACMSD a Novel Therapeutic Target in PD?
[81]

[82]

[83]

[84]

Houser MC, & Tansey MG (2017) The gut-brain axis: Is
intestinal inflammation a silent driver of Parkinson’s disease
pathogenesis? NPJ Parkinsons Dis, 3, 3.
Holmqvist S, Chutna O, Bousset L, Aldrin-Kirk P, Li W,
Bjorklund T, Wang ZY, Roybon L, Melki R, & Li JY (2014)
Direct evidence of Parkinson pathology spread from the gastrointestinal tract to the brain in rats. Acta Neuropathol, 128,
805-820.
Lema Tome CM, Tyson T, Rey NL, Grathwohl S, Britschgi
M, & Brundin P (2013) Inflammation and alpha-synuclein’s
prion-like behavior in Parkinson’s disease–is there a link?
Mol Neurobiol, 47, 561-574.
Sampson TR, Debelius JW, Thron T, Janssen S, Shastri GG,
Ilhan ZE, Challis C, Schretter CE, Rocha S, Gradinaru V,
Chesselet MF, Keshavarzian A, Shannon KM, KrajmalnikBrown R, Wittung-Stafshede P, Knight R, & Mazmanian
SK (2016) Gut microbiota regulate motor deficits and neuroinflammation in a model of Parkinson’s disease. Cell, 167,
1469-1480.

[85]

[86]

[87]

587

Campesan S, Green EW, Breda C, Sathyasaikumar KV,
Muchowski PJ, Schwarcz R, Kyriacou CP, & Giorgini F
(2011) The kynurenine pathway modulates neurodegeneration in a Drosophila model of Huntington’s disease. Curr
Biol, 21, 961-966.
Lim CK, Bilgin A, Lovejoy DB, Tan V, Bustamante S,
Taylor BV, Bessede A, Brew BJ, & Guillemin GJ (2017)
Kynurenine pathway metabolomics predicts and provides
mechanistic insight into multiple sclerosis progression. Sci
Rep, 7, 41473.
Brundin L, Sellgren CM, Lim CK, Grit J, Pålsson E,
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